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iron-sulfur-containing proteins such as aconitase, which is
readily inactivated by superoxide (k = 107 M-1s-1) [8].
Recently, we demonstrated that superoxide releases iron (II)
from the [4Fe-4S]2+ cluster of mitochondrial aconitase that
catalyzes the formation of hydroxyl radical (•OH) by a
Fenton mechanism [9]. Inactivation of m-aconitase by superoxide is reversible [9,10] which suggests that this mechanism is operative in mitochondrial damage. The extent of the
damage is likely to depend on the balance between the rates
of superoxide formation and antioxidants defense levels.

Superoxide formation from nitric oxide synthase
has not been thoroughly investigated because of
the lack of specific, sensitive and artifact-free
methodologies for detecting superoxide. EPR
spin trapping is the only specific method for
detecting superoxide in biological systems. The
development of new superoxide spin traps such
as 5-(diethoxyphosphoryl)-5- methyl-pyrroline
N-oxide (DEPMPO) 2-ethoxycarbonyl-2-methyl3,4-dihydro-2H-pyrrole-1-oxide (EMPO) and the
[15N]- EMPO has significantly improved the sensitivity of superoxide detection by electron paramagnetic resonance (EPR). Unlike 5,5-dimethyl-1pyrroline N-oxide (DMPO), a commonly used
superoxide spin trap, both DEPMPO and EMPO
form superoxide adducts that are persistent,
which do not decay to the corresponding
hydroxyl adduct. Using these new spin traps, the
EPR-detection of superoxide is now straightforward and more sensitive. These new superoxide
traps in combination with the loop gap resonator
technology have enabled us to demonstrate
unequivocally the formation of superoxide from
the endothelial and neuronal isoforms of nitric
oxide synthase. Superoxide is formed at the oxygenase domain of the enzyme by a calcium/
calmodulin dependent mechanism. The effect of
tetrahydrobiopterin cofactor and NOS inhibitors
on the release of superoxide is discussed.

Mitochondria are the major source of superoxide in the
cell under physiological conditions. It has been estimated
that approximately 1-2 % of the total oxygen uptake is partially reduced to generate either superoxide or hydrogen peroxide [11]. Other sources of superoxide include xanthine
oxidase and NADPH oxidase that cause an acute elevation
of superoxide formation in the extracellular compartment
[12]. Superoxide concentrations can be enhanced several
times by a redox cycling mechanism from several xenobiotics [13] and metal complexes [14]. Such processes have
been implicated in the toxicological mechanism of quinone
drugs. More recently, the enzyme nitric oxide synthase
(NOS) has been proposed as an intracellular source of superoxide under pathological conditions [15].

Detection of superoxide from NOS
The detection of superoxide in biological systems is difficult because of the redox properties and low steady state
concentrations reached by the radical under physiologically
relevant conditions. Most methods currently available for
detecting superoxide are indirect and prone to artifacts.
Superoxide is a reducing agent (E'0 (O2/O2•−) ≈ - 0.3 V) [16]
that displays a relatively low reactivity compared to
hydroxyl radical, another oxygen-centered free radical
species. One of the most reliable assays for detecting superoxide is the reduction of ferricytochrome c [17]. This
method quantifies superoxide by using the fraction of ferricytochrome c that is inhibited by the superoxide dismutase
(SOD). However, flavin-containing proteins like NOS
[18,19] and reducing compounds such as tetrahydrobiopterin
(BH4), an essential cofactor of NOS, directly reduce ferricytochrome c by a mechanism that is SOD-insensitive [20].

Introduction

Increased formation of superoxide has been implicated in the
pathophysiology of several cardiovascular and neurodegenerative diseases [1,2]. The exact mechanism(s) by which
superoxide mediates its cytotoxic effects are not clear yet,
however, evidence indicates that formation of superoxidederived oxidants may be involved [3,4,5]. Superoxide generates other biological oxidants such as hydrogen peroxide
by dismutation (k ≈ 105 M-1s-1) [6], and peroxynitrite from
the reaction with nitric oxide (•NO) (k ≈ 109 M-1s-1) [7].
Another biologically relevant reaction of superoxide is with
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are that the exact mechanism of reaction between superoxide and coelenterazine or hydroethidine is not known and
other oxidants could interfere with these assays.

Another assay to detect superoxide uses nitro blue tetrazolium (NBT) that is reduced to generate monoformazan,
which is detected by spectrophotometry. However, both
diaphorases and NOS also reduce NBT to generate monoformazan. Moreover, we recently demonstrated that reduction of NBT by NOS enhances the formation of superoxide
by a redox-cycling mechanism [21]. This indicates that NBT
cannot be used to detected superoxide in biological systems.
We demonstrated a similar artifact for other chemiluminescent-based reagents used to detect superoxide. Several
chemiluminescent probes have become very popular due to
their high sensitivity. Lucigenin, an acridine-based compound, belongs to this class of superoxide detector. The
mechanism of the reaction between lucigenin and superoxide is not fully understood. The key step of the chemiluminescent reaction involves the reaction between superoxide
and the one-electron reduced intermediate of lucigenin, the
lucigenin cation radical [22]. This reaction results in the formation of an electronically excited dioxetane species that
decomposes emitting light [23]. How lucigenin cation radical is generated in cellular systems has not been clarified.
We have demonstrated that NOS-mediated redox cycling of
the lucigenin enhances the generation of superoxide [24].
This suggests that NOS is able to catalyze the formation of
lucigenin cation radical [24]. By this mechanism lucigenin
catalytically enhances the reduction of oxygen by NADPH
at rates that will be dependent on the steady state concentration of lucigenin cation radical. This observation proves
that lucigenin cannot be used as a probe for superoxide, as
itself generates superoxide. Other methodologies to detect
superoxide include: coelenterazine chemiluminescence,
which is a redox-inert probe [25] and dihydroethidine fluorescence, which forms ethidium as a red-fluorescent derivate
that intercales DNA [26]. The drawbacks of these methods

Electron paramagnetic resonance (EPR) measures the
absorption of energy by unpaired electron(s) of the free radical species in the presence of a magnetic field. However,
free radicals are short-lived species that decay very fast at
room temperature. Spin trapping is an auxiliary kinetic technique that is based on the addition reaction of free radicals
such as superoxide and hydroxyl radical to an EPR-silent
spin trap, usually a nitrone compound, to form an EPRactive adduct. This radical adduct is more persistent than the
parent radical and displays a characteristic EPR spectrum
(Fig. 1).
Until recently, the only spin trap suitable for the detection of oxygen-centered radicals such as superoxide and
hydroxyl radical was 5,5-dimethylpyrroline N-oxide
(DMPO). Nevertheless, one of the major drawbacks of using
DMPO to detect superoxide is that the DMPO-superoxide
adduct (DMPO-OOH) spontaneously decays to form
DMPO-hydroxyl radical (DMPO-OH) [27]. Consequently
the detection of superoxide using DMPO is rather indirect
because it is based on the inhibition of the formation of
DMPO-OH by SOD. Much effort has been dedicated during
the last few years in the search and design of new trap
agents that react faster with superoxide forming more persistent superoxide adducts. These two aspects of the spin
trap methodology have been improved by the introduction
of the phosphorylated DMPO-analog 5-diethoxyphosphoryl5-methyl-pyrroline N-oxide (DEPMPO) [28] and 2-ethoxycarbonyl-2-methyl-3,4-dihydro-2H-pyrrole-1-oxide (EMPO)
[29] and its 15N-labeled analog, [15N]-EMPO [30]. Figure 2
shows a time course study of the formation and decay of the

Figure 1. Representative example of a spin trapping reaction. Addition of superoxide to the DEPMPO, an EPR-silent compound, forms
a persistent superoxide adduct DEPMPO-OOH which is EPR-active that displays a multi-line spectrum.

488

ANALUSIS, 2000, 28, N° 6
© EDP Sciences, Wiley-VCH 2000

Dossier

Nitric oxide and superoxide in biological systems

Figure 2. Time dependent changes of the superoxide adducts of DEPMPO and EMPO. Incubation mixtures contained xanthine (1 mM),
DTPA (0.1 mM), xanthine oxidase (0.4 U/ml) and DEPMPO (25 mM) for A,B,C or xanthine oxidase (0.1 U/ml) and EMPO (25 mM) for D,E,I.
Samples were scanned after 5, 20 and 60 min of incubation, respectively. Traces D and G were obtained upon adding SOD (10 µg/ml).

DEPMPO and EMPO superoxide adducts, respectively. Both
DEPMPO-OOH and EMPO-OOH are significantly more
persistent than DMPO-OOH as indicated by their estimated
time half lives of 14 and 8 min compared with 1 min for
DMPO-OH [30]. Moreover, these adducts do not decay
forming the corresponding hydroxyl adducts. This makes
quantification more accurate. Sensitivity has been further
improved by the substitution of the 14N (I = 1) by a 15N
(I = 1/2). As a result of the isotopic substitution, only a fourline pattern is detected for [15N]-EMPO-OOH compared to
the multi-line patters of [14N]-EMPO-OOH and DEPMPO
(Fig. 2). Consequently, the intensity of the [15N]-EMPOOOH is higher than [14N]-EMPO-OOH at the same rate of
superoxide production (Fig. 3).

Evidence for the formation of reactive oxygen species was
previously presented in the literature. Formation of hydrogen peroxide by a calcium/calmodulin-dependent mechanism by the neuronal isoform of NOS was demonstrated
under limited availability of BH4 [31]. Parallel EPR-studies
demonstrated the formation of superoxide under limited
availability of L-arginine [32]. However, no efforts were
made to quantify superoxide and to examine whether superoxide was the only product formed by NOS [32]. These
studies also failed to demonstrate the locus of oxygen activation by NOS. Because of the introduction of the loop gap
technology that allows the EPR-analysis of exceedingly
small amounts of samples and using DEPMPO, we presented definitive EPR spin trapping evidence for the generation of superoxide from eNOS and nNOS. We demonstrated that eNOS generates micromolar concentrations of
superoxide by a calcium/calmodulin-dependent mechanism
from the heme group at the oxygenase domain of the
enzyme (Fig. 4) [33]. We also demonstrated that nNOS generates superoxide mainly from the oxygenase domain with

These new spin traps are powerful tools to examine the
formation of superoxide in biological systems and in particular from NOS. Because of the lack of suitable methods for
detecting superoxide, the formation of superoxide from NOS
has been the subject of debate and controversy in literature.
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the reductase domain contributing to a minor extension of
the total amount of superoxide generated by the enzyme
[34]. In addition, DEPMPO showed to be very suitable for
studying the mechanism of superoxide generation from NOS
as it does not inhibit NOS activity and its sensitivity is sufficient to detect superoxide released from NOS. We have
extended our studies to investigate the role of BH4 in oxygen activation by nNOS and the role of L-arginine analogs
in superoxide generation by nNOS.

Role of BH4 in superoxide generation
from NOS
Structural studies of eNOS and iNOS oxygenase domain
dimer demonstrated that the pterin cofactor BH4 binds close
to the heme group [35]. It was demonstrated that BH4 is held
tightly bound to NOS through several hydrogen bonds, van
der Waals forces and stacking interactions explaining the
high affinity of the cofactor for all isoforms of NOS [35].
The role of BH4 in oxygen activation and in the catalytic
cycle of NOS is poorly understood. We have further investigated the role of BH4 in the mechanism of oxygen activation by examining the role of BH4 in the generation of superoxide.

Figure 3. Superoxide generation from nNOS detected using (A)
[14N]-EMPO and (B) [15N]-EMPO. Incubation mixtures contained
nNOS (1 µg), NADPH (0.1 mM), calcium (0.2 mM), calmodulin
(20 µg/ml), DTPA (0.1 mM) in Hepes buffer (50 mM, pH 7.4) and
(A) [14N]-EMPO (25 mM). (B) [15N]-EMPO (25 mM). (C) Same as (A)
but containing SOD (10 µg/ml).

As shown in figure 5, BH4 was very effective in decreasing the superoxide detected from pterin-free nNOS (Fig. 5,
open squares). It was determined that the presence of L-arginine and BH4 further decreases the formation of superoxide
(Fig. 5, close circles). Under these conditions NOS catalyzes
the formation of L-citrulline at rates depending on BH4 concentrations (Fig. 5, close triangles). It was determined by
NADPH consumption experiments that BH4 decreases the
formation of superoxide by a mechanism that does not
diminish NADPH consumption by the enzyme (not shown).
This suggested that BH4 did not prevent the binding of oxygen to the heme at the oxygenase domain of nNOS and that
BH4 inhibited the release of superoxide from nNOS. To
examine whether this activity was unique to BH4, the role
of BH4 analogs such as 7,8-dihydrobiopterin (BH2) in the
generation of superoxide by nNOS was investigated. 7,8BH2 did not inhibit formation of superoxide or NADPH consumption by nNOS (not shown). These results indicate that
the activity of BH4 in controlling superoxide was not due
only to occupation of BH4 binding site as 7,8-BH2 also binds
to the pterin binding site of NOS [36].
By analogy with P450 cytochrome enzymes, it has been
proposed that the initial step in NOS activation is the reduction of the heme group [35,37]. Calcium/calmodulin-binding
to NOS allows the reduction of the electron-transfer reaction
from the reduced FMN to the heme group. Reduction of the
heme allows the binding of molecular oxygen to form the
first unstable intermediate of the catalytic cycle, the hemedioxygen complex (Scheme I). This intermediate can either
release superoxide to regenerate the oxidized iron (III) form
of the enzyme or accept a second electron to generate the

Figure 4. Calcium/calmodulin- dependent superoxide generation
from eNOS. (A) Pterin-free eNOS (7 pmoles) was incubated with
Ca2+ (0.2 mM), calmodulin (20 µg/ml), NADPH (0.1 mM), DEPMPO
(50 mM), DTPA (0.1 mM) in hepes buffer (50 mM, pH 7.4); (B) As
(A) but without Ca2+ and calmodulin; (C) As (A) plus cyanide (1 mM);
(D) As (A) after 15 min incubation with 1 mM phenyldiazene.
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heme-peroxo intermediate, which either decomposes to generate hydrogen peroxide and iron (III)-NOS or reacts with
L-arginine to form N-hydroxy-L-arginine (Scheme I). It was
suggested that BH4 reduces the ferrous-dioxygen complex,
to form a BH4 cation radical (BH4•+) and the heme-peroxo
complex. Our results presented definitive evidence for this
mechanism, demonstrating that only the fully reduced BH4
decreases the release of superoxide. In addition we demonstrated that activation of nNOS in the presence of saturating
concentrations of BH4 inhibits the release of superoxide but
does not diminish the formation of hydrogen peroxide by the
enzyme. We conclude that BH4 critically controls the activation of oxygen by nNOS. In the absence of BH4 the ferrous-dioxygen complex is unstable releasing superoxide
whereas in the presence of saturating concentrations of BH4
this complex is reduced to form the heme-peroxo intermediate that releases hydrogen peroxide. Under this condition
superoxide is barely detected (Fig. 5).
Clinical studies have demonstrated that BH4 supplementation ameliorates vasoconstriction, which is associated with
several conditions such as hypertension, hypercholesterolemia and diabetes. Our results suggest that BH4 controls
vascular tone by inhibiting the release of superoxide from
eNOS. As a consequence, BH4 enhances the bioavailability
of nitric oxide and inhibits the formation of peroxynitrite in
the vasculature.

Figure 5. Tetrahydrobiopterin alone inhibits superoxide and in
combination with L-arginine stimulates citrulline production
from nNOS. Formation of DEPMPO-OOH was monitored after 1 min
incubation of pterin-free nNOS (1 µg) after the addition of calcium
(0.2 mM), calmodulin (20 µg/ml), NADPH (0.1 mM), DEPMPO
(50 mM), DTPA (0.1 mM) with BH4 alone (■) or in combination with
L-arginine (0.1 mM) (●). Formation of 14C-L-Citrulline (▲) was determined in parallel experiments using 0.1 mM 14C-L-arginine.

Conclusion
The development of new superoxide traps has greatly
improved the applicability of EPR spin trapping methodologies for the detection of superoxide in biological systems. In
combination with the loop gap technology that allows the
analysis of small sample volumes (10-20 µl) the sensitivity
of EPR technique has been further improved. Using
DEPMPO it was presented for the first time, EPR evidence
for the formation of hydroxyl radical from the inactivation
of m-aconitase by superoxide [9]. Also, using DEPMPO we
have unequivocally demonstrated the formation of superoxide from the oxygenase domain of both eNOS and nNOS
[33,34]. All these studies have been critical in understanding the role of BH4 in oxygen activation and superoxide
release from NOS. This demonstrates that the applicability
of EPR techniques for the study of free radical pathophysiology has been greatly advanced and that the newly synthesized spin traps will help to elucidate the contribution of
superoxide/NOS to endothelial dysfunction and neurodegenerative diseases.
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