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The antioxidant properties of S-nitrosoglutathione, a nitric
oxide-derived product were studied in different experi-
mental systems. By using the crocin bleaching test,
S-nitrosoglutathione, in the presence of copper ions,
shows an antioxidant capacity about six times higher
than that of Trolox c and referable to the interception of
peroxyl radicals by nitric oxide. Copper alone shows a
modest inhibitory action, which is about seven times lower
than that of Trolox c. S-nitrosoglutathione prevents lipid
peroxidation induced by the well-known Fe2þ/ascorbate
system ðIC50 ¼ 450mMÞ and the inhibitory effect is strongly
reinforced by the presence of copper ions ðIC50 ¼ 6:5mMÞ:
In addition, cumene hydroperoxide-induced lipid peroxi-
dation is markedly decreased by S-nitrosoglutathione,
provided that copper ions, maintained reduced by
ascorbate, are present. Decomposition of S-nitrosoglu-
tathione through metal catalysis and/or the presence of
reducing agents and the consequent release of nitric oxide
are of crucial importance for eliciting the antioxidant
power. In this way, copper ions and/or reducing species
with low antioxidant potency are able to promote the
formation of an extremely strong antioxidant species such
as nitric oxide.

Keywords: Antioxidants; Copper; Crocin bleaching test; Lipid
peroxidation; Nitric oxide; S-nitrosoglutathione

Abbreviations: ABAP, 2,20-azo-bis(2-amidinipropane) dihydrochlo-
ride; CHP, cumene hydroperoxide; GSNO, S-nitrosoglutathione;
MDA, malondialdehyde; Trolox c, 6-hydroxy-2,5,7,8-tetramethyl-
chroman-2-carboxylic acid

INTRODUCTION

Nitric oxide per se acts as a potent inhibitor of lipid
peroxidation.[1] Its action mechanism involves

the scavenging of lipid peroxyl radicals. The
radical–radical reaction between nitric oxide and
organic peroxyl is almost diffusion limited since the
determined rate constant is 1–3 £ 109 M21 sec21.[2]

This reaction generates a transient alkyl peroxyni-
trite (ROONO) species whose metabolic fate is still
not completely clarified.[1] Also, alkoxyl radicals are
reported to be scavenged by NO.[3] Nitric oxide and
NO-releasing systems are able to inhibit lipid
peroxidation elicited by several different peroxidi-
zing systems such as ferrous ions and ferrous
complexes,[4] ferrous complexes in the presence of
hydrogen peroxide,[5] azocompounds[6] and reactive
oxygen intermediates.[7] In addition, nitric oxide
prevents lipid peroxidation of low-density lipopro-
tein (LDL) and its scavenging effect of peroxyl
radicals appears critical in the prevention of
apoptosis elicited in endothelial cells by oxidized
LDL.[8]

In the present paper, the effect of GSNO on lipid
peroxidation was studied. Previous research has
shown that GSNO decreases lipid peroxidation
induced by ferrous-citrate[4] or oxygen free radicals
produced by the xanthine oxidase metabolism.[7]

In our system the release of NO by GSNO was
stimulated by the addition of copper ions.[9 – 11] The
latter has contrasting effect on lipid peroxidation
since, according to the conditions, can act as an
inhibitor[12 – 14] or a stimulator in a Fenton-type
reaction.[15] In this paper we report that, in the
proper conditions, the system GSNO/Cu(II) is a
potent inhibitor of lipid peroxidation elicited in vitro
by different peroxidizing systems.
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MATERIALS AND METHODS

ABAP was purchased from Polyscience (Warrington,
PA), cumene hydroperoxide and Trolox c from Fluka
(Buchs, Switzerland), reduced glutathione, 2-thiobar-
bituric acid, and saffron, a crude source of crocin,
from Sigma (St. Louis, MO). All other reagents were
of analytical grade. S-nitrosoglutathione was pre-
pared following the procedure of Hart.[16] The
obtained product exhibits visible and ultraviolet
spectra consistent with the reported data.[17] The
concentration of GSNO solutions was determined
using 1M ¼ 15 M21 cm21 at 544 nm.[17] Crocin was
prepared from commercial saffron following the pro-
cedure of Friend and Meyer[18] and its concentration
was estimated using an 1M ¼ 1:33 £ 105 M21 sec21 at
440 nm.[19] The crocin bleaching test was carried out
essentially by following the procedure described by
Bors et al.[19] modified according to Tubaro et al.[20]

using the diazocompound ABAP in the presence of
oxygen to produce peroxyl radicals. The test was
carried out at 408C in 5 mM phosphate buffer (pH 7.0)
containing 5% ethanol and 12mM crocin, while the
antioxidant was added at increasing concentrations
starting from 2.5mM. ABAP was added from a fresh
0.5 M solution to obtain a final concentration of 5 mM.
The rate of crocin bleaching was followed spectro-
photometrically as decrease of absorbance at 440 nm.
Bleaching rates were plotted according to the
equation v0=v ¼ 1 þ ka½A�=kc½C� where v0 and v are
the bleaching rate of crocin in the absence and in the
presence of antioxidant, respectively. [A] is the
concentration of antioxidant and [C] is the concen-
tration of crocin. ka and kc are the rate constants for the
reaction of the peroxyl radical with the antioxidant
and crocin, respectively. The plot results in a straight
line intersecting the ordinate at unit and the slope of
this line is the ratio of the rate constants ka/kc

indicating the relative capacity of different antioxi-
dant molecules to interact with the peroxyl radical.
Liver microsomes were prepared according to the
conventional procedures and microsomal lipid
peroxidation was measured as malondialdehyde
formation using the 2-thiobarbituric acid assay.[21]

Oxygen uptake was measured polarographically
with an oxygraph utilizing a Clark-type oxygen
electrode connected to a computerized system.
Proteins were measured with the biuret test. The
data obtained from the various experiments and
generated via the oxygraph or the spectrophotometer
software were stored and utilized for averaging the
various curves.

RESULTS

The peroxyl radical scavenging capacity of nitric
oxide released from S-nitrosoglutathione was

evaluated by following the competition kinetics of
crocin bleaching by peroxyl radicals produced by
thermal decomposition of the diazocompound
ABAP. As reported in Fig. 1A (curve a ) in the
absence of GSNO and in the presence of CuSO4, the
alkylhydroperoxyl radicals, originating from ABAP
decomposition, give rise to a linear bleaching of
crocin. When GSNO is added to the system, the
bleaching is markedly slowed down, but after a few
minutes, depending on the concentration of added
GSNO, it resumes the velocity shown by the control.
The crocin bleaching velocities of the slow phase
were utilized for the estimation of the relative
antioxidant potency of the system GSNO/CuSO4 in
comparison to that of Trolox c, a hydrosoluble form
of vitamin E that is considered one of the most active
agents in reacting with crocin[19] and is usually taken
as reference antioxidant. As apparent in Fig. 1B, the
GSNO/CuSO4 combination is about six times more
effective than Trolox c. In the same conditions, GSNO
alone is scarcely effective ðka=kc ¼ 0:07Þ while a
moderate effect is elicited by Cu(II) ðka=kc ¼ 0:11Þ:
However, considering the constant ratio, the effect of
copper alone is about 40-fold lower than the
combination GSNO/Cu(II) and 7-fold lower than
that of Trolox c.

The time required for the decomposition of GSNO
is directly related to the duration of the “slow” phase
of crocin bleaching. In fact, the decomposition of
different concentrations of GSNO, measured at
336 nm in the presence of Cu(II) and in conditions
similar to those of the crocin bleaching experiment,
show a time course of the same magnitude of that
exhibited by the slow phase of crocin bleaching (not
shown). This indicates that the bleaching is pre-
vented as long as a flux of NO coming from GSNO
occurs.

The antioxidant properties of the system
GSNO/CuSO4 were directly tested as inhibition of
microsomal lipid peroxidation induced by the
classical combination ferrous ion/ascorbate. In this
system, lipid peroxidation is both initiated and
propagated by ferrous iron, which is maintained
in the reduced state by the presence of ascorbate.
As apparent in Fig. 2A, in the absence of copper ions,
GSNO inhibits lipid peroxidation only at relatively
high concentrations (IC50 ¼ 450mM). In this case, the
decomposition of GSNO and the consequent
formation of NO should be elicited mainly by the
presence of ascorbate that is a well-known agent able
to give rise to the formation of nitric oxide from
S-nitrosothiols.[22] Addition of copper ions to the
iron/ascorbate system decreases MDA formation
also in the absence of GSNO of about 14% (compare
A and B of Fig. 2), in accordance with several
previous reports[12 – 14] and also with the moderate
effect of Cu(II) observed on the crocin bleaching test
(Fig. 1B). However, in the presence of increasing
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concentrations of GSNO, the addition of copper
makes GSNO extremely efficient as antioxidant, at
far lower concentrations ðIC50 ¼ 6:5mMÞ if compared
to iron/ascorbate alone (Fig. 2).

Cumene hydroperoxide induces lipid peroxi-
dation in microsomes even in the absence of a free
metal catalysis. Lipid peroxidation is mediated by
cytochrome P-450 and may proceed through either a
hemolytic or heterolytic cleavage of the O–O bond of
the hydroperoxide. In the first case, the cumyloxyl

radical may be the initiator of lipid peroxidation,
while, in the second case the oxoferryl form of
cytochrome P-450[23] could propagate the lipoperoxi-
dative process possibly reacting with other mole-
cules of cumene hydroperoxide. As apparent in Fig. 3
(curve b ) the addition of CHP to rat liver microsomes
gives rise to oxygen uptake strictly linked to lipid
peroxidation as revealed by the MDA formation
determined at the end of the experiment. In the
absence of a reducing system and/or copper, i.e. in

FIGURE 1 Antioxidant activity of GSNO measured with the crocin bleaching method. (A) Spectrophotometric estimation of the crocin
bleaching induced by ABAP subjected to thermal decomposition. Reaction was observed at 440 nm in 5 mM phosphate buffer (pH 7.4)
containing 5% ethanol, 12mM crocin and 20mM CuSO4. After equilibration at 408C, GSNO was added at increasing concentrations (mM):
none (a), 2.5 (b), 7.5 (c), 10 (d), 15 (e), 20 (f) and the reaction was immediately initiated by 5 mM ABAP. (B) Competition plot of crocin and
antioxidants for hydroperoxyl radicals derived from ABAP. Experimental conditions as in (A). See also “Materials and Methods” for
further details. Data are the mean of four different experiments.
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conditions where the decomposition of GSNO is
limited, almost no inhibition of lipid peroxidation
is apparent (curve c ) indicating that GSNO per se is
ineffective as antioxidant. Furthermore, when lipid
peroxidation is elicited by CHP in the presence of
a chelator such as EDTA no effect at all of GSNO
on lipid peroxidation was observed both in the
presence or absence of Cu(II) (not shown). When
Cu(II)/ascorbate are added to the CHP-peroxidizing
systems the rate of consumption of oxygen is
strongly enhanced (curve a ). However, in this case,

oxygen uptake is not a reliable indication of CHP-
stimulated lipid peroxidation since a large part of
oxygen is utilized in copper-stimulated ascorbate
oxidation and, in addition, the presence of CHP
further stimulates oxygen depletion. Therefore,
MDA estimation is a more direct index of GSNO
effects. In fact, comparing curves a and b of Fig. 3, it
is apparent that, in the absence of Cu(II)/ascorbate,
the rate of oxygen uptake is strongly diminished, but
MDA measured at the end of the experiment is
about twice as that measured in the presence of

FIGURE 2 Inhibition by increasing concentrations of GSNO of microsomal lipid peroxidation induced by iron/ascorbate. Effect of
copper. Oxygen uptake (–X–) and MDA formation (–W–) were estimated after 10 min of incubation at 258C in 125 mM KCl, 20 mM
Hepes/Tris (pH 7.4) in the presence of 1 mg/ml of rat liver microsomes, 0.2 mM ascorbate and 20mM FeSO4. In B, 20mM CuSO4 was also
present. GSNO was added at increasing concentrations as indicated. 100% oxygen, indicated in the ordinate axis, corresponds to
278 nanomoles/ml of oxygen dissolved in the vessel. MDA formation was measured as indicated under “Materials and Methods” section.
Data are expressed as mean ^ SD ðn ¼ 4Þ:
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Cu(II)/ascorbate in front of the same extent of
oxygen consumption. When GSNO is added in the
presence of Cu(II)/ascorbate, a strong inhibition of
lipid peroxidation is observable (Fig. 3, curve d ).
Oxygen consumption is markedly reduced in a
biphasic curve characterized by a slow phase of
about 5 min followed by a fast one. During the slow
phase, the formation of MDA is almost totally
inhibited, while, after the fast phase, a moderate
concentration of MDA is apparent reinforcing the
concept that the splitting of GSNO is of crucial
importance for eliciting protection from lipid
peroxidation.

DISCUSSION

Nitric oxide is enzymatically produced in almost all
cell types and exerts a fundamental physiological
role as a messenger after binding to guanylyl cyclase.
However, it might also secondarily act as a cytotoxic
agent[24] if formed in relatively high concentration as
it can interact with oxygen and superoxide anion
producing several reactive derivatives such as
nitrogen dioxide (NO2), nitrous anhydride (N2O3)
and peroxynitrite anion (ONOO2). These derivatives
exhibit a high reactivity with GSH that is present to a
large extent in biological systems, and, therefore, the
formation of GSNO can easily take place. S-nitro-
sothiols were reported to occur naturally in tissues,
plasma and other body fluids as S-nitrosoalbumin[25]

and GSNO.[26,27] Therefore, glutathione can be
considered an efficient scavenger of the nitrogen
oxides, playing a critical role in prevention of the
nitrosative stress.[24] S-nitrosoglutathione exhibits
different roles and properties[1,28] since it acts
essentially as a carrier of NO. A major function of
S-nitrosothiols is in fact linked to their ability to
delivering NO and forming the corresponding
disulfide by photochemical and thermal path-
ways.[29] The rate and extent of NO formation from
S-nitrosothiols depends on the presence of transition
metal ions and, in particular, of copper ions[9 – 11] or
copper-containing enzymes.[30] Copper acts in a
catalytic way and its cuprous form is the active one
that cleaves the S–N bond.[9 – 11]

In the crocin bleaching test the system Cu(II)/
GSNO proves to be extremely potent in preventing
the crocin bleaching and appears to be far more
effective than Trolox c that is usually taken as
reference antioxidant in this test. Since the antioxi-
dant effect should be mostly referred to the NO
released from GSNO, this is consistent with pre-
viously reported data, indicating that NO reacts with
peroxyl radicals at near diffusion limit.[2] The
presence of copper is essential for the inhibition of
the bleaching since GSNO alone is scarcely effective,
while copper(II) alone shows only a moderate effect.
In the crocin bleaching experiments no reducing
agent such as ascorbate was added, since GSH
generated from GSNO serves as reductant for
copper (II).[9]

FIGURE 3 Inhibition by GSNO of microsomal lipid peroxidation induced by cumene hydroperoxide. Effect of copper and ascorbate.
Oxygen uptake was estimated at 258C in 0.125 M KCl, 20 mM Hepes/Tris (pH 7.4) in the presence of 1 mg/ml of rat liver microsomes;
reaction was initiated by the addition of 0.5 mM CHP. When indicated, 20mM CuSO4, 0.5 mM ascorbate and 0.15 mM GSNO were also
present in the incubation medium before CHP addition. a: CuSO4 þ ascorbate; b: control; c: GSNO; d: GSNO þ CuSO4 þ ascorbate. The
values of MDA formed (nanomoles/mg protein) are indicated by each trace at the arrow. 100% oxygen, indicated in the ordinate axis,
corresponds to 278 nanomoles/ml of oxygen dissolved in the vessel. MDA formation was measured as indicated under “Materials and
Methods” section.
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Copper catalyzes the peroxidation of low-density
lipoproteins acting, like iron, as a promoter of hydro-
peroxide decomposition in a Fenton-like reaction.[15]

However, depending on the conditions, it might act
as an inhibitor of lipid peroxidation.[12 – 14] In fact,
according to Wills,[12] in microsomal suspensions
Cu(II) strongly inhibits both ascorbate- and
NADPH-induced lipid peroxidation measured as
malondialdehyde formation. The mechanism of
inhibition of lipid peroxidation by copper ions
might be due, at least in part, to a direct interception
of peroxyl radicals. In fact, similarly to other metal
ions,[31] copper shows a moderate effect in preven-
ting crocin bleaching, giving a ka/kc of 0.11. This
figure, although lower than that of Mn(II) (0.5) and
Co(II) (0.3) that are good inhibitors of lipid
peroxidation,[31] indicates a moderate scavenging
action of copper(II) towards peroxyl radicals.
However, the free radical scavenging effect of
copper ions towards peroxyl radicals cannot be the
only explanation for the protective effect of the
metal, since both Cu(I) and Cu(II) are able to
intercept both oxidizing and reducing radicals,
respectively.[32] As an alternative to its potential
free radical scavenging capability, the effect of Cu(II)
can be referred to a displacing action on transition
metals, such as iron, from their binding sites.
However, when microsomal lipid peroxidation was
stimulated by GSH in the presence of iron, con-
trasting effects were observed in the presence of
copper,[13] since it inhibits lipid peroxidation at low
concentrations of glutathione, while strongly stimu-
lates it at higher concentrations. This potentiation of
iron-induced lipid peroxidation by copper appears
to depend on the reduction of ferric ions by the
cuprous form.[13] In our system, Cu(II) inhibits
microsomal lipid peroxidation induced by iron/
ascorbate (Fig. 2) and by cumene hydroperoxide (not
shown). In addition, by stimulating the release of
NO from GSNO, it unmasks the latent antioxidant
potential of the latter molecule.

Copper ions appear to play an essential role in the
decomposition of S-nitrosothiols[9 – 11] where the
reduction of Cu(II) to its cuprous form appears
necessary to speed up the reaction.[11] In addition,
the various cellular reducing systems are important
in the NO release from GSNO. For instance, the
thioredoxin system is active in forming NO from
GSNO.[33] Also ascorbate, glutathione and other
thiols stimulate the release of NO from GSNO.[22]

Copper is an essential trace element and exists
almost entirely complexed with small molecules or
proteins. Consequently, in living cells, a direct inter-
action between free copper ions and GSNO appears
improbable. Also, not only copper, but also copper-
containing enzymes such as Cu-Zn-superoxide-
dismutase[30] and a copper-dependent GSNO
lyase[34] found in fibroblasts and platelets actively

decompose GSNO. However, a NADH-dependent
GSNO reductase evolutionary conserved from
bacteria to humans and able to degrade GSNO to
GSSG and ammonia has been recently described.[35]

In conclusion, the antiperoxidative action of
GSNO appears to depend on the rate of its
decomposition and, consequently, on the rate of
NO delivery. This occurs either as a metal catalysis,
particularly copper, or taking advantage of the
several reducing systems present in the cell. The
ability of reducing agents to displace NO from
GSNO or from other S-nitrosothiols, results in the
conversion of a substance with scarce antioxidant
power to a very potent inhibitor of lipid peroxidation
such as nitric oxide. However, the power of NO as an
antioxidant seems to be restricted to its action
towards lipid peroxidation since, for instance, in the
presence of oxygen, it appears to act as a rather
effective stimulator of catecholamine oxidation.[36]

In addition, the NO-derived product, peroxynitrite,
is reported to stimulate lipid peroxidation.[7] The
specific and different action of NO and its
derivatives on well-defined molecules can rationa-
lize the conflicting reports regarding their action
considered to be either cytotoxic or cytoprotective.[28]

In the vascular, nervous and immune systems, the
control of the rate and extent of NO production is
exerted, according to the conditions, by the action of
NO synthase. In turn, reducing systems and metal
catalysis might exert a control on NO release from
GSNO.
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