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Foreword

Since the discovery of the physiological role of nitric oxide in the late 1980s, this simple
molecule has been the focus of attention of biochemical and biomedical research. Originally,
the main emphasis was on its vasodilating effect in the mammalian vasculature because it
was in this context that the importance of NO had been recognized first. Only gradually it was
realized that nitric oxide fulfills other important functions as well, for example, in neuronal
signal transduction and in the immune system. In recent years, a fresh and powerful impulse
was given by the discovery that NO acts as a modulator of gene expression and apoptosis.
The list of physiological processes where a role of NO is recognized keeps growing daily
and appears unlimited. It sometimes seems that NO appears wherever you take a close look.
The actions of NO span a wide field covering the physiology of healthy organisms as well
as many pathophysiologies in mammals and humans.

Recent years have seen a tremendous step forward: It was the discovery that a broad range
of other compounds can fulfill one or more of the roles of true NO. Some but not all of
these compounds are metabolites of NO, and are endogenously formed in the presence of
NO. Examples are nitrite and S-nitrosothiols. Others like heme-nitrosyl or dinitrosyl-iron
complexes are not metabolites per se but form by reversible binding of NO as a nitrosyl
ligand to a transition metal ion. Until now, the knowledge of these alternative forms of
nitric oxide was not yet collected and ordered in the form of a monograph. Instead, it was
widely scattered in the specialized scientific literature and difficult to access. The purpose
of the editors was to close this gap, and make the huge body of information available to
researchers in a very compact form. Our aim was to make the book accessible and readable
for biochemists, clinicians, biologists, and biomedical researchers from all disciplines. That
is not easy as all disciplines have developed their own special jargon and ways of expression.
We have tried to adopt a language common to these various disciplines, and review the
current status of the field rather than dwell on technical details. Up to date reference lists will
help the readers to locate more specialized literature and find the original sources of relevant
reaction constants and the like.

Compiling a book is a large task, and we would not have completed the work without the
cooperation and enthusiasm of our contributors and collaborators, and the patient encour-
agement from the staff at Elsevier. We hope that the readers will find the volume a useful
tool for their research, and enjoy reading about the many surprising aspects and forms of the
small diatomic molecule called NO.

Anatoly Fyodorovich Vanin and Ernst van Faassen
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CHAPTER 1

Nitric oxide radicals and their reactions

Ernst van Faassen1 and Anatoly F. Vanin2

1Debye Institute, Section Interface Physics, Ornstein Laboratory, Utrecht University, 3508 TA,
Utrecht, The Netherlands

2Semenov Institute of Chemical Physics, Russian Academy of Sciences, Moscow, 119991,
Russian Federation

Nitric oxide is a peculiar radical species in many respects. It is a radical in the sense that its
electronic configuration contains a half-occupied orbital that is occupied by a single electron
only. In spite of this open electronic structure, its reactivity with most other molecules is
surprisingly low (notable exceptions being superoxide radicals). The half-occupied orbital
provides the molecule with a nonzero total electronic angular momentum S = 1/2 and
nonzero electronic magnetic moment from the electrons. However, the ground state of NO•

is not paramagnetic at all. This diatomic molecule has fifteen electrons in an electronic con-
figuration (K2K2)− (2sσ)2(2sσ∗)2(2pπ)4(2pσ)2(2pπ∗)1 and rotational symmetry around the
molecular axis. The unpaired electron is located in one of the antibonding π∗ orbitals. The
axial symmetry of the electronic fields allows for the projections of total spin S and angular
momentum L along the molecular symmetry axis as conserved quantities. As such, NO• is a
good example of a type (a) molecule in Hund’s classification, where the axial projections of
S, L and J = L+S are given the quantum numbers Σ , Λ and Ω = Λ + Σ respectively. Type
(a) molecules typically have strong internuclear fields to constrain L and strong spin-orbit
coupling to constrain S to the molecular axis. Free NO has Σ = 1/2 and Λ = 1. The ground
state 2Σ+1ΛΩ = 2Π1/2 has antiparallel coupling, with the parallel coupled 2Π3/2 state being
124.2 cm−1 ∼ 15 meV higher in energy. Rotationally excited ladders of these states appear
with energy spacings of about 5 cm−1. The magnetic moment µ = gΩΩ is proportional to
the gyromagnetic ratio gΩ . For molecules of Hund’s type (a), the gyromagnetic ratio is given
by [1]

gΩ = (Λ + 2Σ)(Λ + Σ)

Ω(Ω + 1)
= 0 for 2Π1/2

= 4/5 for 2Π3/2

We note that the ground state 2Π1/2 of this radical has nonzero angular momentum (Λ = 1)
but zero total magnetic moment. In other words, it is not paramagnetic at all when in free
state. As such, the true ground state of an isolated NO• molecule in the gas phase cannot be
detected by magnetic resonance spectroscopy.
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However, detection of NO• radicals with electron paramagnetic resonance (EPR) becomes
possible under certain conditions. In dilute NO• gas at room temperature (kT ∼ 25 meV),
ca 70% of the molecules are thermally excited to the 2Π3/2 state with gΩ = 4/5. This state
shows linear Zeeman splitting when brought into an external magnetic field. At X-band
frequencies ∼10 GHz, the EPR transitions occur at magnetic fields near 9100 G. The EPR
spectrum (Fig. 1) of this dilute gas is ca 250 G wide and shows 9 well resolved lines.
It appears as a triplet of triplets with 3:4:3 intensity. The larger splitting is caused by the
zero-field splitting (ZFS) interaction and the smaller splitting by the hyperfine coupling to
the magnetic moment of the 14N nucleus (I = 1). At higher gas pressures, the lines are
broadened by spin–spin interactions, and the resolution of the ZFS is lost.

Alternatively, NO• molecules may be adsorbed on solid surfaces, where the interactions
with atoms of the substrate lead to quenching of the orbital angular momentum. The resulting
magnetic moment is then determined by the electronic spin only [3]. Finally, NO• often
appears as a ligand in paramagnetic metal complexes with Co or Fe centers. Well-known
examples are the ferrous nitrosyl complexes with heme moieties or with iron–dithiocarbamate
complexes as discussed in Chapters 2–5 and 18. The small difference in electronegativity
between nitrogen and oxygen gives NO• a modest electrical dipole moment of 0.159 D,
i.e. more than an order of magnitude smaller than that of water.

Nitric oxide gas is colorless in the visible wavelength region, but has a prominent infrared
absorption at 1878 cm−1 = 0.233 eV due to the fundamental vibrational band [ν(N O)

stretch mode] [4,5]. This characteristic absorption corresponds to a wavelength of 5.3 µm
and is often used for detection of NO in the gas phase with optical sensors [6]. For example,
the infrared absorption line has been used to detect traces of NO escaping from biological
samples at rates above ca 10 pmol/s [7]. Upon binding to, for example, the metal center of
a complex, the frequency of this vibrational band is changed considerably by a combination
of two antagonistic effects. First, the anchoring to the heavy metal center raises the effective
reduced mass of the stretch vibration and lowers the frequency. Additionally, the strength of
the NO bond is affected by partial charge transfer of the unpaired electron towards the metal.

Fig. 1. X-band EPR spectrum of 1 Torr NO gas at room temperature. The scan range is 335 Gauss. (From
Ref. [2].)
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This transfer of the electron away from the antibonding orbital significantly stiffens the
NO bond and tends to raise the vibration frequency. This stiffening is the reason that the
stretch vibrations of free nitrosonium NO+ are raised to 2200 cm−1 [8]. Conversely, transfer
of additional electron density into the antibonding orbital lowers the frequency of the ν(N O)

stretch mode to ca 1363 cm−1 [9] for the free nitroxyl anion NO−. IR and Raman spectroscopy
of nitrosyl complexes have shown in accordance that the nitrosyl stretch vibrations span the
full range of 1100–2000 cm−1, and the stretch vibration of the NO ligand was found to be
a good spectroscopic indicator of the degree of charge transfer in nitrosyl complexes with
transition metal ions [10]. Prime examples are the endogenous nitrosyl–iron complexes in
biological systems like tissues or blood. The extent of charge transfer is directly related to
an important structural parameter, namely the orientation of the nitrosyl axis with respect to
the metal ion. The M N O bond angle is predicted to be 120◦ for NO− ligands, whereas
a nearly linear alignment is found for nitrosyl cations. Such charge transfer was found to be
very characteristic for nitrosyl ligands on iron atoms and the shared nature of the unpaired
electron is accounted for in Enemark–Feltham notation [11] for the combined electronic
configuration of the Fe NO motif. Paramagnetic mononitrosyl iron complexes (MNICs,
cf Chapter 18) have {FeNO}7 configuration and typical frequencies of the ν(N O) stretch
mode are 1670–1720 cm−1. Paramagnetic dinitrosyl iron complexes (DNICs, cf Chapter 2)
have {Fe(NO)2}7 or {Fe(NO)2}9 configuration and typical ν(N O) stretch frequencies are
higher 1730–1800 cm−1. Significantly, the two nitrosyl ligands are found to stretch with
slightly different frequency, separated by 30–60 cm−1. For example, for Cys-DNIC the two
stretch frequencies are reported as 1730 and 1770 cm−1 [12]. Therefore, the two ligands show
distinct charge transfer and net effective charge. This nonequivalence of the nitrosyl ligands
is highly significant as it seems the reason for the unusual reaction chemistry of DNIC as
described in Chapter 2. A selection of experimental stretching frequencies for nitrosyl–metal
complexes can be found in Refs. [10,11,13,14].

For covalent nitroso compounds the ν(N O) stretch mode [18] is a good marker as well
(cf Table 1).

Table 1 Typical frequencies for the ν(N O) stretch mode in various compounds

Class ν(N O) Stretch mode (cm−1) Remarks Refs.

NO radical 1878 Free molecule [4,5]
NO+ 2200 Free molecule [8]
NO− 1363 Free molecule [9]
NO+–M 1850–1860 M N O is 180◦ [15]
NO Fe3+–DETC 1687 1708 cm−1 for N-methyl-d,

l-glucamine dithiocarbamate (MGD)
[16]

NO Fe2+–DETC 1724 M N O is 173◦ [17] [14]
NO Fe3+–porphyrins 1850–1860 M N O is 175◦ [10]
NO Fe2+–porphyrins 1620–1670 M N O is 145◦ [10]
S-nitroso 1480–1530 [19]
N-nitroso aliphatic 1420–1460 ν(N N) at 1030–1150 [20]
N-nitroso aromatic 1450–1500 ν(N N) at 925–1025 [20]
O-nitroso 1610–1730 Two distinct modes with [20]

�ν ∼ 40 cm−1

Fe2+–(NO)2, DNIC 1730, 1770 Nitrosyl ligands are inequivalent [12]
with �ν ∼ 40 cm−1
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The UV spectrum of nitric oxide shows absorption below 200 nm due to weak electronic
transitions to unoccupied orbitals, and the onset of photoionization to nitrosonium NO+ by
ejection of the unpaired electron from the π* orbital. As expected for an antibonding electron,
the ionization threshold is fairly low with 9.26 eV. This photoionization produces a prominent
photoabsorption peak near 14 eV. For still higher photon energies >20 eV, fragmentation of
the molecule occurs [21].

Nitric oxide is a highly corrosive gas with a boiling point of −151.7◦C at 1 atm and is
prone to oxidation to nitrogen dioxide radicals when in contact with dioxygen. The reaction
chemistry of NO• is very complex due to several reasons: first and foremost, it is thermody-
namically unstable. If kinetically allowed by conditions of high pressure and temperature, it
may dismutate via the pathways [22]

3NO• → N2O + NO•
2 �H = −37.2 kcal mol−1 (1)

2NO• → N2 + O2 �H = −21.6 kcal mol−1 (2)

The prime example for the first pathway is when pure NO• is compressed to high density
for storage in pressure containers. Interestingly, this reaction appears as a dispropor-
tionation as it generates products with higher as well as lower oxidation state than the
original NO•. A prominent example for the second pathway is the automotive catalytic con-
verter where rhodium catalyzes the reductive decomposition of NO• into dinitrogen and
dioxygen.

The second reason is the fact that many higher oxides of nitrogen have a rather unstable
electronic structure: N2O, N2O4 and N2O3 all appear as resonance hybrids resonating between
several isomeric forms with different atomic and electronic structures [23]. In addition, NO•

2
is a radical with tendency to dimerize and HNO dimerizes to metastable hyponitrous acid
HONNOH which decomposes into N2O and water [see below, Eq. (6)].

In addition, the analysis of the reaction chemistry and identification of the reaction prod-
ucts is technically challenging since many nitrogen oxides have strong broad overlapping
absorptions in the ultraviolet at wavelength shorter than 280 nm. The visible bands are usu-
ally better resolved but have very small extinctions (N2O3 with ε620 ∼ 20 Mcm−1; nitrate
NO−

3 with ε300 ∼ 7 Mcm−1; nitrite NO−
2 with ε354 ∼ 24 Mcm−1; nitrous acid HNO2

with a characteristic tetrad of peaks at 347, 358, 371 and 386 nm and ε371 ∼ 54 Mcm−1,
pKa = 3.37; NO•

2 with ε385 ∼ 30 Mcm−1). This last radical, nitrogen dioxide, is a common
industrial and automotive pollutant and is responsible for the orange-brown hue of smog and
polluted air. Peroxynitrite anions have a stronger UV absorption with ε302 ∼ 1704 Mcm−1.
The lifetime of peroxynitrite at physiological pH is below a second because of its reac-
tivity towards proteins and propensity to protonate to cis or trans forms of pernitrous
acid [24,25]. Far stronger absorptions in the visible region are known for the hyponitrite
radical anion N2O−•

2 (ε290 ∼ 6 × 103 Mcm−1); its protonized form, the radical HN2O•
2

(ε290 ∼ 3 × 103 Mcm−1 pKa = 5.5) [32] and the unstable N3O−
3 anion (ε380 ∼ 3.8 ×

103 Mcm−1) with decay rate of 300 s−1 in water at room temperature [26].
The optical spectra of nitrite and nitrate are shown in Fig. 2.
Nitric oxide itself can readily participate in a wide variety of redox reactions [28]. It may

be oxidized to the nitrosonium cation NO+, which is isoelectronic to carbon monoxide CO
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Fig. 2. Room temperature spectra of nitrite, nitrous acid and nitrate. The curves are: (1) 22.6 mM NaNO2;
(2) 92.8 mM NaNO3; (3) 22.6 mM NaNO2 plus 92.8 mM HNO3; (4) 22.6 mM NaNO2 plus 418 mM HNO3.
(From Ref. [27].)

and N2. It has a prominent UV absorption (ε220 ∼ 3850 Mcm−1 [29]). The oxidation
reaction is

NO• → NO+ + e− E1/2 = −1.21 V (3a)

The reduction potential of 1.21 V is quite high and exceeds range of the typical reduction
potentials found in vivo. The latter range from −0.3 V (NAD+/NADH) to +0.82 V (O2/H2O).
Therefore, nitrosonium is not generated by simple oxidation of nitric oxide radicals. Acidic
reduction of nitrite anions provides an alternative pathway [Eq. (3b)]

NO−
2 + 2H+ � NO+ + H2O (3b)

However, in the normal physiological range pH ∼ 7.0−7.4, this equilibrium is shifted to
the far left side [28] with [NO+]/[NO−

2 ] ∼ 10−17 approaching infinitesimally small values.
In biological systems, the formation of nitrosonium is thought to be dominated by heterolytic
fission of N2O4 [see below Eq. (8)]. However, even when formed, nitrosonium is short
lived in the presence of water. Reaction (3b) shows that the nitrosonium cation reacts rapidly
with water to nitrite. It may also react with other nucleophiles, and can nitrosate proteins in
biological systems. Other nitrosating pathways will be discussed below [cf Eq. (10)].

Alternatively, nitric oxide radicals may be reduced to the nitroxyl anion NO− which is
isoelectronic to molecular oxygen. Having two half-occupied orbitals, this biradical may
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exist [30,31] as a spin triplet (S = 1) or as a spin singlet (S = 0)

NO• + e− → 3NO− (S = 1) E1/2 = +0.39 V (4a)

NO• + e− → 1NO− (S = 0) E1/2 = −0.35 V (4b)

Just as with the dioxygen molecule, the spin triplet 3NO− is ground state, with the spin
singlet 17–20 kcal/mol (0.74–0.87 eV) higher in energy.

The two spin states of the nitroxyl anion have markedly different reaction rates with nitric
oxide to form the hyponitrite radical N2O•2−

2 , or even the bluish trinitrogen trioxide anion
N3O2−

3 [32]. The rates are strongly affected by the constraints imposed by spin conservation.
The protonation of the ground state triplet nitroxyl is kinetically slow as it requires spin
conversion between singlet HNO and triplet NO− as well as a nuclear reorganization:

1HNO � 3NO− + H+ (5)

Whereas older literature often quotes a low equilibrium constant of pKa ∼ 4.7, newer esti-
mates [26,31] favor a sharply upward revision to a value of pKa ∼ 11 for the protonation of
3NO−. This value makes the protonized HNO the predominant species at physiological pH.
At higher concentrations, the chemistry of HNO is complicated by its tendency to dimerize
and decompose into dinitrogen oxide N2O and water. The irreversible decomposition has a
high rate of k = 8 × 106 (Ms)−1:

2HNO � [HONNOH] → N2O + H2O (6)

The nitroxyl anion NO− may act directly on a range of biological molecules [33,34]. Angeli’s
salt Na2N2O3 is a well-known water-soluble nitroxyl donor.

In water, NO• has a solubility [35] of 1.9 mM at 25◦C and against a PNO of 1 atm (Fig. 3
and Table 2). The solubility is somewhat higher than that of dioxygen.

Fig. 3. Solubility in water of nitric oxide under 1 atm NO as a function of temperature. (From Ref. [35].)
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Table 2 Solubility of selected small neutral molecules in pure water under
a gas pressure of 1 atm. The solubilities are in millimolar concentration

Molecule Dipole moment (D) 20◦C (mM) 37◦C (mM)

NO 0.159 2.1 1.6
N2O 0.161 28.1 17.7
O2 – 1.4 1.0
CO2 – 39.2 25.9
CO 0.110 1.06 0.84

In pure deoxygenated water and at low concentrations, NO• is indefinitely stable on a
timescale of weeks. In particular, it does not undergo a hydration reaction. However, this
stability is only apparent due to slowness of the irreversible disproportionation reaction
Eq. (1).

At high concentrations as in compressed gases, the disproportionation reaction (1) is very
noticeable and leads to rapid formation of substantial quantities of secondary radical like
nitrogen dioxide NO•

2. The latter radical is a strong one-electron oxidant with a reduction
potential of 1.04 V [30] for the NO•

2/NO−
2 redox couple. Nitrogen dioxide rapidly decom-

poses in water. At lower concentrations of nitric oxide, the disproportionation reaction (1)
is kinetically inhibited, but NO•

2 may still be formed by a complicated reaction of NO• with
dioxygen. For biological samples, the formation of this NO•

2 intermediate is highly signif-
icant due to its capacity to generate further species capable of N-nitrosation of amines and
S-nitrosation of thiols and organic sulfides. Therefore, a short outline will be given here, with
a comprehensive discussion being found in the excellent recent monograph of Williams [36].

The formation of NO•
2 from nitric oxide and dioxygen has a small activation energy of

�H = 4.6 ± 2.1 kJ/mol. The precise mechanism has not been clarified and two pathways
have been proposed. The first is based on the tendency of NO• to dimerize to dinitrogen
dioxide. This species may be oxidized to dimerized nitrogen dioxide.

2NO• � N2O2

N2O2 + O2 → N2O4 (7a)

N2O4 � 2NO•
2

The second proposition involves the formation of an intermediate peroxynitrite radical

NO• + O2 � ONOO•

ONOO• + NO → ONOONO (7b)

ONOONO → 2NO•
2

Both mechanisms have a net balance

2NO• + O2 → 2NO•
2 (7c)

Upon completion of reaction (7c), the appearance of nitrosating species like N2O3 and
N2O4 is unavoidable. Although not radicals themselves, these species are quite reactive.
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This fact is highly relevant for biological systems, where the pool of proteins provides a poten-
tial target for subsequent nitrosating reactions of amine and thiol moieties. The equilibrium
reactions are

2NO•
2 � N2O4 (8)

NO•
2 + NO• � N2O3 (9)

The forward and backward reaction rates of Eq. (8) were reported as 4.5×108 (Ms)−1 and
6.9×103 s−1, respectively. The forward and backward reaction rates of Eq. (9) were reported
an order of magnitude faster with 1.1 × 109 (Ms)−1 and 8.1 × 104 s−1, respectively [37].

The powerful nitrosating species dinitrogen trioxide N2O3 is easily identified from its
weak blue color (ε620 ∼ 20 Mcm−1). It is a highly polar molecule with a dipole moment
of 2.122 D, i.e. exceeding the moment 1.854 D of a water molecule. Experimental evidence
supports the usual assumption that dinitrogen trioxide N2O3 is the main nitrosating species in
buffered water solutions near physiological pH, in spite of the fact that it may easily react with
water molecules [see below, Eq. (12)]. However, the situation is less clear for living systems,
as these form a heterogeneous environment with regions of low polarity. In such regions,
neutral molecules like NO•

2 or NO• tend to accumulate to higher concentration with different
equilibrium constants for the equilibria between NO•

2, NO•, N2O3 and N2O4 [38]. This
phenomenon significantly accelerates the autooxidation reaction Eq. (1) [39]. The nitrosation
reactions that transform thiol moieties RS H to nitrosothiols RS NO are

N2O4 + RS H → NO−
3 + RS NO + H+ (10a)

N2O3 + RS H → NO−
2 + RS NO + H+ (10b)

These nitrosation reactions are fast. For glutathione (GSH), reaction (10b) proceeds with a
second order rate of k = 6.6 × 107 (Ms)−1 [40].

These reactions are distinguished by their primary reaction products being nitrate and
nitrite, respectively. In principle, nitrosonium is a nitrosating species also. Its nitrosation
reaction with thiols RS H proceeds as

NO+ + RS H → RS NO + H+ (11)

However, in aqueous environment the concentration of free nitrosonium is negligibly small
[cf Eq. (3b) and its discussion].

In aqueous solution, the nitrosation reactions (10a) and (10b) have to compete with an
alternative pathway: hydrolysis to nitrite or nitrate according to the reactions

N2O4 + H2O → NO−
2 + NO−

3 + 2H+ (12a)

N2O3 + H2O → 2NO−
2 + 2H+ (12b)

The hydrolysis pathway leaves N2O4 with a lifetime of about 10−3 s in water [41]. Published
rates for (12b) vary considerably [42,43], possibly because the reaction is catalyzed by the
presence of phosphate. But even in absence of phosphate, reaction (12b) is fast, and the life-
time of N2O3 in water is shorter than ca 1 ms [37]. Therefore, the nitrosation reactions (10a,b)
will be significant only at sufficiently high levels of thiol. The critical thiol concentration can
be estimated from the nitrosation rate of k = 6.6 × 107 (Ms)−1 [40] for glutathione and
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the lifetime of 1 ms for N2O3 in water. It means that nitrosation of glutathione dominates
hydrolysis if [GSH] > 15 µM. This condition is easily satisfied in vivo where tissue concen-
trations of GSH are of the order of 0.5–1 mM (cf Table 1, Chapter 9). Phrased otherwise,
at physiological thiol concentrations, the hydrolysis pathway (12a,b) is not significant and
thiols act as main target for the nitrosating species N2O4 and N2O3.

It should be kept in mind that N2O3, NO+ and N2O4 are by no means the only compounds
with proven capacity of S-nitrosation. Alternative pathways for S-nitrosation have been iden-
tified for organic nitrates RONO2 and organic nitrites RONO. More details on these reactions
are given in Chapters 9, 10 and 17.

The formation of S-nitrosothiols has significant implications in vivo. The S-nitrosated moi-
eties in tissues reach concentrations upto ca 100 nM. Therefore, these moieties are potentially
relevant as an endogenous form of nitric oxide with higher stability and longer lifetime than
nitric oxide itself. The S-nitrosothiols are quite stable with a lifetime of several days in aque-
ous solutions if these solutions are kept cool in the dark and free of trace metal ions. They may
release free NO• radicals by hemolytic cleavage via thermolysis, photolysis or catalytically
by trace metal ions in reduced state like Fe2+ or Cu+. The possibility of heterolytic cleavage
of the S N bond under release of free NO+ is still controversial. As will be explained in
Chapters 9–11, the homolytic decomposition has high significance for the balance between
the various nitrosated species in biological systems.

The balance of the above reactions makes the rate of nitrite formation third order in the
constituents

d

dt
[NO−

2 ] = k[NO•]2[O2] (13)

The rate of k ∼ 5 × 106 M−2s−1 (at 25◦C) does not depend on the pH [36].
The formation of the NO•

2 intermediate is the rate-limiting step in this oxidation of NO•.
Accordingly, it also determines the rate of nitrosation of thiol moieties in biological systems.
The low rate guarantees that the uncatalyzed oxidation to nitrite does not significantly affect
the lifetime of NO• in aqueous solutions. Even at full oxygen saturation ([O2] ∼ 1 mM),
the nanomolar concentrations of NO• make that this radical would have a lifetime of many
hours if kept in aqueous solution. However, in complex biological systems, the presence of
a membrane fraction may strongly enhance the observed rate of autooxidation and nitrosat-
ing capacity [39,44]. The small dipole moment of NO• (cf Table 2) allows this radical to
concentrate in the hydrophobic phospholipid membranes and reaches a tenfold higher local
concentration than in aqueous medium. This concentration effect increases the rate of autoox-
idation 300-fold [39]. In addition, spurious metal ions or enzymatic reaction centers could
act as catalyzers and accelerate the oxidation reaction (7c). The ensuing nitrosation reactions
would be accelerated as well. At the moment, it is still unknown whether such nonenzymatic
autooxidation reactions are significant for the NO• lifetime and nitrosation in biological
systems.

In addition, enzymatic pathways exist for the oxidation of NO•. In biological systems, at
least two important irreversible pathways for oxidation of NO• have been identified: oxy-
hemoproteins and superoxide. Hemoglobin (Hb) is a tetrameric heme protein composed of
pairs of ferrous α- and β-subunits. The four hemes may be independently nitrosylated and
the ferrous forms are paramagnetic. Accordingly, blood and many biological tissues show the
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prominent EPR absorption as a mixture of α- and β-type heme nitrosylated ferrous state [45].
The spectral shape depends on oxygen concentration and conformation of the Hb (relaxed-R
of tense-T). In fully oxygenated blood, the dominant species is α(Fe O2)2 β(Fe O2)2

which rapidly oxidizes nitric oxide to nitrate

OxyHb2+ + NO• → metHb3+ + NO−
3 (14)

Equation (14) has a high reaction rate of ∼1 × 107 (Ms)−1 and is the dominant reaction
pathway for loss of nitric oxide in the normoxic vasculature. At first sight, reaction (14)
might look like iron-mediated oxidation of NO• by dioxygen. However, the rate depends
crucially on whether dioxygen or nitrosyl is the first ligand to bind, since nitrosylated Hb
itself is remarkably stable against transformation into metHb and nitrate by dioxygen. In
oxygenated Tris buffer (50 mM, pH = 7.4) the lifetimes of α(Fe NO)2 β(Fe O2)2 and
α(Fe NO)2 β(Fe NO)2 were 2 h and 41 min, respectively [46]. Interestingly, the partially
nitrosylated α(Fe NO)2 β(Fe O2)2 retained significant capacity for cooperative binding
and transport of oxygen. Myoglobin is an oxygen transporter with a single heme-binding
site. Oxymyoglobin also rapidly converts nitric oxide to nitrate with a comparable rate [47].

An even higher reaction rate applies to the diffusion-controlled reaction with the superoxide
radical to peroxynitrite, an isomer of nitrate

NO• + O•−
2 → ONOO− (15)

Reported reaction rates in water range from 4.3 × 109 to 1.9 × 1010 (Ms)−1 [48]. Per-
oxynitrite, though not itself a radical, is a powerful oxidizing agent and has been shown to
be highly damaging to intracellular processes. It reacts with many proteins [48], particularly
via the nitration of tyrosine residues and thiols. Peroxynitrite readily acts as a ligand for
transition metal ions [49] and the metal-containing sites of many enzymes, hemoproteins in
particular, are prone to modification by peroxynitrite leading to inhibition of catalytic activity
(e.g. superoxide dismutase, cytochromes and nitric oxide synthase) or structural degradation
(e.g. Zn release from zinc-finger-containing proteins). In water, the peroxynitrite anion is
stable (ε302 ∼ 1704 Mcm−1[24]), but the protonized form (peroxynitrous acid, cis-ONOOH
with pKa = 6.8, trans-ONOOH with pKa ∼ 8) is unstable, because the trans-isomer is a
vibrationally excited state that can rearrange to nitric acid [25]. The rearrangement shortens
the lifetime of peroxynitrous acid to less than 1 s.

It was already remarked that NO• is thermodynamically unstable and prone to dismutation.
Recent investigations have shown that transition metal ions may catalyze the autooxidation
of NO• [50]. Dinitrosyl iron complexes (DNIC) with small thiol ligands possess S-nitrosating
capacity reminiscent of nitrosonium, and the formation of hydroxylamines was attributed to
intermediate nitroxyl NO− anions. It suggests that the iron atom mediates a strong electronic
coupling between the nitrosyl ligands and facilitates their dismutation into nitrosonium and
nitroxyl. A more detailed discussion is given in Chapter 2.

Finally, a nonnegligible decay channel for NO• may be its sequestration by ferrous iron as
found in heme enzymes like hemoglobin. Although nitric oxide binds to ferrous as well as
ferric form, the ferrous binding is so strong as to be considered irreversible on the relevant
timescales of minutes to hours. The strong binding of NO• ligands to ferrous heme forms
a very stable paramagnetic mononitrosyl iron complex. It was reported that ca 0.004% of
Hb-heme is nitrosylated in healthy human volunteers [51]. Given that blood has a heme
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concentration of [Hb-heme] = 4 [Hb] ∼ 8 mM, the quantity of nitrosylated heme in arterial
blood amounts to ca 0.3 µM. This is a significant quantity indeed. The binding of nitrosyl
ligands to iron strongly affects the spectroscopic properties of the complex. The fundamental
intramolecular N–O vibration appears at 1878 cm−1 in the gas phase, but is redshifted
upon binding to heme iron. The vibration is easily observable by strong IR absorption and
moderate intensity of Raman scattering and may be used to discriminate the redox state,
degree of coordination and conformation of the protein.

The sequestration by iron allows hemoglobin of the blood to act as a very significant sink
for the nitric oxide radicals as produced by the endothelial lining of blood vessels. Numer-
ical simulations indicate that the loss of nitric oxide in the vascular lumen should reduce
the NO• levels in the smooth muscle tissue as well [52,53] to levels below the activation
threshold of the guanylate cyclase enzyme. Therefore, it might still be premature to simply
equate NO• with the endothelial relaxation factor (EDRF). We should keep an open mind
to the possibility that EDRF be some reaction product of primary NO• that is more stable
against the oxidation in the vascular system and may be either reconverted to truly free NO•

or share certain NO•-like properties like vasodilation or inhibition of platelet aggregation.
For fulfilling its signaling function, important parameters are the lifetime, diffusion rate and
the ability to cross biological membranes. In recent years, a surprisingly large variety of
such stabilizing forms of NO• have been proposed and discussed in the literature. Some of
them share only some of the properties of NO• but lack others. For example, S-nitrosothiols
are good inhibitors of platelet aggregation but rather inefficient activators of the guanylate
cyclase enzyme. DNIC complexes are excellent vasodilators and inhibitors of platelet aggre-
gation (cf Chapter 3). In the bloodstream of animals, they have much longer lifetime than
NO• itself. However, these complexes also may release some free iron with the risk of toxic
effects on tissues or individual cells. Nitrite anions are small and show rapid diffusive trans-
port in water. They are known to cross the membranes of red blood cells, but their entry into
other cell types is uncertain. Nitrite fails to prevent platelet aggregation [54] but can induce
relaxation of precontracted vessel rings [55]. The purpose of this book is to give an overview
of these alternative forms of NO• and to compile the diverse and scattered literature in the
form of a monograph. Some readers may have noticed the absence of nitrate from the list of
topics covered. Although dedicated nitrate reductases exist in certain strains of bacteria, they
are not known as a truly mammalian enzyme. Although a modest degree of nitrate reduction
is known from symbiotic bacteria in mouth and intestinal tract [56], this xenobiotic path-
way does not seem to contribute significantly to endogenous nitrite or NO. However, certain
mammalian enzymes are capable of reducing nitrate under hypoxia [57]. Biological systems
are highly complex and often show very unexpected properties. The recent findings about
reduction of nitrite anions under hypoxia are a good example of such unexpected results.
The progress in the field is very rapid, and the topics discussed should be considered in statu
nascendi with many more surprises to come in the future.
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INTRODUCTION

Dinitrosyl-iron complexes (DNICs) with thiol-containing ligands were discovered in cells
and tissues with EPR spectroscopy. The EPR spectrum of these paramagnetic (S = 1/2)
complexes has a characteristic anisotropic lineshape centered at gav = 2.03 (2.03 signal)
which may be observed over a wide range of temperatures from liquid helium to room
temperature. The g = 2.03 signal was recorded and discussed for the first time in cultured
yeast cells and subsequently in the tissues of some animals [1–3] (Fig. 1A,C). Independently,
Commoner and colleagues from USA (1965) observed weak signals at g = 2.03 in rat livers
during the initial stages of chemically induced carcinogenesis [4] (Fig. 1D). Interestingly,
some spectra published earlier by Mallard and Kent did show the presence of unidentified
paramagnetic centers at g = 2.03 in rat liver in similar experiments (Fig. 1B) [5] but their
nature was not discussed.

The identity of these paramagnetic centers at g = 2.03 was recognized when it was demon-
strated that the shape and EPR spectroscopic parameters of 2.03 signal and EPR signals of
low-molecular DNIC with cysteine in a frozen solution were similar (Fig. 2) [6,7]. Subse-
quent studies confirmed that the paramagnetic species at g = 2.03 in cells and tissues are
really DNIC with protein or low-molecular thiol-containing ligands [3,6–12].

As a rule, at X-band the 2.03 signal is usually characterized by a g-factor with axial
symmetry (g⊥ = 2.04, g|| = 2.014). At room temperature, the protein-bound DNICs may
be distinguished easily from their low-molecular-weight analogs. At this temperature, the
EPR spectrum from protein-bound DNIC retains the shape of a powder spectrum as would
be recorded in frozen solution at low temperature (77 K) (Figs. 2, 3 and 5). In contrast, the
low-molecular DNICs are rapidly tumbling and show a motionally narrowed isotropic line
with a half-width of 0.7 mT and resolved 13-component hyperfine structure (HFS) [13–15]
(Figs. 2–4).
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Fig. 1. The first recordings of 2.03 signal; yeast (A) [1,2]; rat liver carcinoma induced by the hepatocar-
cinogenic compound, P -dimethylamino-azobenzene (butter yellow) (panel B, spectrum b; (a) spectrum from
normal liver) [5]; yeast and rabbit liver (panel C, spectra a, b and c, respectively) [3]; panel D: livers from
rats maintaining 7, 14, 21, 35 and 49 days on a diet containing butter yellow [4]. Recordings were made at
77 K (A–C) or ambient temperature (D). (With permission.)

Interest in DNIC complexes sharply increased in the 1990s after the discovery of the
physiological roles of endogenous NO radicals in mammals and of the l-arginine/NO pathway
catalyzed by the nitric oxide synthases. The l-arginine-dependent formation of DNIC was
demonstrated in various cultured cells and tissues expressing inducible, high output, NO
synthase activity. These presently include macrophages [16–19], fibroblasts [20], hepatocytes
[21–25], vascular smooth muscle cells [26], isolated human islets of Langerhans [27], isolated
rat aorta [28], different types of tumor cells [18,29,30] (all treated with lipopolysaccharides
and/or cytokines in vitro), as well as liver of mice treated with Corynebacterium parvum
[31], murine tumor transplants [30,32] and rat heart allografts [33,34] in vivo. Formation of
DNIC via constitutive NO synthase was also demonstrated in isolated porcine endothelial
cells stimulated with bradykinin or the ionophore A23187 [35].

LOW-MOLECULAR-WEIGHT DNIC WITH THIOL-CONTAINING LIGANDS

The first description of EPR spectra of low-molecular DNIC with various anionic ligands
(phosphate, pyrophosphate, arsenate, molybdate, carbonate, maleate, mercaptane, cysteine,
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Fig. 2. 2.03 signals from the livers of mice maintained on drinking water with nitrite + 57Fe–citrate com-
plex (curve a) or nitrite + 56Fe–citrate complex (curve b). EPR signals of DNIC with cysteine, containing
57Fe (curves c,f) or 56Fe (curves d,g). Recordings were made at 77 K (curves a–d) or ambient temperature
(curves f,g). (From Ref. [15].)

Fig. 3. 2.03 signals from rabbit liver (A) or yeast cells (B). Recordings were made at ambient temperature.
A narrow signal superimposed on the 2.03 signal (B) is due to a low-molecular DNIC. (C) The change of the
shape of the EPR signal of DNIC with cysteine at temperature increasing from –196 to 0◦C. (From Ref. [13].)
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Fig. 4. (A) EPR spectrum of DNIC with OH− (pH 11) containing 14NO (a) or 15NO (b) [36]. (B,C) EPR
spectra of DNIC with OH− (pH 12) (a,a`), DNIC with H2O (pH 7) (b,b`), DNIC with phosphate (c,c`)
or DNIC with cysteine (d,d`) [6]. (D) EPR spectrum of DNIC with OH− containing 15NO and 57Fe (pH 11) [36].
Recordings were made at ambient temperature (A,B,D) or 77 K (C). (With permission.)

thiourea, penicillamine, hydroxyl and other) was given by McDonald et al. in the 1960s.
EPR spectra of the complexes in aqueous solutions were recorded at ambient temperature
[36]. In dilute solution at X-band frequencies, these complexes have a characteristic EPR
spectrum showing an isotropic singlet at g = 2.02–2.04 with resolved HFS from the nuclear
magnetic moment of nitrogen atoms in NO ligands. Additional HFS may arise from protons
or phosphorus atoms in anionic ligands (Fig. 4). The analysis of EPR characteristics of
the complexes indicated that the paramagnetic complexes consist of one iron atom, two NO
groups and two anionic ligands. EPR spectra show an additional strong doublet hyperfine (HF)
coupling of 1.25 mT from the iron nucleus if the 57Fe isotope is used. This magnitude shows
that the unpaired electrons from the nitrosyl ligands are predominantly localized on iron atom
(Fig. 4). So, d7 electron configuration and low spin state S = 1/2 were proposed to explain
the spectroscopic properties of the complexes [36]. Infrared studies of the intramolecular
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vibrations suggest that the nitrosyl ligands have donated an electron to the iron and resemble
NO+ rather than NO [37]. This nitrosonium character is further corroborated by the small
HFS coupling to the nitrogen nucleus in the nitrosyl ligands in DNIC (ca 0.15 mT) [36]. Thus,
the electronic structure of DNIC is better represented by the formula {(L−)2Fe+(NO+)2}+.
The geometrical structure of DNIC is still a matter of debate and depends on the aggregation
state. As will be discussed below, X-ray diffraction has shown tetrahedral surrounding of
the iron in crystalline state, but in dilute solution EPR spectroscopy favors square planar
configuration.

In frozen solution at X-band, the EPR spectra of DNIC with low-molecular-weight anionic
ligands have the shape of a spin S = 1/2 center with either axial or rhombic symmetry. Axial
symmetry is mainly characteristic of DNIC with thiol-containing ligands, and the complexes
have g-factors with the values of g⊥ = 2.045 or 2.04, g|| = 2.014 (Fig. 5). The spectral
shape shows that the coupling tensor has gz < gx = gy , i.e. oblate axial symmetry rather than
prolate. At higher frequencies the Zeeman anisotropy is better resolved, and will be discussed

Fig. 5. EPR spectra from frozen solutions of DNIC with cysteine containing 14NO (curve a) or 15NO (curve b)
and DNIC with thiosulphate (curve c). Recordings were made at 77 K. (From Ref. [40].)
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at the end of this chapter. Lower rhombic symmetry is mainly characteristic of DNIC with
various non-thiol-containing ligands (phosphate, halogens, citrate, ascorbate, histidine, etc.),
the three elements of the g-tensor spanning the range 2.014–2.05. Nevertheless, some non-
thiolate complexes (for example, DNIC with hydroxyl) show axial symmetry with g-factors
of g⊥ = 2.014, g|| = 2.05, gav = 2.026 [6,7]. The representative EPR spectra of DNIC with
non-thiol-containing ligands are presented in Fig. 4.

DNICs with low-molecular-weight thiol-containing ligands can be divided into two groups
in accordance with the shape of central part of the EPR spectrum and the value of g⊥, g|| and
gav = (g|| + 2g⊥)/3. The first group comprises the EPR signals from DNIC with cysteine,
glutathione, N -acetylcysteine, homocysteine, N -acetylpenicillamine or dithiothreitol (g⊥ =
2.04, g|| = 2.014 and gav = 2.031). The EPR signals from DNIC with thiosulfate and
mercaptotriazole (g⊥ = 2.045, g|| = 2.014 and gav = 2.035) constitute the second group
[40]. The representative EPR spectra from both groups are presented in Fig. 5. The spectrum
of frozen solution of DNIC with cysteine including 15NO ligands is also shown in Fig. 5.

In dilute solution at room temperature, fast tumbling motions averages the axial anisotropy
of g-factor resulting in the registration of narrow isotropic EPR signals with giso values at
the range 2.029–2.031 for all the mentioned DNIC with thiol-containing ligands. The signals
show resolved HFS with 5 or 13 components. The 5 component HFS has 1:2:2:2:1 intensity
and is characteristic of DNIC with thiosulfate, N -acetylpenicillamine or mercaptotriazole
(Fig. 6, curve c). It is caused by HF interaction with the nitrogen nuclear moments (I = 1)
of both NO ligands. At room temperature, the DNIC with other thiol-containing ligands
shows resolved 13-component HFS. This multiplicity results from HF interaction with the
two nitrogen nuclei of the nitrosyl ligands plus four protons (I = 1/2) from two methylene
groups close to the sulfur atom (Fig. 6, curve a). The HF interaction with the nitrogen may be
modified by substitution with the 15N isotope (I = 1/2): With 15NO ligands, the spectrum
shows 9 resolved components (Fig. 6, curve b). The description of the HFS formation in the
signals is shown on the right side of Fig. 6.

Quite often, the EPR spectra show resolved HFS from four protons from two separate
methylene groups. Examples are DNIC with cysteine, glutathione, N -acetylcysteine, homo-
cysteine or dithiothreitol ligands. This property demonstrates that the complexes contain
two thiol-containing ligands. Therefore, these DNICs are cationic and can be presented as
{(RS−)2Fe+(NO+)2}+ as proposed in Ref. [36]. This formula was also found for DNIC with
mercaptotriazole (from X-ray analysis described in Ref. [41]). Since DNIC with thiosulfate
or N -acetylpenicillamine have similar EPR spectra in solution. Although not yet proven, it
is plausible that they have the same formula as well.

It is noteworthy that the values of giso at room temperature differ slightly from the average
gav = (g|| + 2g⊥)/3 as obtained in frozen state. Evidently, it is due to the influence of the
solvent on the electronic structure of the complexes in the solution at ambient temperature.
As proposed in Refs. [38,39] besides two thiolate and two nitrosyl ligands the DNICs may
also contain one or two solvent molecules (usually water). Changing the solvent to dimethyl-
formamide, dimethylsulfoxide (DMSO), tetramethylurea or hexamethanol affects the EPR
spectra significantly. In particular, it shows a marked decrease from axial to rhombic symme-
try of the paramagnetic center (Fig. 7) [42]. Cysteine is highly soluble in these polar organic
solvents and the DNICs undergo slow precipitation (on a timescale of several minutes) but
the EPR spectra could be observed for a few minutes.
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Fig. 6. EPR spectra from solutions of DNIC with cysteine containing 14NO (curve a) or 15NO (curve b) and
DNIC (14NO) with thiosulphate (curve c). Recordings were made at ambient temperature. On the right –
decoding of hyperfine structure of the signals. (From Ref. [40].)

Usually, only a fraction of the available iron is included in paramagnetic DNIC with thiol-
containing ligands: Often a substantial quantity of iron is included in the form of dimeric
DNIC, which is favored at acid conditions and lower thiol:iron ratios [43,44]. Dimeric DNIC
is diamagnetic due to antiferromagnetic coupling between the DNIC entities. Therefore, at a
given iron concentration, the yield of paramagnetic monomeric DNIC is usually decreasing
with pH due to dimerization. At neutral pH, only DNIC with cysteine or thiosulfate remain
fully monomeric and include all iron. With other ligands, higher pH is usually required.
Full incorporation of all available iron in monomeric DNIC is usually achieved at pH ∼ 10.
The dimerization has a strong effect on the color of the solutions. The monomeric DNIC com-
plexes have a dark green color due to d–d transitions in the wavelength region 600–850 nm
(Fig. 8). A much stronger absorption band is observed at 392 nm (ε392 = 3580 (Mcm)−1)
[45,46] (Fig. 8). Upon decreasing the pH from 10 to 6, the intensity of the EPR signals
from these complexes drops reversibly 5–10 times and the color of the solutions turned
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Fig. 7. Change of EPR signal shape of DNIC with cysteine (aqueous solution) (curve a) after mixing with
dimethylformamide (1:100) (curves b,c), dimethylsulfoxide (1:4) (curve d), tetramethylurea (1:10) (curve e) or
hexamethapol (1:10) (curve f ) [42]. EPR spectra of DNIC with bovine serum albumin with 56Fe (curves g,h)
or 57Fe (curve i) [54]. Recordings were made at 77 K (curves a–g,i) or ambient temperature (curve h).

to yellow-orange. The color is characteristic of the solutions of diamagnetic dimeric DNICs
with thiol-containing ligands.

The ratio between iron and thiol decides whether the DNIC complexes appear as monomers
or dimers. Except for thiosulfate, dimeric DNIC are synthesized at the stoichiometric ratio of
iron:thiol of 1:2 (DNIC 1:2) [43,44,47,48]. The dimeric form does not give any EPR signal
and has two optical absorption bands at 310 and 360 nm [47,48] (Fig. 8). Dimeric DNIC with
cysteine is quantitatively transformed into paramagnetic monomeric DNIC by the addition
of excess cysteine (cysteine:iron ratios exceeding 20:1).

In frozen state, the EPR spectra of DNIC do not show resolved HF interactions, except
after isotopic substitution of iron with 57Fe (Fig. 2). Still, simulation of the frozen spectrum
with only axial Zeeman coupling does not lead to good fits of the EPR lineshape. In particular,
the simulated intensity at g|| remains smaller than that near the central feature, in conflict
with the experimental lineshape [49] (Fig. 9). For the EPR signals from frozen solutions of
DNIC with thiol-containing ligands, the amplitude at g|| is considerably higher than that of
central component. This phenomenon is attributed to unresolved anisotropic HFS from the
nitrogens of the nitrosyl ligands with splitting at g⊥ much higher than for parallel alignment
of the complexes with respect to the magnetic field.

McDonald et al. also described in their article [36] the mononitrosyl iron complexes
(MNICs) formed from ferrous iron, NO and dithiols. At room temperature, the complexes
give rise to triplet HFS at g = 2.027–2.041 with component separations of 1.55 mT (Fig. 10).
The EPR spectra are similar to those from MNIC with the derivatives of thiocarbonic acids,
dithiocarbamates, xanthogenates, etc. [50–52]. Ferrous iron and cysteine were proved to be
capable of generating MNIC also in aqueous solutions treated with nitric oxide at the amount
lower than that of iron and cysteine [10,53–55]. The MNIC with cysteine is usually detected
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Fig. 8. Top panel: UV–Visible spectra of 0.8 mM S-nitrosocysteine in 100 mM HEPES buffer, pH 7.4 (curve b)
and 0.15 mM monomeric DNIC-cysteine complex (curve a and curve shown in inset) [46]. Bottom panel:
Optical spectra of 0.2 mM dimeric DNIC-cysteine complex in 15 mM HEPES buffer, pH 7.4 (curve a). Curve b
is the spectrum of monomeric DNIC after 30 min in air. (From Ref. [47].)

at the first step of DNIC-cysteine formation when gaseous NO begins to penetrate the ferrous-
cysteine solutions. Further exposure to NO results in MNIC-cysteine being transformed to
DNIC-cysteine [10,53]. When recorded at ambient temperature, the MNIC-cysteine gives
clearly resolved triplet HFS at g = 2.04 (Fig. 10). Frozen solutions show a comparatively
wide asymmetrical singlet EPR signal at gav = 2.04 (g⊥ = 2.055, g|| = 2.01) and a slightly
resolved triplet HFS from the nitrogen nucleus (I = 1) at g||(Fig. 10) [53].

Interestingly, the ferrous-ethylxanthogenate complex can form both MNIC and DNIC
when exposed to NO in dimethylformamide or DMSO solutions [56]. The DNIC complexes
dominate if some nitrogen dioxide is added together with gaseous NO. In frozen solution,
DNIC-ethylxanthogenate has an anisotropic EPR spectrum at gav = 2.035 (Fig. 11). In
solution at room temperature, the isotropic EPR signal at g = 2.03 shows resolved quintet
HFS structure (Fig. 11). Isotopic labeling with 57Fe (I = 1/2) of DNIC-ethylxanthogenate
gives signal broadening at 77 K in frozen solution. In solution at room temperature, the
spectrum shows additional doublet HFS splitting of the signal from 57Fe (Fig. 11).

So far we discussed the DNIC complexes with d7 configuration, the {Fe(NO)2}7 structure
in Enemark–Feltham notation [57], but the DNICs may undergo redox transformations to
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Fig. 9. Calculated shape of the EPR signals from polycrystalline samples with axial symmetry of g-factor at
various values of δ = |H⊥ −H‖|/�Hsp where �Hsp is the width of a spin-packet [49]. �Hsp = γH1/

√
T1 T2

where γ , H1, T1 and T2 are electron gyromagnetic ratio, amplitude of magnetic component of microwave
field, times of spin-lattice and of spin–spin relaxations, respectively.

other electronic states. DNIC with cysteine or glutathione ligands may be reduced to com-
plexes with {Fe(NO)2}8 (diamagnetic) and {Fe(NO)2}9 (paramagnetic S = 1/2) centers.
In frozen solution, the latter show EPR spectra with axial symmetry and g⊥ = 2.01 and
g|| = 1.97. In dilute solution, a single line without HFS appears at g = 2.0 (Fig. 12).
Isotopic substitution of iron with 57Fe causes broadening of the EPR spectrum and demon-
strates that the unpaired electron of the {Fe(NO)2}9 state is localized on the iron atom
(Fig. 12) [58–61].

The redox state of DNIC is clearly reflected in the optical absorption as well. The addition
of dithionite to a dark-green solution of monomeric DNIC with {Fe(NO)2}7 changes the color
to bright green and new absorption bands at 460 and 660 nm appear [60]. The redox reaction
is reversible: Upon readmission to oxygen, the spectroscopic properties of the solution return
to those of the {Fe(NO)2}7 complex.

VIBRATION SPECTROSCOPY OF NITROSYL LIGANDS IN DNIC

As mentioned in Chapter 1, the frequency νNO of the NO stretch vibration is strongly affected
by the density of the unpaired electron in the half-occupied antibonding orbital of the nitrosyl
ligand. Transfer of the unpaired electron from the antibonding orbital towards the iron stiffens
the N O bond and raises νNO. The DNIC represents a four-coordinate {Fe(NO)2}n complex
with n = 7, 8 or 9. The orbital diagrams were discussed in Ref. [57], which reviews
the experimental data until 1974. Interestingly, the two ligands have slightly different νNO

vibrations near 1760 cm−1. For Cys-DNIC, the νNO vibrations appear at 1770 and 1730 cm−1

[45]. The separation of ca 40 cm−1 amounts to ca 2%, and proves that the two ligands have
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Fig. 10. Left panel: EPR spectra of mononitrosyl iron complex (MNIC) with maleonitriledithiol containing
14NO (curve a) or 15NO (curve b) [36]. Right panel: EPR spectra of MNIC with cysteine (triplet signal)
and DNIC with cysteine (singlet signal) forming in the reaction between Fe2+, S-nitrosocysteine and cysteine
during 5 and 20 min (curves c,d, respectively) [46]. Bottom panel: EPR spectra of DNIC (a) or MNIC (b) with
cysteine [47]. Recordings were made at ambient temperature (left and right panels) or 77 K (bottom panel).
Reprinted with permission from McDonald CC, Phillips WD, Mower HF “An electron spin resonance study
of some complexes of iron, nitric oxide and anionic ligands” (J. Am. Chem. Soc. 1965; 87: 3319–3326) ©
1965, American Chemical Society.
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Fig. 11. EPR signals of DNIC with cysteine (curve a), DNIC with ethylxanthogenate with 56Fe (curve b)
or 57Fe (curve c). Recordings were made at 77 K (left spectra) or ambient temperature (right spectra). The
proposed geometrical structure of the complexes are also shown. (From Ref. [56].)

Fig. 12. Left panel: EPR spectra of monomeric DNIC with cysteine (DNIC 1:20) at g = 2.03 (curve a)
and its reduced form (after addition of dithionite) at g = 2.001 with 56Fe (curve b) or 57Fe (curve c)
[60]. Right panel: EPR spectra of monomeric DNIC with cysteine (DNIC 1:20) (curve a) and its reduced
form (curve b) with 56Fe [47]. Recordings were made at ambient temperature (left panel) or 77 K (right
panel).

different degree of transfer of the unpaired electron towards the iron. Phrased otherwise, the
effective charges of the nitrosyl ligands are different as well. This property is observed with
various DNIC-containing ligands of low molecular weight, as well as with protein-bound
DNIC [62]. Nevertheless, the nature of the non-nitrosyl ligands does influence the degree of
electron transfer. The effect was studied with a range of ligands with increasing polarity of the
Fe-ligand bond [63]. The νNO was found to increase with bond polarity. This phenomenon is



DNICs: physico-chemical properties and their observations in cells and tissues 31

explained by charge transfer: increasing polarity of the bond increases the effective (positive)
charge of the iron and promotes a compensating shift of the unpaired electron from the nitrosyl
towards the iron. This stiffens the N O bond and raises νNO.

For paramagnetic {Fe(NO)2}7 (S = 1/2), the experimental νNO is found to be positively
correlated with the g-factor of EPR spectroscopy [63]. High vibration frequencies (large
electron transfer) bring high g-factors, and this relationship confirms that the unpaired electron
of the {Fe(NO)2}7 resides in the ψ2

z orbital of the iron atom. A more detailed discussion of
the electronic structure of DNIC is given later in this chapter.

MÖSSBAUER (γ-RESONANCE) PROPERTIES OF LOW-MOLECULAR
DNICS WITH THIOL-CONTAINING LIGANDS

Mössbauer spectroscopic studies recoilless excitation of nuclear excited states by γ-rays. The
Mössbauer effect requires a nucleus with low-lying excited states and has been detected in
43 different elements. The technique provides a particularly valuable analytical tool for iron
complexes since the shape of the Mössbauer spectrum is affected by the redox state and
electronic configuration of the complex as well as by the ligand field surrounding the iron.
57Fe is a stable isotope with only 2.2% natural abundance. In 57Fe Mössbauer spectroscopy,
one observes the dipole transitions between the nuclear ground state (I = 1/2, nuclear
g-factor gN = 0.181) and the excited state at 14.4 keV (I = 3/2, gN = −0.106). The shape
of the spectrum is determined by the interaction of the nuclear quadrupole moment with the
electrical field gradient (EFG) tensor of the ligand field in the complex. After enriching the
iron with the 57Fe isotope, the ligand field of DNIC complexes may be investigated with
γ-resonance (GR) spectroscopy.

Depending on the redox state and dimerization, Cys-DNICs reveal three types of GR
spectra [43,44]. Dimeric DNIC-cysteine (Fe:Cys = 1:2) is characterized by an isomeric shift
(IS) of 0.14 mm/s and quadrupole splitting (QS) of 1.1 mm/s (Fig. 13a, 14A). (The IS value
being relative to the metallic iron (α-Fe) at room temperature). After the addition of cysteine
in a 30–40-fold excess to the complex solution, the solution changed its color from yellowish
to green, characteristic of monomeric paramagnetic state of Cys-DNIC (DNIC 1:20). The
corresponding GR spectrum had a complicated shape (Fig. 13e). A slightly different GR-
spectrum is obtained if a solution with 57Fe:Cys = 1:20 is treated with gaseous NO (Fig. 13d,
14B). Despite the non-identity of the shape, the spectra share the presence of GR absorption
in a wide range of rates (“blurred” absorption). This indicates the magnetic HF interaction
in these complexes, i.e. the presence of a magnetic moment of the electron shell interacting
with the nucleus spin of 57Fe in ground and excited states. Such absorption is typical for
paramagnetic complexes with the time of electronic relaxation of 10−7–10−8 s. This timescale
is close to the characteristic time of the GR method, as defined by the lifetime of the excited
state of the 57Fe nucleus (τ ∼ 10−7 s). From the GR spectra, it is estimated that the electrons
produce a magnetic HF field strength of ca 180 kG at the 57Fe nucleus. This field strength is
compatible with electronic spin S = 1/2.

At higher concentrations of the monomeric DNIC-cysteine, the GR spectrum simplifies into
a doublet spectrum [60] (Fig. 14C). This phenomenon is interpreted as motional narrowing
caused by the increase of rapid stochastic fluctuations in the magnetic field at the iron due
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Fig. 13. Shape of Mössbauer spectra of dimeric DNIC with cysteine (DNIC 1:2) (curve a); of the same
complex treated with dithionite (curve b); DNIC with cysteine synthesized for an Fe2+:Cys ratio of 1:1
(curve c); monomeric DNIC with cysteine (DNIC 1:20) (curve d); dimeric DNIC with cysteine after its
contact with an excess of cysteine (Fe2+:Cys = 1:30) (curve e) and monomeric DNIC treated with dithionite
(curve f ). Recordings at 77 K. In (curves d–f), the arrows indicate the maximum values for Heff . I, II and
Fe2+ denote the positions of the doublet spectra, respectively for dimeric DNIC, reduced dimeric DNIC and
the high spin Fe2+ complex. (From Ref. [44].)
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Fig. 14. Mössbauer spectra of dimeric DNIC with cysteine (A), monomeric DNIC with cysteine (B,C). The
amount of 57Fe was 0.5 (A,B) or 2 mg/ml (C). Recordings were made at 77 K [60].

to the spin–spin interaction between the DNIC monomers in solution. The fluctuations are
sufficiently rapid to cause averaging of the HFS during the characteristic timescale of the
GR method. The IS and QS of this simplified monomer spectrum coincide with those for
the dimeric form (DNIC 1:2) (Fig. 14A,C). This suggests that the electronic configuration
of the iron be identical in both forms. It implies that the dimeric form can be considered as
a structure where two monomeric forms located in parallel planes and very weak electronic
coupling between the iron centers (this structure will be considered below). The optical
properties of dimeric DNIC are compatible with this interpretation.

Interestingly, the solutions of DNIC-cysteine with Fe:Cys = 1:1 show the characteristic
dimeric optical absorption bands at 310 and 360 nm, except that the optical density is only
half as large as expected from the iron concentration. The GR spectrum of DNIC-cysteine
with 57Fe:Cys = 1:1 appears as a superposition of two doublet spectra of approximately equal
intensity: the first spectrum has the shape of dimeric DNIC with 57Fe:Cys and the second
spectrum was due to a high-spin 57Fe2+ complex with IS = 1.4 and QS = 3 mm/s (Fig. 13c).
Therefore, because of the cysteine shortage, only half of the total iron is sequestered in the
form of Cys-DNIC. The other half remained in high-spin complex with non-thiol ligands.
These data indicate unequivocally that each of the two iron atoms in dimeric DNIC-cysteine
is coordinated with two cysteine ligands. These dimer comprises two monomeric DNICs and
its formula in solution can be presented as {(RS−)2Fe+(NO+)2}2+

2 . It is noteworthy that the
proposed structure differs from the characteristic Roussin’s Red Salt in crystalline state.
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This dimeric iron-dinitrosyl complex has the formula Na2[Fe2S2(NO)4] [64a]. In this
structure, the two sulfur atoms act as bridging ligands between two iron atoms.

The proposition that the dimeric DNIC-cysteine is composed of two monomeric DNIC is
corroborated by the changes in the optical and EPR spectra if the complexes are reduced
with dithionite [43]. The addition of excess dithionite to dimeric Cys-DNIC rapidly changes
the color from yellowish to bright green and, after 2–3 s, to stable raspberry-violet. A frozen
aliquot of the intermediate bright green solution showed that the EPR spectrum is a mix-
ture of monomeric Cys-DNIC with {Fe(NO)2}7 and {Fe(NO)2}9 configurations. The final
raspberry-violet solution did not have an EPR signal, and showed that the reduced com-
plexes may form diamagnetic dimers as well. The GR spectrum of the raspberry violet
solution showed a species with doublet structure having QS = 0.8 mm/s and IS = 0.1 mm/s
respectively (Fig. 13b).

The behavior was different when dithionite was added to monomeric Cys-DNIC: the color
changed from green to bright green and persisted for several minutes [43]. The EPR spectrum
of this bright green solution appears as a mixture of monomeric DNIC {Fe(NO)2}7 and
{Fe(NO)2}9. Its GR spectrum retained the complex blurred shape characteristic of the original
monomeric DNIC (Fig. 13f).

The spectroscopic changes in DNIC 1:2 and DNIC 1:20 by reduction were reversible by
admission of oxygen: Upon exposure to ambient air, the raspberry-violet color of reduced
DNIC 1:2 solution transformed again to yellowish characteristic of the initial DNIC 1:2
solution without EPR absorption. Similarly, the final bright green color of DNIC 1:20 solution
changed to green, and the EPR signal from the solution became identical to that from initial
DNIC 1:20 solution. The cycle of reduction with dithionite and reoxidation could be repeated
without apparent loss of signal intensity in optical and EPR spectra.

DNIC WITH SULFIDE AND NEOCUPROINE ANIONIC LIGANDS

As well known, sulfide dianions S2− often appear in biological systems as inorganic sul-
fur bridges between iron ions in polynuclear iron–sulfur clusters [65]. Disruption of such
multinuclear clusters is one mechanism by which nitric oxide may interact with iron–sulfur
proteins (ISPs) [3,66]. More details of such reactions are given in Chapters 5 and 6. The
disruption can lead to the formation of iron-nitrosyl complexes, but the inorganic sulfide ions
may remain bound to the iron. Incorporation of sulfide anions into non-heme nitrosyl-iron
complexes was demonstrated for the first time by Goodman and Raynor by exposing an
aqueous alcoholic solution of ferrous sulfate and excess sodium sulfide to gaseous NO [67].
At 77 K, EPR of frozen aliquots showed the formation of a paramagnetic MNIC containing
sulfide ions (complex I). The spectrum had axial symmetry with g⊥ = 2.01, g|| = 2.049 and
a resolved HF coupling to the nitrogen nucleus of A||(14N) = 0.75 mT (Fig. 15, curve a).
At room temperature, the spectra appear as a motionally averaged triplet at g = 2.021 with
HFS of 0.48 mT.

The parameters of the EPR absorption changed sharply when ferrous ions were added to
the solution in excess over sulfide ions (Fe2+:sulfide ≥ 10:1) [68]. The NO treatment of the
solution for 10 min led to the formation of a new paramagnetic ferrous iron-nitrosyl species
(complex II). In frozen solution, it had a narrow axial EPR spectrum with g⊥ = 2.035,
g|| = 2.02, gav = 2.03 (Fig. 15, curve b) [68]. Room temperature spectra showed a single
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Fig. 15. EPR signals of nitrosyl-iron complexes with sulphide [66]. (Curve a): Mononitrosyl iron complex
with sulphide synthesized at the ratio of [sulphide]:[Fe2+] > 10 (complex I, g⊥ = 2.01, g‖ = 2.049); (curve b)
iron-nitrosyl complex with sulphide synthesized at the ratio of [Fe2+]:[sulphide] > 10 (complex II, g⊥ = 2.035,
g‖ = 2.020); (curve c) EPR signal of complex II with 57Fe; (curves d–f ) respectively, EPR signals from DNIC
(g⊥ = 2.041, g‖ = 2.014) and complexes II bound with nitrogenase enzyme. Recordings at 77 K. (From
Ref. [68].)

line at g = 2.03 and half-width of 0.5 mT, without resolved HFS structure. Labeling of this
species with the 57Fe isotope produces spectra with resolved 1.2 mT doublet HFS (Fig. 15,
curve c). This HFS is resolved at 77 K as well as ambient temperature, and its magnitude
shows that the unpaired electron is mostly localized on the iron atom.

The balance between the complexes I and II could be reversibly shifted by the addition of
competing ligands for the iron. The shifts as induced with cysteine or cyanide are given in
Scheme 1:

complex II complex I

S2−,CN−,RS−

Fe2+

Scheme 1.
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It was found that anions of cyanide or cysteine do not act directly on these NO Fe S
complexes but by binding free ferrous iron in solution. The depletion of free ferrous ions
subsequently favors the shift towards complex I. Phrased otherwise, these anions act on the
equilibrium indirectly by modulating the status of free iron. The addition of the reagents
for persulfide, phosphites (RO)3P induced the degradation of complex II. This points to the
presence of persulfide (polysulfide) ligands in the complex.

The proposition is in line with the investigation of the complex II formed from a model
iron–sulfur center in serum albumin. The latter was synthesized by serum albumin treatment
with ferrous iron and sodium sulfide as described elsewhere [68]. Subsequent exposure to NO
gas induced the formation of complex II in the preparation. Consequent addition of triethyl
phosphite or cysteine destroyed this complex II and induced the formation of protein-bound
DNIC with thiol-containing ligands. This transformation was attributed to the removal of
persulfide ligands from complex II, and transfer of the Fe(NO)2 moiety to one of the thiols
in the protein.

The formation of complex II was observed when solutions of isolated nitrogenase enzyme
treated with exposure to NO gas in the presence of 8 M urea for 10 min (Fig. 15, curve f) [68].
The EPR signal of DNIC-thiol was observed in the absence of urea at NO treatment (Fig. 15,
curve d). The complex II appeared at gaseous NO treatment of the enzyme solution for 20 h
(Fig. 15, curve e).

It is reasonable to suggest that these observation apply to other iron–sulfur proteins also,
and that exposure to NO transforms the iron–sulfur clusters of other proteins to complex II as
well due to the formation of persulfide bond in the reaction between thiol groups of protein
and inorganic sulfur atoms from iron–sulfur complexes. Experimental support is provided
by the shape of the EPR signal of nitrosyl-iron complexes formed if the [4Fe 4S] cluster
of transcription factor FNR protein is exposed to the NO-donor proline NONOate [69]. The
EPR spectrum appears as the superposition of a narrow signal from complex II and that of a
DNIC with thiolate ligands (Fig. 3A in Ref. [69]).

Neocuproine (2,9-dimethyl-phenanthroline) is often referred to as a selective bidentate
chelator for monovalent Cu+ ions. Recent investigations with EPR have shown that the
situation with neocuproine is far less simple. In fact, neocuproine is able to bind ferrous
iron as well, and it can be even incorporated as an iron ligand in DNIC complexes [70].
Stable species of paramagnetic DNIC with neocuproine were observed under the following
conditions: after the addition of neocuproine to a solution of DNIC with phosphate ligands;
after exposure in an aqueous solution of Fe2+ and neocuproine at pH 6.5–8 to NO gas; and
after the addition of Fe2+-citrate and neocuproine to a solution of Cys-NO [70]. Two different
species of DNIC with neocuproine ligands could be distinguished from their EPR spectra.
The first species had rhombic symmetry with g-factors 2.087, 2.055 and 2.025 (Fig. 16,
curve d). In liquid solution at ambient temperature, the EPR spectrum simplifies to a single
line at g = 2.05. The second species of DNIC with neocuproine can be recorded in frozen
solution only (T ∼ 77 K) and has a rhombic EPR spectrum with g-factors 2.042, 2.02 and
2.003 (Fig. 16, curve c).

The participation of neocuproine in DNIC allows us to argue against the consideration of
neocuproine just as a selective bidentate chelator for Cu+. This has important implications
for the presence of S-nitrosothiols in biological systems. It is often observed that neocuproine
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Fig. 16. EPR spectra from the solution of DNIC with neocuproine in 15 mM HEPES buffer, pH 7.0 (a)
followed by pH increasing to 8.0 (b). Spectrum c was obtained by subtracting spectrum b from spectrum a.
Recordings were made at 77 K [70].

inhibits the decomposition of RS NO. This is usually interpreted as proof that Cu+ ions
dominate this decomposition. In fact, the inhibition by neocuproine may be attributable to
the sequestration of ferrous iron, which is also an efficient catalyst for the decomposition of
RS NO [71]. The possibility of this alternative mechanism should be kept in mind when
considering the pool of S-nitrosothiols in biological samples. More details of these reactions
can be found in Chapters 12 and 13 of this book.

PROTEIN-BOUND DNICS

Two methods can be used for the synthesis of DNIC bound with proteins that do not contain
intrinsic iron. The first is similar to the recipe for the formation of DNIC with low-molecular-
weight DNIC (see above) and involves the treatment of the solution of proteins with gaseous
NO in the presence of ferrous ions. The second method is the addition of low-molecular-
weight DNIC to the solutions of proteins [54,72,73]. The protein-bound thiols also have high
affinity for the Fe(NO)2 moiety of DNIC, and replace the small thiols on a large fraction of the
dinitrosyl iron moieties. The exchange results in the formation of protein-bound DNIC. This
second pathway is even easier for DNIC with non-thiol ligands: The weaker binding of such
DNICs facilitates the transfer of all Fe(NO)2 moieties to protein. Fig. 17 demonstrate EPR
spectra from DNIC-bovine serum albumin (DNIC-BSA) synthesized by these two methods.
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Fig. 17. EPR spectra of bovine serum albumin (BSA) (1 mM) in 15 mM HEPES buffer, pH 7.4 at room
temperature. (curve a) After the addition of 1 mM DNIC with phosphate, (curve b) after the addition of 1 mM
FeSO4+ NO gas, (curve c) after adding 5 mM cysteine to preparation (a), (curve d) is spectrum (curve c)
after subtraction of a small residual signal from Cys-DNIC, (curve e) after adding 1 mM ammonium sulfate
to sample (a), (curve f) reference spectrum of 0.1 mM Cys-DNIC at 77 K and (curve g) reference spectrum
of 0.1 mM Cys-DNIC at room temperature [73].

The shape of the spectra shows that the anisotropy of g-factor and HFS remain unchanged over
the whole temperature range from 77 K to ambient [54,72,73]. This shows unambiguously
that the DNICs are immobilized, in this case by being anchored to a large protein globule.
The EPR signal from DNIC-BSA shows rhombic symmetry with g-factors 2.05, 2.03 and
2.014 [72,73].

This symmetry is lower than expected for DNIC with low-molecular-weight thiols, which
have axial symmetry (see above). This low symmetry is plausibly rationalized by BSA
molecule contributing only one thiol group to the DNIC. Second ligand L could be an
intrinsic non-thiol amino acid residue like histidine. Thus, the different nature of the two
anionic ligands could lower the symmetry of the complex from axial to rhombic. The idea
is strongly supported by the observation fact that the symmetry may be upgraded to axial
by the addition of cysteine to the DNIC-BSA solution (Fig. 17, curves c,d). This transfor-
mation was apparently due to the replacement of the protein-bound L ligand by cysteine in
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DNIC (Scheme 2), the cysteine being free to assume its optimal orientation for binding to
the iron [73].

---- S           NO+
+RS− -----  ----S NO+

Fe+ Fe+

----L            NO+

S          NO+

Fe+

L           NO+-RS-

+RS−

-RS----- ---- L NO+

RS−

RS−

RS−

Scheme 2.

This structural change was reversible: passing the solution through the column with
Sephadex G25 removes the cysteine, and the EPR spectrum of the protein fraction reverted
back to rhombic symmetry. The addition of cysteine also led to the translocation of part of
Fe(NO)2 groups from the protein to cysteine with the formation of respective low-molecular
DNIC, as demonstrated by the appearance of a narrow isotropic EPR signal superimposed
on the anisotropic signal from DNIC-BSA [13,14,73] (Fig. 17, curve c). When cysteine was
added in excess (at a concentration more than two order higher than the DNIC-BSA con-
centration) to the solution, all Fe(NO)2 groups shifted from the protein to cysteine. As a
result, only the motionally narrowed EPR signal from DNIC with cysteine was recorded at
ambient temperature (Fig. 17, curve g). Similar transformations were observed on addition
of thiosulfate ions to the solutions of DNIC-BSA. Interestingly, the shape of the EPR signals
from DNIC-BSA recorded at ambient temperature in the presence of cysteine or thiosulfate
is similar to that characteristic of the frozen solutions of DNIC with cysteine or thiosul-
fate, respectively. It can indicate that cysteine or thiosulfate molecules, while including into
protein-bound DNIC (Scheme 1), can selectively influence the electronic structure of the
complexes by its upgrading to axial symmetry.

Similar upgradation from rhombic to axial symmetry of DNIC-BSA was induced by the
addition of dodecyl sulfate (SDS) anions at a concentration of 1% or higher (Fig. 18, curve b).
The axial DNIC remained clearly anchored to the BSA because the EPR spectrum at room
temperature appeared as an immobilized axial powder spectrum: It appeared similar to the
EPR spectrum of a frozen solution of Cys-DNIC except that for DNIC-BSA the position of
g|| approached the central peak amplitude [73]. The same transformation of the EPR signal
from DNIC-BSA was observed when the complex was incorporated into reversed micelles
formed by aerosol OT, another negatively charged surfactant, regardless of the ratio between
the amounts of water and aerosol ranging from 11 to 44 (Fig. 18, curves c,d).

The participation of thiol-containing ligands in DNIC-BSA was demonstrated by exposing
the preparations to thiol-binding reagents. The treatment changed the shape of DNIC-BSA
EPR signal to approach that of DNIC-BSA or DNIC with histidine residues as described
before [72,73].

The formation of DNIC moieties in heme proteins like Hb require careful consideration.
It might seem tempting to produce DNIC–Hb by directly exposing Hb to gaseous NO in the
presence of iron. This method worked very well with albumin, but fails spectacularly for Hb.
The reason is that the heme moiety in Hb has a high affinity for NO. Therefore, exposure
to gaseous NO results in the formation of a considerable amount of ferrous nitrosyl-heme.
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Fig. 18. EPR spectra from DNIC-bovine serum albumin (BSA) from initial preparation (curve a), after treat-
ment with 1% dodecyl sulfate (curve b), and after its incorporation into reversed micelles formed from aerosol
OT at the ratio between the amounts of water and aerosol ranging from 11 to 44 (curves c,d). Recordings were
made at ambient temperature [73].

Non-heme DNIC is probably formed but remains unobservable because the EPR spectrum
is dominated by the absorption from the ferrous nitrosyl-heme. But several chemical path-
ways exist which induce the formation of DNIC while avoiding nitrosylation of the heme:
The addition of phosphate-DNIC ([phosphate] = 1 mM) to 1 mM Hb solution induces the
formation of protein-bound DNIC, DNIC–Hb [73] (Fig. 19, curve a).

Fig. 19. EPR spectra from 1 mM solutions of horse hemoglobin after addition of 1 mM of DNIC with phos-
phate, including 56Fe (curve a) or 57Fe (curve b) or after addition of 1 mM DMIC with cysteine (curve c) or
glutathione (curve d), including 56Fe. Recordings were made at ambient temperature [73].
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The reaction proceeds presumably via transfer of the Fe-(NO)2 structure and does not
involve the release of free NO. At room temperature, this complex shows an axially symmetric
EPR spectrum, as distinct from the rhombic symmetry of DNIC-BSA. At 77 K, the EPR
spectrum of DNIC–Hb coincides with that of Cys-DNIC in frozen solution. Incorporation of
57Fe into DNIC–Hb induces significant broadening of the EPR spectrum (Fig. 19, curve b).
The DNIC–Hb complex did include thiol ligands, since treatment with mercurate resulted
in the decomposition of the complex. Exposure of DNIC–Hb to dithionite resulted in the
formation of paramagnetic ferrous heme-nitrosyl complexes. Such complexes have low spin
(S = 1/2) configuration {Fe(NO)}7 and are unambiguously identified by EPR signal with
extreme components at g = 2.07 and 1.98 and triplet HFS at g = 2.01 described earlier
elsewhere [74]. Such heme-nitrosyl complexes are also slowly formed if DNIC–Hb is kept
under anaerobic conditions for a long time (longer than an hour). It shows that NO has a
higher affinity for ferrous heme iron than for the non-heme iron in DNIC–Hb.

DNIC–Hb could also be obtained by incubating ferric hemoglobin with Cys-DNIC. In this
process, Cys-DNIC was completely consumed [72]. However, the yield of protein-bound
DNIC was considerably lower than that in the hemoglobin incubation with phosphate-DNIC
(Fig. 19, curve c). DNIC-glutathione were found to be stable and failed to transfer the Fe-
(NO)2 moiety into the hemoglobin. At room temperature, the solution retained the motionally
narrowed EPR spectrum of DNIC-glutathione, and no signal from DNIC–Hb was observed
[73] (Fig. 19, curve d).

DNIC-phosphate was also successfully applied to generate DNIC anchored on apo-
metallothionein (apo-Mt) isolated from horse kidney [73]. The EPR signal from this complex
coincided in shape and g-factor values with the EPR signal from frozen solution of DNIC
with cysteine (Fig. 20, curve a). The shape of DNIC–apo-Mt signal remained unchanged

Fig. 20. EPR spectra from 1 mM solutions of apo-metallothionein (apo-Mt) from horse kidney after the
addition of 1 mM DNIC with phosphate (curve a) with following addition of 1% dodecyl sulfate (SDS) (curve b)
or after 1 h exposure of the solution (a) in air (c). Recordings were made at ambient temperature [73].
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Fig. 21. Shape of the EPR signal of DNIC with undiscolored or discolored rhodopsin (curves a,d and
b,e, respectively). (Curves c,f) the EPR signal of DNIC with rhodopsin which was discolored after
DNIC formation. Recordings were made at 77 K (curves a–c) or at ambient temperature (curves d–f),
respectively [82].

when raising the temperature from 77 K to ambient, which indicated a bond between DNIC
and protein globule. Similar signal was recorded for DNIC bound with apo-Mt from rab-
bit liver [23,75]. On addition of 1% of DDS to the protein solution, the component at g||
decreased and the spectrum became very similar to that of DNIC-BSA in the presence of
SDS [71] (Fig. 20, curves b,c). By now, several publications document the formation of
DNIC anchored on other proteins like FNR [67,76,77] flavorubredoxin [78], ferritin [79],
glutathione reductase [80] or glutathione-transferase [81].

The formation of DNIC with rhodopsin was described in the preparation of the protein
treated with NO gas in the presence of ferrous iron [82]. The shape of the EPR signals from
rhodopsin-bound DNIC slightly differs from that of frozen solution of DNIC with cysteine
and varies depending on illuminating or aging of the rhodopsin suspensions. Prolonged
illumination induces bleaching and discoloration of the preparations (Fig. 21).

Protein-bound DNICs can appear in various iron–sulfur proteins treated with NO
[59,66,83]. The formation of DNIC in the latter is considered in the Chapters 5 and 6 of
this book.

LABORATORY SYNTHESIS OF DNIC WITH LOW-MOLECULAR
ANIONIC LIGANDS

For laboratory synthesis of DNIC with low-molecular-weight thiol ligands, two facile path-
ways exist: First, exposure of solutions with iron and thiols to gaseous NO [69]. Second, by
mixing nitrosothiols with iron [46].
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As a typical example of the first pathway, a Thunberg vial with two separate containers
is prepared. The upper container holds 1 ml distillate water with 25 mM ferrous sulfate, the
bottom container holds 4 ml 15 mM HEPES or Tris buffer, pH 7.4 with 100 mM thiol. After
evacuation to remove oxygen and addition of gaseous NO, the liquids are mixed and produce
a dark-green solution with DNIC of final concentration [Fe] = 5 mM and Fe:thiol ∼ 1:20. The
complexes are monomeric because the thiolates are present in twentyfold excess over iron.
In an alternative synthesis, dimeric DNIC is obtained in a similar way except that a smaller
quantity of thiol is added. The addition of 10 mM thiol to the bottom container results in a
final ratio Fe:thiol ∼ 1:2. In this solution, dimeric DNIC is formed. The solution has yellow-
orange color and does not give EPR spectra. The reason is that the dimers are diamagnetic due
to the antiferromagnetic coupling between the two constituents. After the exposure to NO, the
acidity of the mixture should have remained near pH ∼ 7. In particular, acidification should
have been avoided as it usually is a sign that the NO gas was contaminated with NO2. The
yield of DNIC may be verified from the optical extinction coefficient of the complexes. The
monomer has strong absorption band at 392 nm with ε392 = 3580 (Mcm)−1. Additionally, it
has two weaker d–d absorption bands with ε603 = 299 (Mcm)−1 and ε772 = 312 (Mcm)−1

[45]. The dimer has ε310 = 7200 (Mcm)−1 and ε360 = 6800 (Mcm)−1 plus a shoulder around
450 nm. The optical spectra can be found in Refs. [45,47].

After the formation of DNIC, the solutions may be exposed to oxygen from ambient air,
and will remain stable only for a limited amount of time due to oxidation of the thiol ligands
by the formation of disulfide bridges. The timescale is determined by the type of thiol.
Cysteine oxidizes fairly rapidly (within 10–15 min), that results in the transformation of
paramagnetic monomeric DNIC to diamagnetic dimeric DNIC with cysteine. The latter can
be back transformed into paramagnetic form by the addition of excess cysteine. The dimeric
DNIC with cysteine remains stable in air for 1 h [47]. Monomeric glutathione complexes are
stable in air for 1–1.5 h [47]. The dimeric DNIC with glutathione keep stability in air for
3–4 h [47]. Small aliquots of freshly prepared DNIC may be snap frozen and will remain
stable for weeks when stored in liquid nitrogen.

DNICs with non-thiolic ligands like citrate or phosphate can also be synthesized in this
way, but yields also depend on the Fe:ligand ratio and should always be verified via EPR
spectroscopy. Additionally, such non-thiolic DNICs are considerably more susceptible to be
destroyed by oxygen from ambient air. Paramagnetic DNICs with non-thiolic ligands are
formed at high amount of the ligands: at the molar ratio of ligand:Fe > 50. The diamagnetic,
probably dimeric DNICs appear at the lower ratio [36]. A structure similar to the structure of
Roussin’s Red Salt is proposed for these complexes, where non-thiolic ligands function as a
bridge between two iron atoms [36].

The exposure to NO gas requires care because the NO gas should be carefully scrubbed to
remove contaminating traces of higher oxides, in particular NO2 radicals and N2O. The use
of gas from compressed pure NO is not recommended as these contaminants unavoidably
form at high pressure from the dismutation reaction (cf Chapter 1).

3NO → NO2 + N2O

The common procedure of bubbling the NO gas through an alkaline solution does not remove
such traces with adequate precision for reproducible results. Purification by low-temperature
sublimation [71] in liquid nitrogen and subsequent evaporation is much preferred.
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Generation of NO gas from acidic reduction of nitrite is preferable if oxygen can be
excluded from the reaction vessels. A very convenient alternative is the use of compressed
inert atmospheres with low NO content. For NO contents below 1%, the above dismutation
reaction is kinetically inhibited even under pressure in an inert gas like nitrogen or argon.

Recently, a very different recipe has proven useful for the synthesis of DNIC with thiol- or
non-thiol ligands: The addition of ferrous iron to the solution of S-nitrosothiols in the pres-
ence of thiolic or non-thiolic anionic ligands, respectively [45,46,71]. The method exploits
the chemical equilibrium between the various constituents in any solution containing iron,
nitrosothiols and excess thiol ligands [46]. The details of this chemical equilibrium will be
discussed in Chapter 11. DNIC solutions obtained in this way always contain significant
quantities of free thiol ligands and nitrosothiols. This should be kept in mind when the DNIC
yields are tested via optical absorption of the solutions. For laboratory use, this second path-
way is very convenient as it completely avoids NO gas with its cumbersome requirement of
the first method, namely the scrubbing and removal of oxidized contaminants. Now some
groups [45,81] synthesize DNIC with thiol-containing ligands (cysteine or glutathione) from
S-nitrosothiols and ferrous ions via this second pathway. Therefore, nitrosothiols will prove
very useful for DNIC synthesis in the further studies of physico-chemical and biological
properties of these complexes. The recipes for synthesizing DNICs from S-nitrosothiols or
mixtures of ferrous iron and thiols are described in detail in Chapter 11 of this book.

THE MECHANISM FOR ASSEMBLY OF DNIC WITH
THIOL-CONTAINING LIGANDS

The two pathways described in the previous section yield DNIC complexes with {Fe(NO)2}7

configuration. The mechanism for the assembly of this complex is not just simple liganding of
nitrosyl and thiol ligands to the iron, but must necessarily involve some redox transformation
of the constituents. The experimental evidence for redox activity is clear: The synthesis
proceeds in the absence of oxygen and starts with ferrous iron in d6 state (non-heme ferric iron
is not capable of NO binding). Nitrosyl liganding should lead to a diamagnetic {Fe(NO)2}8

configuration, but EPR experiments show the formation of the paramagnetic {Fe(NO)2}7

species instead. Second, quantitative studies [77] show that three NO molecules are needed
for the formation of a single DNIC. Third, the synthesis proceeds under the release of one
molecule of N2O per two DNIC complexes [85]. This N2O represents nitrogen in a lower
oxidation state than the original NO and is usually taken as a manifestation of the formation
of an intermediate HNO or NO− species. The formation of N2O and consumption of NO
remind us of the well-known dismutation reaction of NO in the gas phase under high pressure.
This asymmetrical reaction has products in lower as well as higher oxidation state than the
original NO (cf Chapter 1)

3NO → N2O + NO2.

In dilute solutions, this dismutation reaction is kinetically forbidden and cannot play a signifi-
cant role. However, the above evidence suggests that ferrous iron initiates a disproportionation
reaction of the form 2NO → NO+ + NO− [84] in the liquid phase, where the nitroxyl anion
NO− leads to subsequent formation of N2O. Such disproportionation of NO is known to be
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mediated by a variety of metal complexes with iron, cobalt, copper or ruthenium [86]. The
analogous disproportionation reaction leaves the dinitrosyl complex in {Fe(NO)2}7 state:

2L− + 2NO + Fe2+ ⇔ 2L−{Fe(NO)2}8
(assembly of
diamagnetic complex)

2L−{Fe(NO)2}8 + H+ + NO → 2L−{Fe(NO)2}7 + HNO (disproportionation)

2HNO → N2O + H2O (the formation of
nitrous oxide)

The precise mechanism for the disproportionation step is not known, but a possible
mechanism might proceed as below (Scheme 3) [46,71]:

Fe2+

NO−

L− NO

NO

NO+ L− NO+ L−
NO+

Fe2+ e− Fe2+ + HNO Fe+ +  ½(N2O+H2O)

L− L− L− L−

H+

Net process:     Fe2+ + 3NO + 2L− + H+                {(L−)2Fe+ (NO+)2} +  ½(N2O+H2O)

NO

L−

NO+

Scheme 3.

We propose that the d-orbitals of the iron mediate this disproportionation by coupling the
unpaired electrons of the nitrosyls. The appearance of HNO in the above equations reflects
the fact that this protonated nitroxyl rather than NO− is the principal species at physiological
pH (early reports of pKa ∼ 4.7 have been significantly revised upward to ca 11 [87]). NO− is
isoelectronic with dioxygen and can exist as a spin triplet ground state or spin singlet excited
state. The triplet ground state has a low rate of protonation due to restrictions imposed by
spin conservation [62b,87] (for properties of the nitroxyl anion cf Chapter 1).

According to Scheme 3, the formation of DNIC from ferrous iron and NO proceeds through
three steps [46]. First is the formation of paramagnetic MNIC with {FeNO}7 configuration:

(L−)2Fe2+ + NO → (L−)2Fe+ NO+.

The next step involves the inclusion of a second NO ligand, the reduction of this ligand
to nitroxyl and the release of this nitroxyl moiety from the complex after protonization as
shown:

(L−)2Fe+ NO+ + NO → (L−)2Fe2+ (NO+, NO−) + H+ → (L−)2Fe2+ NO+ + HNO

The mononitrosyl complex at this stage is diamagnetic with {FeNO}6 configuration. The final
step is binding the third NO molecule to give DNIC with {Fe(NO)2}7, which is paramagnetic:

(L−)2Fe2+ NO+ + NO → (L−)2Fe2+ (NO+, NO) → (L−)2Fe+ (NO+)2

It should be noted that diamagnetic mononitrosyl complex can also be formed by the inclusion
of a nitrosyl ligand in a ferrous dithiocarbamate complex [46].

A similar situation may be expected if the DNIC is assembled from nitrosothiols RS NO
instead of free NO molecules, if the redox disproportionation reaction between two RS NO
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molecules is proposed [46,71]:

2RS− NO+ → RS−...NO + RS...NO+.

One-electron reduction/oxidation of RS NO molecules leads to the appearance of instable
products of the reaction. In the solution without iron, the process can be negligible. However,
the disproportionation of RS NO molecules can be sharply accelerated being catalyzed by
ferrous iron. The experiments demonstrate that addition of iron to solutions of Cys-NO or
GS-NO resulted in rapid formation of paramagnetic DNIC: The rate constant is comparable
to that of the DNIC formation from iron and nitric oxide [46]. So, a possible mechanism
might proceed as below [46,71]:

L− NO+RS−

NO+RS−

L− NO+ ….RS• L− NO+

Fe2+ e− Fe2+ Fe+ + +

L− L− NO ….RS− L− NO+

RS•RS−

Scheme 4.

The assembly of the intermediate diamagnetic complex is reversible as it does not involve
any electronic rearrangement which prevents release of the RS NO moieties. The dispro-
portionation with asymmetrical release of RS− and RS• is irreversible, however, and drives
the reaction to full synthesis of DNIC in {Fe(NO)2}7 state. Subsequently, the thiyl radicals
RS• combine into a disulfide.

Scheme 4 predicts that two Cys-NO molecules are needed for the formation of one iron-
dinitrosyl complex, in accordance with quantitative estimates from experimental data [54].
The experiments were performed on Cys-DNIC as synthesized by NO treatment of cys-
teine and ferrous iron solution in 10 mM HEPES buffer, pH 7.4. Upon rapid acidification
of the DNIC solution to pH 1.5 with HCl, the solution turned from green to pink color and lost
the EPR absorption from DNIC. The optical absorption confirmed the formation of Cys-NO,
the quantity being equal to that of the initial Cys-DNIC. Subsequent rapid raising the pH back
to initial value (pH 7.4) with NaOH restored the green color at reduced intensity. Optical
absorption confirmed the reconstruction of around 50% of the initial Cys-DNIC. Repeating
this cycle of acidification subsequently induced loss of ca 50% of the Cys-DNIC, with corre-
sponding reductions in the amounts of Cys-NO. It means that two Cys-NO molecules were
consumed for the reconstruction of one DNIC complex induced by increasing the pH from
acid to neutral values.

It should be remarked that the above reactions were studied in vitro under strict exclusion
of oxygen. Such conditions are never strictly met in actual biological systems. Therefore, it
should be kept in mind that additional pathways might exist for in vivo formation of DNIC.
In the presence of oxygen, diamagnetic DNIC with {Fe(NO)2}8 will be oxidized rapidly to
paramagnetic {Fe(NO)2}7 (see previous sections).
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STABILITY OF LOW-MOLECULAR-WEIGHT AND PROTEIN-BOUND
DNICS IN ANAEROBIC OR AEROBIC SOLUTIONS

As mentioned earlier, low-molecular-weight DNICs with thiol-containing ligands have much
higher stability against oxygen from ambient air than DNICs with non-thiolic ligands. This
difference reflects the difference in binding strength of the nitrosyl ligands to the iron. This
binding is enhanced significantly by the coordination of thiol ligands to the iron [39]. Low
stability of DNIC with non-thiol containing ligands could be due to the hydrolysis of the
nitrosonium moieties by hydroxyl anions (Scheme 5) [46,88]:

L−

Fe+
Fe2+  + NO + NO2

− + H2O + 2L−

L−
NO+……..OH−

NO+……..OH−

Scheme 5.

The interaction could lead to irreversible accumulation of nitrite ions. With respect to DNIC
with thiol-containing ligands, due to high affinity of thiols to nitrosonium cations NO+ [89]
the interaction between them could lead to the formation of S-nitrosothiols (Scheme 6) by
the release of ferrous iron:

RS− NO+…….RS−

Fe+ Fe2+ + NO + RS-NO + 3RS−

RS− NO+ …….RS−

Scheme 6.

The partial decomposition of DNIC proceeds until a quasi-equilibrium between DNIC and
its constituents is established. This reaction equilibrium between DNIC, NO, ferrous irons,
RS− and RS NO is considered in detail in Chapter 11 of this book.

However, the assembly of DNIC from ferrous iron + RS NO leads to the oxidation of
thiols to thiyl radicals and formation of disulfides even at anaerobic conditions (Scheme 3).
As a result, the concentration of thiols decreases with time to levels where DNIC starts to
dimerize as diamagnetic DNIC (see above). Subsequent reinforcement of the thiol concen-
tration reverts to monomeric state. These transformations are illustrated in Fig. 25 showing
the formation of Cys-DNIC in an anaerobic solution of Cys-NO + ferrous iron with low
cysteine:iron ratio. The sharp fall of the g = 2.03 signal with time reflects the loss of param-
agnetic DNIC and can be reversed by the addition of excess cysteine [46]. This recovery of
the 2.03 signal is even achieved after solutions of the dimeric DNIC were stored anaerobically
for several hours and attest to the high stability of the complexes.

Upon exposure to oxygen, the loss of paramagnetism is significantly accelerated for weakly
binding and thiol ligands. For example, the exposure of 1 mM of paramagnetic phosphate-
DNIC in 100 mM phosphate buffer (pH = 7.4) to ambient air leads to full disappearance
of the EPR signal from the solution, characteristic of the complex, within 10 min [86].
Similar behavior was characteristic of other DNIC with non-thiol-containing ligands (citrate,
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ascorbate, water and other; Vanin, unpublished data). With thiolate ligands like cysteine,
the transformation of monomeric Cys-DNIC to dimeric Cys-DNIC is accelerated by oxygen,
evidently due to oxidation of thiol compounds with oxygen. For example, exposure of 0.2 mM
monomeric Cys-DNIC to ambient air leads to complete loss of paramagnetism within 40 min.
The iron has been sequestered as diamagnetic dimeric MNIC, because the EPR intensity may
be fully recovered by the addition of 10 mM of l-cysteine [55]. Longer exposure to oxygen
subsequently leads to irreversible loss of DNIC: After storage of dimeric DNIC open to
ambient air for 4 h, only 50% of the original intensity may be recovered by the addition of
l-cysteine. Still, the long lifetime attests to a high stability of dimeric DNIC in particular
against oxidation (Vanin, unpublished data).

Oxidation of the nitrosyl ligands is another possible pathway. French inves-
tigators have studied DNIC with bidentate NN ligands such as 2,2′-bipiridine,
4,4-dimethyl-2,2′-bipiridine, 1-10-phenanthroline, with bidentate PN ligands such as its
2-(diphenylphosphino) and 2-(diphenylphosphine oxide) derivatives, and with bidentate
phosphorus ligands PP such as diphosphines 1,2-bis(diphenylphosphine)-ethane or trans- or
cis-1,2-bis(diphenylphosphine)ethylene [90–93]. Exposure to dioxygen transforms the DNIC
into the nitrato iron complexes. The structures of these nitrato complexes were determined as
Fe(NO3)2Cl(NN), Fe(NO3)2Cl(OPN) or [FeCl4][Fe(NO3)2Cl(OPPPO)2], respectively. Thus,
it shows oxidation of the nitrosyl ligands and formation of nitrato ligands in the iron com-
plexes. The mechanism of the process is under study now. It was noted that these complexes
have sufficient electron density on the iron to transfer oxygen and allow oxidation of various
organic compounds including diphenylphospine ligands [91].

Depending on the final redox state of the iron, some nitrato iron complexes would be
paramagnetic, others EPR-silent state. This may explain the experimental fact that superoxide
readily reacts with DNIC-cysteine to an EPR-silent product [94]. The same observation
applies to DNIC bound to serum albumin. Moreover, the antioxidant features are characteristic
of DNICs [94–98]. The transformation of NO to nitrato ligands by superoxide was proposed
[91] to explain the observed loss of paramagnetism. The reaction would initially produce
peroxynitrite ligated to the iron, followed by isomerization to nitrate. Significantly, thiosulfate
was observed [99] to protect DNIC against degradation by superoxide. This protection applied
to Cys-DNIC as well as DNIC bound to serum albumin, and was attributed to transfer of the
Fe(NO)2 moiety to the thiosulfate ligand, thereby converting the DNIC to a more stable form.
Such protection is highly significant for possible therapeutical applications of thiosulfate-
DNIC as vasodilator or inhibitor of platelet aggregation, where the presence of superoxide
radicals is known to play an important role.

This section discussed only few of the possible reaction mechanisms of the oxidative agents
with DNIC complexes. Future investigations will provide deeper insight into the complex
chemistry and functions of DNIC in biosystems.

GEOMETRIC STRUCTURE AND ELECTRONIC CONFIGURATION
OF DNIC IN SOLUTION AND CRYSTALLINE STATE

About forty years after their discovery, the structure of the iron center in DNIC is still a
subject of controversy. Accurate structural data were obtained from diffraction experiments
on crystallized DNIC, which are usually EPR silent. These diffraction studies showed that the
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iron was held in the center of a tetrahedral configuration [37,41,90,100–109]. In contrast, the
available information on the electronic configuration was provided by EPR spectroscopy on
isolated paramagnetic complexes in solution. The analysis of the EPR parameters suggested
that dissolved DNIC complexes have the iron in a square plane geometry [39]. The sets of data
suggest that the geometry and electronic configuration change significantly upon dissolution
of the crystals in a solvent.

We will first discuss the paramagnetic DNIC with thiol-containing ligands in solution.
At room temperature, the EPR spectra of DNIC show resolved HFS interactions with the
ligands in coordination to the iron. The spectra of the DNIC identify four ligands: two
anionic compounds and two nitrosonium ions. The DNIC with thiol-containing ligands, and
thiosulfate or xanthogenate ligands all have very similar EPR spectra with axial symmetry
of the g-tensor. The g-factors are g⊥ = 2.04–2.45 and g|| = 2.014 [39,40,56]. We noted
above that DNIC in solution shows oblate axial symmetry with g⊥ > g||. This indicates
that the iron atom can be placed in plane-square structure (Scheme 7). The crystal field is
dominated by four strong ligands in the plane, with small perturbation from weakly binding
solvent molecules at the axial positions. In this structure, the ligand fields of the four in-plane
ligands lift the ψx2−y2 to a high-energy level, sufficiently high to preclude the high spin state
as expected from Hund’s rule. The seven electrons of the {Fe(NO)2}7 center distribute over
the four remaining lower orbitals with a total spin S = 1/2. This low spin configuration is
compatible with three possible orbital arrangements as indicated in Scheme 8(A–C):

z

NO+y
Fe

RS− NO+

RS−

x

Scheme 7.

yx2−y2 yx2−y2 yx2−y2
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Scheme 8. Electronic configuration of iron in a square planar ligand field as expected for DNIC with {3d}7

in solution.

The three configurations may be distinguished from the EPR properties. According to
Griffith [110], the g-factor values for these orbital arrangements are

Scheme A : g|| = 2.0, g⊥ = 2 + 6α2β2ξ/�Ez2−(xz,yz)

Scheme B : g|| = 2.0 − 8α2β2ξ/�E(x2−y2)−(xz,yz) g⊥ = 2 + 2α2β2ξ/�Exy−(xz,yz),
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where ξ is a one-electron constant of spin-orbital interaction, α2β2 are covalency coefficients
and �Ez2−(xz,yz) is the splitting between the respective levels.

Both the schemes A and B have oblate axiality with g⊥ > g|| and are compatible with
experimental values. For scheme C, Griffith predicts g|| > g⊥ = 0 which is incom-
patible with experiment. Schemes A and B are clearly distinguished by the position of
the ψz2 orbital of the iron. This orbital has high density in axial directions and is not
strongly disturbed by the ligands in the xy plane. In contrast, the ψxz,yz,xy orbitals have
strong interaction with the ligands, in particular with the low-lying π∗ orbitals of NO+
ligands. This interaction can significantly decrease the energy of the ψxz,yz,xy orbitals to
below that of the ψz2 orbital and lead to the realization of the scheme A for DNIC in
solution.

Isotopic substitution of iron with the 57Fe (I = 1/2) supports this interpretation. For
57Fe-DNIC with ethylxanthogenate (Fig. 11, curve c [56]), we find experimental values for
the HF couplings |A⊥|(57Fe) = 1.7 ± 0.2 mT, |A|||(57Fe) = 0.3 ± 0.3 mT, |Aiso|(57Fe) =
1.20 ± 0.05 mT [39,56]. The signs of the couplings can be deduced from the following
considerations. Transition metals have negative values for Aiso = (2A⊥ + A||)/3 [51,111].
This negative average is only compatible with negative signs for both A⊥ and A||. Therefore,
A|| = −0.3 mT and A⊥ = −1.7 mT. The HF coupling appears as the sum of an isotropic
Fermi contact term and an anisotropic dipolar interaction described by the traceless tensor
T = diag(tx, ty, tz):

→
S ·A · →

I = Aiso
→
S · →

I + →
S ·T · →

I

Since ti = Ai − Aiso, we find a positive value for tz = A|| − Aiso = +0.9 ± 0.3 mT. Since tz
is the spatial average of the dipolar interaction between the nuclear moment of iron and the
unpaired electron wavefunction ψe, we have the usual relation

tz = −gβgNβN
〈
ψe| r

2 − 3z2

r5 |ψe
〉

The positive value of this quantity shows that the unpaired electron must have strong overlap
with the ψ2

z orbital of the iron atom.
The proposed square-planar structure of thiol-DNIC is fully compatible with the formation

of diamagnetic dimeric DNIC by cofacial binding as indicated in Scheme 9. Optical and GR
(Mössbauer) spectroscopy [43,44] have confirmed the dimeric nature of this complex. We
propose that the dimer be composed of two cofacial monomers rotated relative to each other
through 180◦. In this geometry, the oppositely charged RS− and NO+ ligands are positioned
above each other, and provide electrostatic stabilization of the dimer.

NO+

Fe+ +RS−

NO+ RS− RS−

RS−

RS−

NO+….. RS−

RS− NO+ Fe+

Fe+ −RS−
NO+….. RS−

RS− NO+

Scheme 9.
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The cofacial stacking implies significant overlap between the axial dz2 orbitals of the
adjacent iron atoms. The overlap causes antiferromagnetic spin-pairing that leaves the dimer
diamagnetic [43,44].

We now consider the crystalline state of paramagnetic DNIC with thiol-containing lig-
ands. As aforementioned diffraction experiments have revealed that the crystalline solid
corresponds to iron in a tetrahedral crystal field [37,41,90,100–109]. In a tetrahedral crys-
tal field, the degeneracy of the five d-levels of iron is increased as shown in Scheme 10.
In this configuration, the three ψxz,yz,xy orbitals point towards the ligands and are shifted
upward in energy. The ψx2−y2 and ψz2 orbitals have little overlap with the ligands and
remain unaffected. Scheme 10 shows the occupancy level of paramagnetic DNIC complexes
in {Fe(NO)2}9 and {Fe(NO)2}7 states, respectively.

yxz,yz,xy yxz,yz,xy

yx2-y2,z2 yx2-y2,z2

{3d9}   S = ½ {3d7}   S =

A B

3

Scheme 10. Proposed electronic structures for DNIC in crystalline state with tetrahedral ligand field. In this
configuration, Hund’s rule makes that the {3d7} complex is high spin S = 3/2. For {3d9} complex S = 1/2.

This tetrahedral structure for the solid differs from the square-planar geometry in solution.
In principle, EPR spectroscopy should be able to distinguish between the spin state of

DNIC in the molecular crystal and in solution. However, no EPR spectra seem to have been
published for the crystalline state [102,105–107,109]. It could be suggested that the param-
agnetism of the complexes is unobservable in the solid due to antiferromagnetic coupling or
spin–spin interactions. Recently, our groups tried to perform the comparative investigation by
using DNIC with 3-mercaptotriazole (1H 1,2,4-triazole-3-thiol, MT) This MT-DNIC com-
plex can be observed with EPR both in crystalline state and in the solution. Good solvents
are methanol or DMSO [40]. The complex [Fe(SC2H3N3)2(NO)2]1/2H2O was synthesized
by the reaction of 3-mercaptotriazole with [Na2Fe2(S2O3)2(NO)4]2H2O and Na2S2O3.5H2O
with molar ratio of 10:1:2 in water-alkaline solution, with subsequent re-crystallization of the
complex from CH3OH [41]. The X-ray analysis confirmed tetrahedral structure of MT-DNIC
as presented in Fig. 22.

At ambient temperature, the EPR spectrum of solid MT-DNIC had the form of a single
Lorentzian at g = 2.031 and half-width 1.7 mT (Fig. 23, curve a). The sample was polycrys-
talline since rotation of the sample in the magnetic field did not affect the intensity or the
lineshape of the spectrum, which appears as an isotropic powder spectrum. Upon dissolving
the crystals in methanol or DMSO, the spectrum narrowed to a singlet line with the center
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Fig. 22. A fragment of the crystal structure of DNIC with 3-mercaptotriazole (DNIC-MT) with atom indexes
(from X-ray analysis [41]). (With permission.)

at g = 2.030 and half-width 0.7 mT (Fig. 23, curves b,c). Double integration confirmed that
the number of spins in the solid and dissolved polycrystallites were equal within experimental
accuracy (ca 5%). Recordings were made at modulation amplitude of 0.5 mT.

At ambient temperature in methanol, the EPR spectrum was characterized by an isotropic
weakly resolved quintet HFS when recordings were made at modulation amplitude of 0.05 mT
(Fig. 24, curve a). HFS resolution increased drastically when DMSO was used as a solvent
(Fig. 24, curve b). At 77 K, the solution of MT-DNIC in methanol showed a S = 1/2 complex
with axial Zeeman coupling characterized by an anisotropic EPR signal of the shape similar
to that of EPR signals from frozen solutions of DNIC with various thiol-containing ligands.
The difference was in lower amplitude of the peak at g|| for MT-DNIC (Fig. 24, curve c).

It should be remarked that EPR spectra from MT-DNIC in DMSO (Fig. 24, curves b,d)
were indistinguishable from EPR spectra if MT-DNIC was synthesized by exposing a mixture
of Fe2+ and 3-mercaptotriazole (1:20) in DMSO to gaseous NO.

The spectra depend sensitively on temperature. At 77 K, the EPR signal of a polycrystalline
MT-DNIC appears as a superposition of two signals. The first has an axially symmetric narrow
shape with half-width 1.7 mT. The second appears as a broader powder spectrum with a peak
at g = 2.045 (Fig. 25, curve b).

It was suggested that the latter could be attributed to a small fraction of complexes being
dissolved in pockets of residual solvent (methanol) used for synthesis. When the signal charac-
teristic of this fraction (MT-DNIC dissolved in methanol) (Fig. 24, curve c or Fig. 25, curve a)
was subtracted from the signal presented in Fig. 25, curve b the isotropic EPR signal was
obtained (Fig. 25, curve c).
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Fig. 23. The EPR signals from crystalline DNIC-MT (a) with subsequent dissolving with methanol: partial
(b) and complete (c) dissolving. Recordings at ambient temperature. (From Ref. [40].)

The parameters of the latter (position in magnetic field and width) coincided with that of
crystalline MT-DNIC recorded at ambient temperature (Fig. 24, curve a). The contribution
of this signal to total EPR spectra (Fig. 25, curve b) estimated by double integral method
exceeded 90%.

This result demonstrates that polycrystalline solids of paramagnetic MT-DNIC have a
narrow symmetric singlet EPR spectrum and that this spectrum is not sensitive to changes
in the temperature. It indicates the presence of strong magnetic interaction between the
complexes in the solid. It is evident that tight packing of DNICs in the crystal should favor
electronic coupling and exchange interactions between the adjacent centers. The latter could
average the anisotropy of g-factor to giso resulting in the observation of isotropic EPR signal
at g = 2.031 either at ambient or low temperature.
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Fig. 24. The EPR signals from crystalline DNIC-MT complex dissolved in methanol (curves a,c) or
dimethylsulfoxide (b,d). Recordings at ambient temperature (curves a,b) or 77 K (curves c,d). (From
Ref. [40].)

In solid crystals, the EPR spectrum does not resolve the anisotropy of the Zeeman g-factor.
Therefore, we cannot make a comparison with the g-values as found in solution. This does
not allow us to spot any differences in the electronic configuration and ligand fields of MT-
DNIC in crystalline or in dissolved states. The only subtle difference appears in the averaged
g-factor being 2.031 and 2.035 for crystalline and dissolved states, respectively.

In principle, a d9 configuration of the iron atom is possible in DNIC with thiol-containing
ligands, which can arise due to transfer of two electrons on the iron from two thiol ligands
(metal spin crossover effect [112]). This results in {(RS•)2Fe−1(NO+)2}+ structure (d7 → d9

transition), i.e. the complex becomes a three-spin system, involving two thiyl radicals and
iron on d9 configuration. The total spin of this system in the ground state is S = 1/2. Such
electronic configuration can be realized in DNICs with a tetrahedral structure (Scheme 10A),
which is typical for these complexes in the crystalline state. However, such a structure is
hardly typical for DNICs with thiol-containing ligands in the solution. The point is that in
tetrahedral DNICs with d9 electronic configuration, the unpaired electron should be localized
on one of dxy, dxz or dzy orbitals (Scheme 10A), while in DNICs with thiol-containing ligands
it is localized on dz2 iron orbitals (see above). This difference suggests that the electronic
structure of DNIC changes significantly upon transition from the crystalline to dissolved
state. Diffraction experiments have clearly shown that the complex has tetrahedral structure
in the crystalline state. In contrast, the EPR experiments favor a square-plane structure for
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Fig. 25. The EPR signals from DNIC-MT dissolved in methanol (a) and crystalline DNIC-MT (b) recorded
at 77 K. (c) The shape of the EPR signal obtained by subtracting of signal (a) from signal (b). (From
Ref. [40].)

the dissolved complex. The change to square-plane structure is reflected in the backtransfer
of the unpaired electrons from the iron towards the thiol sulfurs. The sulfurs change their
character from thiyl to thiolate, and iron reverts to a d7 configuration and the complex is
described by {(RS−)2Fe+(NO+)2}+ structure. Interaction of free thiols with NO+ can result
in inclusion of these thiols into DNIC, thus changing the total charge of the complex to
negative value, according to the formula {(RS−)2Fe+(NO+. . .RS−)2}− [46,88].

It is hardly possible to keep tetrahedral structure for dissolved DNIC with thiol-containing
ligands with d7 electron configuration. In this case, the complexes should be character-
ized with high spin state (S = 3/2, Scheme 10B). Such state is characteristic of various
MNICs. These complexes give the EPR signal with three g-factor values (4.0, 3.95
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and 2) [113–119]. Such type of signal has not been observed for DNIC with thiol-containing
ligands [113].

OBSERVATIONS OF DNICS IN CELLS AND TISSUES

As aforementioned, the elucidation of the nature of paramagnetic centers giving 2.03 signal in
cells and tissues (respectively called 2.03 centers) was unraveled when it was found that the
EPR lineshape of the biological samples resembles spectra from DNIC with low-molecular-
weight thiols in frozen solutions [6,7]. Although the coincidence was noted, the formation
of dinitrosyl complexes in biological systems seems at first to be improbable because the
biological role of NO was not known at the time [3]. The formation of such DNICs was
subsequently proven by the appearance of the 2.03 signal in baker yeast cells that were
cultured in a growth medium containing CaNO3 (Reader’s medium) [9,12]. Independently,
the group of Commoner in USA confirmed that the elimination of nitrate from Reader’s
medium prevented the appearance of the g = 2.03 signal in anaerobically cultivated yeast
cells [10]. Evidently, nitric oxide ensuring DNIC formation in yeast cells appeared in these
cells due to the accumulation of nitrite. The latter was generated from nitrate which was
reduced to nitrite by respective nitrate reductase. Further work demonstrated the positive
correlation between the amount of the 2.03 centers in liver tissue from rats fed on a diet
containing different carcinogens and the amount of nitrate anions in the ingested drinking
water [10,12]. Moreover, the formation of these centers was observed in various organs
of mice which were kept on a diet with a high content of KNO3 without any addition of
carcinogens (Fig. 26) [12].

Since nitrate reductase has not been found in mammals the reduction of nitrates to nitrites
seemed to be caused by intestinal denitrifying bacterial microflora. Subsequent experiments
on the addition of nitrite to animal diet demonstrated the formation of the 2.03 centers in
animal tissues in higher amounts than that on the addition of nitrate [11,120–126] (Fig. 26).
Similar result was obtained when isolated animal tissues were treated with gaseous nitric
oxide [8]. These results point unequivocally to the fact that 2.03 centers are the DNICs with
thiol-containing ligands.

The remaining constituents of the DNICs from yeast cells, thiols and iron, were identi-
fied by the effect of mercuric salts and chelators for ferrous iron, respectively. Exposure to
competing alternative ligands caused their transformation into other types of iron-nitrosyl
complexes [3]. Interesting effects were observed upon addition of xanthogenate derivatives,
i.e. bidentate ligands with two binding sulfurs similar to those found in dithiocarbamate
ligands. Addition of xanthogenates caused the formation of paramagnetic mononitrosyl com-
plexes (MNICs) at the expense of DNIC. At 77 K, the EPR spectrum showed resolved triplet
HFS (Fig. 27). The transformation to MNIC occurred for DNICs in biological samples, but
similarly for DNIC formed in vitro from thiols with low molecular weight [3].

Large quantities of DNIC were formed in tissues of animals after the addition of sodium
nitrite (0.3%) to drinking water of mongrel mice or rats [11,120–126]. Particularly high yields
were found in liver. If the animals were maintained on the nitrite diet, the 2.03 signal in the
mouse liver became observable after ca 3 days. After 7 days, the yield reached the steady
state maximum of ca 8–10 µM/kg liver tissue. The intensity and narrow linewidth made
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Fig. 26. EPR spectra of livers of mice maintained on a diet with nitrite [121] or nitrate (curve b) [12].
(curve c) Liver from control mice [121]. Recordings at 77 K. The EPR signals with g = 2.42, 2.25 and 1.91,
g = 2.07, 2.03 or 1.94 are due to cytochrome P450, Hb–NO complexes, protein-bound DNICs or reduced
iron–sulfur centers, respectively.

the signal to dominate the EPR spectra (Fig. 26). The frozen tissues showed additional EPR
absorption from Hb–NO and iron–sulfur centers in the respiratory chain (cf Chapters 5 and
15 for more detail, respectively).

The yield of DNIC could be influenced by the administration of iron complexes to the
nitrite-rich diet. The yields in liver increased by a factor 3–4 to ca 30 µM/kg after adding
iron citrate (0.02%) to the nitrited drinking water [121–126]. Such high yields were observed
only upon feeding with the combination of nitrite and iron. If the iron supplement was
removed from the nitrite-containing drinking water after 20 days, the intensity of the 2.03
signal in the liver of these animals began to fall slowly on a timescale of a week. After
10 days, the amount of the DNICs had fallen to 15 µM/kg of wet tissue. The complexes
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Fig. 27. Change of the shape of 2.03 signal from yeast cells (curve a) induced by treatment of yeast
preparations with phenahtroline (curve b), ethylxanthogenate (curve c) or HgCl2 (curve d). Recordings at
77 K [9].

were also observed in the kidney, small intestines and blood although the yield was gen-
erally 5–10 times less than in the liver. In the heart, lungs or spleen, the DNICs remained
below the detection limit of ca 0.1 µM/kg due to masking of the 2.03 signal by other EPR
signals.

The isotopic substitution of 56Fe (I = 0) by 57Fe (I = 1/2) in the drinking water caused
line broadening in the DNIC spectra of tissues [122,127]. The experiments proved that a
significant fraction of DNIC contained iron from the dietary intake. After prolonged dietary
intake, the signal was compatible with complete replacement of 56Fe by 57Fe in the complexes
(Fig. 28). The yields in liver tissue reached the same maximal amount of 30 µM/kg of wet
liver tissue [122] observed before with unlabeled iron. Interestingly, subsequent exposure of
the liver tissue to gaseous NO further increased the DNIC yield threefold [122]. At the same
time, the linewidth decreased significantly and showed unequivocally that endogenous stores
of 56Fe iron contribute to the formation of the DNIC complexes (Fig. 28).

The predominant incorporation of exogenous iron (57Fe) into DNICs allows to suggest that
the Fe-NO groups forming part of the complexes appear in the blood or intercellular fluid.
After being incorporated into the organ tissues, these groups link up with the thiol-containing
proteins which also leads to the formation of 2.03 complexes [121–124]. We were able to
prove feasibility of this formation by intraperitoneal injections of low-molecular DNIC-thiol.
Such injections indeed significantly increased the yield of DNIC in all tissues [124–127].

Fig. 29 shows the evolution in time of 2.03 signal in frozen liver, kidney and blood from
rats which were injected intraperitoneally with DNIC-cysteine [125]. The lineshape of the
2.03 signal from liver, kidney or blood as recorded 6 h after the injection of Cys-DNIC
with 56Fe or 57Fe resembled that of the DNICs from the same organs extracted from rats
maintained on drinking water with nitrite and iron (Fig. 30) [125]. This coincidence was also
found in different species like rats, cats, guinea pigs, rabbits, mice and hamsters [125]. The
lineshape remained unchanged upon thawing the samples to room temperature and proved
that the DNICs were bound to protein.
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Fig. 28. 2.03 signals in livers of mice maintained on drinking water with nitrite + 57Fe or 56Fe during 6 days
(spectra a or b, respectively) followed with gaseous NO treatment (spectra c or d, respectively). Spectra (e,f)
show 2.03 signals in liver homogenate preparations from control mice (without nitrate) added respectively
with 57Fe or 56Fe followed with gaseous NO treatment. Recordings were made at ambient temperature. On
right, amplifications in relative units. δ is the width of the signal component at half amplitude (δ = 2.7 or
17 mT for DNIC-cysteine EPR signal with 57Fe or 56Fe, respectively) [122,124].

Fig. 29. Left panel: Time variation of 2.03 signals in liver (curve a), kidney (curve b) and blood (curve c) of
rats injected intraperitoneally with Cys-DNIC. Recordings were conducted at 1 ( ), 3 (------) or 6 ( ) h
after injection. Right panel: 2.03 signals from Cys-DNIC in frozen solution (curve a), from liver (curve b);
from kidney (curve c) and from blood (curve d). The tissues were taken 6 h after the injection of Cys-DNIC.
The dashed line corresponds to Cys-DNIC with 57Fe, solid line to Cys-DNIC with 56Fe. Spectra were recorded
at 77 K. (From Ref. [125].)
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Fig. 30. 2.03 signals from liver (curve a), kidney (curve b) and blood (curve c) of rats, maintained on drinking
water with nitrite and iron salts during 7 days. Recordings at 77 K [125].

At higher microwave frequencies, the anisotropy of the Zeeman interaction is better
resolved. At Q-band frequencies (∼30 GHz), the lineshape of the g = 2.03 signal in mouse
liver showed a g-factor with rhombic symmetry (Fig. 31) [128].

This rhombicity is incompatible with the axial symmetry of DNIC with cysteine. Heat-
ing of the preparation to 60◦C for 5 min changed the symmetry from rhombic to axial as
found in DNIC with cysteine in frozen solution. The same transformation took place in sam-
ples stored at ambient temperature for 3–4 h. At X-band frequencies, the rhombicity of the
Zeeman interaction is hardly noticeable. It only appears in the form of a small distortion
near the central part of the 2.03 signal. Similar distortions appear in liver tissues from cat,
guinea pig, rat or mouse (Fig. 32) and are attributed to rhombic distortion of the g-tensor
[124,125].

Figs. 29 and 30 show that blood samples contain DNIC with a slightly different EPR
lineshape: In blood, the component at g|| has lower intensity than the common 2.03 signal
[125,126]. This form is characteristic of DNIC moieties anchored to Hb that was shown
before for isolated DNIC–Hb (Fig. 19). This fact is in line with the proposition about the
capability of low-molecular DNICs, at least their Fe(NO)2 groups penetrate through cell
membranes followed by binding with thiol group of Hb or other proteins. The separation of
rat blood indicated that the majority of the DNICs in blood was located in the RBC fraction
rather than the plasma [125,126].

As mentioned before, Cys-DNIC shows axial symmetry in frozen aqueous solutions. Spec-
tral distortions are observed in polar organic solvents like DMF, DMSO, tetramethylurea or
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Fig. 31. Q-band spectra of DNIC at 77 K in livers of mice kept on drinking water with iron salt and nitrite
(curve a). (curve b) is the same liver preparation heated at 60◦C for 5 min. (curve c) is the reference spectrum
of a frozen solution of Cys-DNIC. The DNIC signal in livers (spectra a,b) appears contaminated with a six-line
spectrum from an unidentified Mn2+ complex. (From Ref. [128].)
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Fig. 32. 2.03 signals from livers of cat (curve a), guinea pig (curve b), rabbit (curve c), rat (curve d), mouse
(curve e) and hamster (curve f). The animals were provided with nitrite + 56Fe in drinking water during 7 days.
Recordings at 77 K [125].
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Fig. 33. EPR spectra of 2.03 complexes formed in vivo in mouse liver (curve a), in this tissue after homogena-
tion (curve b), in supernatant fraction of liver homogenate (curve c) or in liver homogenate after treatment
with CN− (curve d). Recordings at 77 K [129].

hexamethanol (Fig. 7) [42]. This makes it plausible that matrices like phospholipids, fatty
acids, etc. (compounds X) can also reduce the symmetry of protein-bound DNIC formed
in tissues. DNIC with rhombic g-factors are observed in whole mouse liver tissue, liver
homogenates and in supernatant fraction of the latter (Fig. 33) [129].

This points to a low-molecular nature of the compound’s (compounds X) influence on the
DNIC in the liver tissue. Interestingly, the dialysis of mouse blood plasma containing DNIC-
BSA against mouse liver homogenates led to a sharp change in the shape of the EPR signal
from plasma: it was similar to that from liver (Fig. 34) [130]. Evidently, this transformation
was due to the incorporation of low-molecular compounds X into DNIC-BSA. Consequent
addition of DDS to the preparation increased the symmetry of the complex to axial one
(Fig. 34) [130].

It cannot be excluded that species specificity of the EPR lineshape of the DNIC from liver
of mouse, rat, guinea pig or cat mentioned before (Fig. 32) is due to the specificity of these
intracellular low-molecular compounds affecting the DNIC structure. The transformation to
axial symmetry of DNIC from mouse liver was also achieved by the addition of surface-active
compound, Na-DDS to liver homogenates [130].

In the 1970s, it was discovered that nitrite anions induce the formation of DNIC in ani-
mal tissues and microorganisms [10–12,120–122]. The appearance of DNIC was attributed
to acidification of nitrite with subsequent release of free NO molecules from nitrous acid
[120–122]. However, recently it was found that various heme-iron proteins and xanthine
oxidase have the capacity to reduce nitrite to NO (see Chapters 14–16 of this book).
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Fig. 34. Shape of the EPR signals of DNICs formed in vivo in mouse liver (curve a) or mouse blood plasma
(curve b) after adding DNIC with phosphate to mice or plasma, respectively. (curve c) EPR signals from
blood plasma after dialysis against the suspension of mouse liver homogenate preparation. (curve d) The
preparation (c) was treated with dodecyl sulfate (SDS). Recordings at 77 K (left side) or ambient temperature
(right side) [130].

Although the mechanisms remain controversial, hypoxia or anoxia seems a necessary condi-
tion for the reduction of nitrite at physiological pH. The new data show that nitrite should
also be considered as a source of NO in vivo.

It is important to distinguish between acute and long-term effects of nitrite. Large quantities
of DNIC complexes appear in animal tissues only if the animals are maintained on nitrite diet
for days. Bolus addition of nitrite to the animals leads mainly to the formation of NO–Hb
complexes with the tissue yields of DNIC remaining far lower than in animals on a long-
term nitrite-rich diet [124]. The reason for this difference remains obscure. Without doubt,
the elucidation of this problem will shed light on the mechanism of DNIC formation from
nitrite.

The preceding discussion may have left the reader under the impression that nitrite be the
dominant agent for the formation of DNIC complexes in tissues. However, it should not be
forgotten that significant quantities of DNIC may also form from free NO radicals released
by the enzymatic l-arginine dependent pathway. This pathway was confirmed by numerous
investigators in a wide range of experiments on cultured animal and human cells [16–35].
However, the formation of the complexes in animal tissues was managed to be observed only
several days after bacterial invasion artificially enhanced the NO synthesis by the inducible
form of NO synthase [31]. In normal conditions or in acute experiment with activation of
existing constitutive NO synthases or enhanced synthesis by inducible NO synthase (iNOS),
the levels of DNIC remained below the detection limit.

This raises the question why the endogenous DNIC remains so low in vivo. One reason
may be the continuous destruction of the DNIC by endogenous peroxynitrite and superoxide
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Fig. 35. Decomposition of dimeric GSH-DNIC by superoxide generated by xanthine oxidase in 0.1 mM
phosphate buffer, pH 7.4. (curve 1) Kinetics of the EPR signal decrease in the solution of 0.25 mM GSH-
DNIC + 0.2 U/ml xanthine oxidase + 1 mM xanthine; (curve 2) 600 U/ml catalase was added to the solution 1;
and (curve 3) 600 U/ml catalase + 150 U/ml superoxide dismutase were added to the solution. Dimeric
GSH-DNIC is diamagnetic and cannot be detected with EPR directly. For detection, 1.6 mM cysteine was
added to transform EPR-silent dimeric GSH-DNIC into monomeric EPR-detectable Cys-DNIC monomers.
(From Ref. [98].)

produced in the tissues. The destruction of DNIC by peroxynitrite was shown by our group
[131]. The destruction by superoxide was demonstrated only recently [98]. Fig. 35 presents
the kinetics of the decomposition of GSH-DNIC by superoxide as generated enzymatically
by xanthine oxidase. With 0.2 U/ml xanthine oxidase and 1 mM xanthine, ca 80% of DNIC
was lost after 4 min. The decomposition could be prevented completely by the addition of
catalase (600 U/ml) + superoxide dismutase (SOD) (150 U/ml). Catalase alone attenuated the
DNIC degradation for 50%. These experiments prove that superoxide and hydrogen peroxide
can destroy DNIC complexes. Together with peroxynitrite, these compounds keep the basal
levels of endogenous DNIC below the detection limit for EPR.

These results were corroborated by in vitro experiments on protein-bound DNIC with KO2

as superoxide donor (Vanin, unpublished data). Solutions of DNIC-BSA were generated from
BSA by adding low-molecular DNIC (1:20) with cysteine, phosphate or thiosulfate (forming
DNIC-BSA-1, DNIC-BSA-2 or DNIC-BSA-3, respectively). The addition of equimolar KO2

in the presence of catalase resulted in the instantaneous loss of EPR signal intensity from
the solutions of DNIC-BSA-1, DNIC-BSA-2 or DNIC-BSA-3. The signal intensities were
reduced by a factor 3, 2 or 1.3, respectively. In the presence of SOD, no loss of DNIC was
observed.

It is important to note that the stability of DNIC-BSA depends on the type of thiol ligand.
We noted that incorporation of thiosulfate anions into the DNIC greatly enhanced the sta-
bility of DNIC-BSA against destruction by superoxide or hydrogen peroxide in vitro. This
observation was reminiscent of the high stability of low-molecular DNIC with thiosulfate
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ligands previously observed in vivo: thiosulfate-DNICs have much longer lifetime in mice
than low-molecular DNICs with ligands like cysteine or glutathione [99]. The mice had been
injected with bacterial lipopolysaccharide (LPS) to stimulate the synthesis of iNOS, and sub-
sequently received a dose of preformed Cys-DNIC or GS-DNIC. The injection resulted in
the formation of some protein-bound DNICs in various tissues of the animals. These animals
have strong generation of NO by iNOS due to the LPS. Surprisingly, the yields of protein-
bound DNICs in liver proved lower (!) than yields in controls where low-molecular DNICs
were injected without LPS. This situation was reversed when thiosulfate ligands were used.
With the injection of thiosulfate-DNIC, the yields of protein-bound DNIC in the LPS-treated
mice were threefold higher than in controls. Clearly, the thiosulfate ligands afford far better
protection against endogenous superoxide or hydrogen peroxide in inflammated animals than
the usual thiols like glutathione.

Subsequent experiments [99] exploited the high stability of thiosulfate-DNIC to give the
first direct proof that endogenous DNICs may form from NO released by NOS. As before,
endogenous NO production was stimulated by injecting the mice with LPS. The boost of
endogenous NO was confirmed by NO trapping with iron-diethyldithiocarbamate (Fe-DETC)
complexes (Fig. 36, trace 1).

The endogenous NO production could be eliminated by the administration of the NOS
inhibitor Nω-nitro-l-arginine (NNLA). This inhibition led to a decrease in the concentration
of these complexes to nearly zero (Fig. 36, curve 2). Formation of DNIC was not observed
in these animals (Fig. 36, curve 3). Significant quantities of DNIC could be detected in liver

A B

Fig. 36. EPR spectra at 77 K from liver of mice injected with bacterial lipopolysaccharide (LPS) 4 h earlier.
(A) (1,2) ferrous-citrate complex and diethyldithiocarbamate (DETC); (B) (3) the ferrous-citrate complex or
(4,5) the ferrous-citrate complex and thiosulfate. Spectra (2,5) were recorded in livers of mice which had been
given NNLA at 2.5 h after the injection of LPS. The animals were euthanized in 15 min after injecting the
ferrous-citrate complex, DETC or thiosulfate. (From Ref. [99].)
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after the injection of thiosulfate ligands together with ferrous citrate (Fig. 36, curve 4). The
concentration of DNIC in the tissue changed with time. The highest yields were ca 6 µM
DNIC/kg of wet tissue, and were observed 10–15 min after the injection of thiosulfate. At
later times, the yields diminished. We attribute the decrease of DNIC to either oxidation
of the thiosulfate ligands, or the removal of the ligands from the tissue. The inhibition by
LNNA showed unequivocally that the DNIC complexes were endogenously formed from
endogenous NO produced enzymatically by NOS from l-arginine. We propose that a certain
quantity of DNIC is formed endogenously in any organism capable of generating NO. The
basal concentration of DNIC in tissues seems quite low, and remains below the detection
limit of EPR (ca 10 nM tissue concentration) as a result of destruction by superoxide radicals
and peroxynitrite. However, the DNIC levels may be raised above the detection threshold by
supplying thiosulfate to obtain very stable DNIC complexes, or by artificially boosting the
endogenous NO production, for example by the injection of LPS.

LOOSELY BOUND IRON PARTICIPATES IN THE FORMATION OF DNIC

After the discovery of endogenous DNICs in yeast cells and animal tissues, it was initially
thought that the iron–sulfur clusters be the main source of the iron and that the DNIC be
formed after the disruption of the clusters by free NO radicals [3]. In vitro studies certainly
confirm that exposure of iron–sulfur clusters to free NO leads to the formation of DNIC
(cf Chapters 5 and 6). Whether this disruption is the dominant pathway for DNIC formation
in vivo is a different matter. Subsequent studies found that loosely bound iron is the main
source of endogenous DNIC in animal tissues and yeast. This loosely bound iron is often
referred to as “free iron” or the “labile iron pool.” In vitro studies of the effect of gaseous
NO on tissue homogenates and supernatant fractions have given further support that DNIC is
formed from such loosely bound iron [132]. Independently, the same conclusion was reached
by Nagata et al. [133] who observed the formation DNIC in rat liver supernatant after adding
the NO donor N -methyl-N′-nitrosoguanidine (MNNG). In both cases, the formation of DNIC
was inhibited if the homogenates or supernatant fractions were dialyzed against a solution
with iron chelators prior to the addition of MNNG. Dialysis against Tris buffer also inhibited
the formation of DNIC. Subsequent addition of some ferrous iron restored the capacity
to generate DNIC. The DNIC complexes were predominantly localized in the supernatant
fraction obtained by centrifugation of the liver homogenate at 100,000 g during 1 h. Only
small amount of DNICs was detected in mitochondrial fraction. Fractionation of rat liver
supernatant fraction by gel-filtration showed that DNICs were attached to protein fractions
with molecular weights between 30 and 80 kD [132]. The main localization of the DNIC in
supernatant fraction was found by Hutchison et al. [134] for endogenous DNIC in rabbit liver.

Many early experimental results in the literature document that exposure to NO induces the
formation of DNIC in tissues with a concomitant loss of active centers in ISPs. Similar results
were obtained for isolated ISP. It was widely assumed that NO induces the disintegration of
the iron–sulfur clusters of the proteins immediately and that the DNIC be formed from iron
released from the clusters. However, as discussed in Chapters 5 and 6, the interpretation of
these data is far from clear and needs more detailed consideration. However, these centers
do provide an accessible pool of loosely bound endogenous iron which may participate in
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the formation of DNIC. As discussed earlier in this chapter, isotopic labeling has confirmed
such participation in vitro.

CONCLUDING REMARKS

The consideration of physico-chemical features of DNIC with thiol-containing ligands
demonstrates that they can function in cells and tissues as a donor of neutral and ionized
NO molecules. Besides that they can deliver Fe(NO)2 groups which can influence the activ-
ity of enzymes and proteins by binding with their functionally active thiol groups. DNICs
are stable enough to ensure stabilization and transport of NO and NO+ thereby ensuring both
their autocrynic and paracrynic functions. High physiological and biochemical activities of
these complexes are considered below in Chapters 3–5, 7, 8, 12 and 16 as well as the for-
mation of DNICs from endogenous NO molecules allows to propose that the complexes can
be considered as a significant signaling agents in mammalian cells and tissues.
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As widely accepted now, dinitrosyl-iron complexes with thiol-containing ligands
{(RS−)2Fe+(NO+)2}+ (DNICs) as well as S-nitrosothiols (RS NO) can be generated via
the l-arginine-dependent pathway ensuring storage and transfer of NO molecules in cells and
tissues [1–14]. Moreover, due to the quasi-equilibrium between DNIC and its constituents
(Scheme 1):

{(RS−)2Fe+(NO+)2}+ Fe2+ + NO + NO+ + RS− + RS−

RS   NO

Scheme 1.

DNIC can influence a number of biochemical and physiological events acting as NO and
NO+ (RS NO) donors. The powerful biological activity of these complexes was discovered
in the 1980s by using synthetic DNIC with both thiol-containing and non-thiolic ligands.
The experiments demonstrated high hypotensive [15–17] and anti-aggregative capacity of
the complexes [18,19]. Later, the high vasodilatory activity of the DNIC was also found
[20,21]. Now a great body of data on these properties of DNIC has been accumulated and is
considered in this chapter.

HYPOTENSIVE ACTIVITY OF DNICS

The realization that DNICs have important biological potential began after the finding that
a range of low-molecular DNICs (DNIC with cysteine, thiosulfate or phosphate) possesses
long-lasting hypotensive activity after a bolus injection of the complexes into the portal
vein of rats anesthetized with sodium ethaminal [15]. Fig. 1 and Table 1 show the data
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Fig. 1. Blood pressure change (�BP, mmHg) in Wistar rats in response to nitroglycerol (NG) 5 nM (1);
sodium nitroprusside (SNP) 20 nM (2); or DNIC with thiosulfate 100 nM (2–3 injections) (3); 200 nM DNIC
with phosphate (4); DNIC with cysteine 100 nM (5); or DNIC with thiosulfate (2000, 200 and 400 nM,
respectively) (single injection) (6–8) [15].

Table 1 Dose dependence of blood pressure drop (�BP) at initial stage of DNICs,
nitroprusside or nitroglycerol (NG) injection to rats [15]

Preparation Dose (10−8 M) �BP (mmHg)

Nitroprusside 1 40 ± 2
2 56 ± 3
5 77 ± 3

10 86 ± 2
Nitroglycerol 0.44 20 ± 2

44 50 ± 2
DNIC-cysteine 5 55 ± 4

10 55 ± 4
100 86 ± 2

DNIC-thiosulfate 20 35 ± 3
40 50 ± 3

200 85 ± 5

on hypotensive activity of these DNICs in comparison to the well-known hypotensive and
vasodilatory agents, sodium nitroprusside (SNP) and nitroglycerol (NG).

All DNICs were proved to be less efficient than SNP or NG at the initial stage characterized
by a rapid drop and the subsequent recovery of blood pressure (BP). The main feature of
the DNICs was the prolonged character of their hypotensive action. After a bolus injection
of these compounds, the animals exhibited a reduced stationary BP level retained up to
awakening. For repeated injections, the plateau level was observed to decrease, each time
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with the proceeding rapid reversible drop of BP (Fig. 1). The injection of SNP resulted only
in a short-time (2–4 min) decrease in BP, not affected by the proceeding administration of the
same agent. Unlike this, in the case of NG the preliminary injection affected the subsequent
reaction (the effect of tolerance to NG) as illustrated in Fig. 1.

The injection of any DNIC type into animals led to the appearance of protein-bound DNICs
in blood, liver and other tissues characterized with the EPR signal at gav = 2.03 (g⊥ = 2.04,
g|| = 2.014). Such type of EPR signal, recorded in liver is shown in Fig. 2, curve a.

As was demonstrated later in similar experiments, the shape of the signal did not change
while the recording temperature was increased from 77 K to the ambient one [22,23]. Namely,
this fact pointed unequivocally to the protein-bound nature of DNIC: The mobility of protein
molecules at room temperature was not sufficiently high to ensure the averaging of anisotropy
g-factor and hyperfine structure (HFS) tensors. In contrast, the low-molecular DNICs are
rapidly tumbling and show a motionally narrowed isotropic line with a half-width of 0.7 mT
and resolved 13- or 5-component HFS [24].

The formation of protein-bound DNICs was due to the rapid transfer of Fe(NO)2 groups
from low-molecular DNICs to paired RS-groups of protein. Thereby, something resembling
a pool of nitric oxide (NO) appeared, which was represented by protein-bound DNICs char-
acterized by much higher stability than that of low-molecular counterparts. As protein-bound
DNICs decompose, the released nitrosyl-iron groups act as a direct source of NO ensuring
the retention of decreased BP in animals for 30 min and above after a bolus injection of
low-molecular DNICs [15–17].

The transition of nitrosyl-iron groups from low-molecular DNICs to proteins is con-
firmed by the following experimental results. The animals received injections of DNIC with
thiosulfate, where 56Fe was substituted by the 57Fe isotope with nuclear spin I = 1/2. Prepa-
rations of blood, liver and other tissues showed the DNICs with a broadened EPR signal.

Fig. 2. The EPR spectra of DNIC with 56Fe (curve a) or 57Fe (curve b) formed in the rat liver after injections of
DNIC with thiosulfate and mononitrosyl iron complex (MNIC) with diethyldithiocarbamate (DETC) appeared
in the liver after injections of DETC into the same animals [(c) and (d), respectively]. Recordings were made
at 77 K [15].
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The broadening was especially pronounced at g⊥ component due to the non-resolved HFS
from 57Fe (Fig. 2, curve b).

The hypothesis that the nitrosyl-iron group in DNIC was responsible for the
hypotensive effect might be verified by adding sodium diethyldithiocarbamate (DETC)
(formula: (C2H5)2 N C−

2 ) capable of strong selective binding of Fe NO groups that
results in the formation of mononitrosyl iron complexes (MNIC) with DETC, formula:
{(C2H5)2 N CS−

2 }2 Fe+ NO+. These complexes are characterized by the EPR sig-
nal with g⊥ = 2.045, g|| = 2.02 and a well-resolved triplet HFS at g⊥ [25] (Fig. 2, curves
c,d). Earlier [26] it was demonstrated that DETC readily captures iron and NO radical from
DNIC to form corresponding MNIC-DETC. A similar result was obtained on rats injected
with DNIC and DETC [15,27]. For example, i.a. injection into the anesthetized rats of
DETC 10 min after administration of the DNIC changed the shape of the EPR spectrum of
the blood: instead of the EPR signal of the DNIC the MNIC-DETC was observed localized
mainly (up to 90%) in the red blood cells [27]. Within 30–40 min the MNIC-DETC content
in the blood fell sharply and in place of these complexes DNIC appeared, also localized in
the red blood cells. The shape of the EPR signal was similar to that characteristic of the EPR
signal of DNIC bound with Hb [28] (see also Chapter 2). The intensity of the signal was
far lower compared with that of the initial signal of DNIC in blood before the addition of
DETC. In the liver of these animals by this time, judging from the EPR spectrum of this
organ, MNIC-DETC persisted [15,27].

No hypotensive effect was observed in the rats injected with “ready-to-use” MNIC-DETC
in the physiological salt solution (the dose injected was the same as in the case of DNIC) [15].
Apparently, this was due to the strong binding of Fe NO group to DETC, preventing the
liberation of this group from MNIC in the organism. For this reason, it should be antici-
pated that the introduction of DETC to animals injected with DNIC would normalize the
BP level. Indeed, experiments have confirmed this hypothesis. Irrespective of the time of
DETC addition, whether prior to the introduction of DNIC or after establishing a stationary
BP level induced by the injection of DNIC, the BP level either recovered or tended to the
normalization (Fig. 3, curves b,c) [15,27].

Fig. 3. Blood pressure changes (�BP, mmHg) in rats induced by DNIC with thiosulfate (400 nM) injected at
time points 1 or 2 without DETC (curves a,b) or after DETC (5 mg) i.p. injections (40 mg) (curve b). DETC
was injected i.v. at time point 3 on curve c [15].
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Interestingly, the recovery of BP induced by DETC after DNIC injection was preceded as a
rule by a brief drop of BP [15,17] (Fig. 3, curve c). This brief drop of BP can be attributed to
different levels of NO in MNIC and DNIC (low-molecular or protein-bound DNICs). When
a DETC molecule interacts with DNIC, the former takes a Fe ion and one NO molecule from
DNIC to form MNIC-DETC (Scheme 2).

(RS−)2 Fe+(NO+)2}+ + 2{(C2H5)2    N   CS2
−} ⎯→ {(C2H5)2    N   CS2

−}2   Fe+    NO+ + RS−    NO+ + RS−

Scheme 2.

The second NO+ ligand (nitrosonium ion) becomes free and nitrosates low-molecular or
protein-bound thiols forming respective S-nitrosothiols (RS NOs). Due to the high vasodila-
tory activity [12], RS NOs induce brief hypotension. The source of thiols recombining with
nitrosonium ions remains obscure. With regard to the hypotensive effect, obviously only
low-molecular RS NOs could be responsible for it due to their free motion in the intracel-
lular space. Rapid degradation of low-molecular RS NO under the action of iron or copper
ions in animal organisms could sharply shorten the duration of hypotensive effect by these
compounds.

Interestingly, administration of DETC prior to SNP (MNIC with cyanide) to the animals
completely eliminated the hypotensive effect of SNP, but without the initial brief drop of BP
[15,27]. No hypotensive activity is seen in rats even after an injection of 1 µM SNP [15]
(Fig. 4, curve b). For comparison, note that in the absence of DETC an injection of only
200 nM SNP was lethal due to the drop of BP below the permissible level. Apparently, the
total elimination of hypotensive activity by DETC was due to the release of Fe+ NO+
group from SNP. This group was completely transferred to DETC without the evolution of
free nitrosonium ions, in contrast to the events that could occur during the interaction of
DETC with Fe+(NO+)2 groups in DNICs.

Interestingly, Fe2+ ions themselves exhibited a noticeable hypotensive activity (Fig. 4,
curve a). However, these ions differed in behavior from DNIC in that their action has no
prolonged character and can be completely suppressed by DETC (Fig. 4, curve a).

Fig. 4. Elimination of the hypotensive effects of FeSO4 (curve a) or sodium nitroprusside (SNP) (curve b) by
an injection of DETC (40 mg, i.p.) at time point 2 or before the nitroprusside administration. Doses of FeSO4

or nitroprusside were equal to 100 nM (1), 200 nM (3), 200 nM (4) or 2000 nM (5) [15].
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The idea that protein-bound DNICs as NO donors can determine long-lasting hypotension
was supported by experiments with injection of “ready-to-use” protein-bound DNICs to
anesthetized rats or dogs [16]. These complexes were synthesized by the administration
of low-molecular DNIC with thiosulfate or phosphate to bovine serum or plasma from dogs
or rats (0.4 µM DNIC/ml of serum or blood plasma). This amount of proteins in serum or
plasma preparations was sufficiently high to ensure acceptance of all Fe+(NO+)2 groups from
low-molecular DNICs by respective protein ligands. Prolonged hypotension induced by both
types of preparations was virtually similar to that induced by the addition of low-molecular
DNICs (Fig. 5). The difference was a slower time course of BP response to the injection of
preparations with protein-bound DNIC. Interestingly, a bolus injection of noradrenaline to
dogs or rats with reduced BP resulted in a brief recovery of BP (within 3–4 min) followed by
a fall of BP to the level induced by the preceding DNIC injection (Fig. 5). Administration to
animals of serum or plasma not containing protein-bound DNICs virtually left the BP level
unchanged.

Hypothetically, the hypotensive activity of protein-bound DNICs could be ensured by back
transfer of Fe+(NO+)2 groups from protein to low-molecular ligands with the formation
of more mobile low-molecular DNICs. Specifically, the latter donated NO molecules to
special enzymes such as guanylate cyclase providing a relaxation response of vascular smooth
muscle to NO.

Hypotensive changes in BP evoked by low-molecular DNICs were also observed
in conscious normotensive (Wistar) and spontaneously hypertensive (SHRs) rats weighing

Fig. 5. Top panel: Blood pressure changes (�BP, mmHg) in anesthetized dogs induced by an i.v. injection of
blood plasma from an animal pretreated with either DNICs (10 µM/350 ml, curve 1) or DNIC with thiosulfate
in phosphate-buffered saline (PBS) (10 µM/animal, curves 2,3). Subsequently epinephrine or DNIC was
added at time points a and b, respectively. Bottom panel: Blood pressure changes (�BP, mmHg; baseline
BP = 130 ± 10 mmHg) in anesthetized Wistar rats (n = 5) induced by an i.a. injection of either rat blood
plasma containing DNICs (1.5 µM/kg in 1.5 ml, curve 4) or DNIC with thiosulfate in PBS (1.5 µM/kg in
1.5 ml, curve 5) [16].
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200–250 g [17]. A bolus i.v. injection of all used DNICs with glutathione, dithiothreitol or
thioglycolate ligands exerted a hypotensive effect in conscious stroke-prone SHR (SHRSP)
rats with initial BP value of 180 ± 10 mmHg. At DNIC doses of 1, 3 or 10 µM/kg, the
decrease in BP reached 10–20, 20–30 or 70–80 mmHg. Further increment of the DNIC
dose up to 20 µM/kg did not virtually intensify the effect. The dynamics of BP decrease is
shown in Fig. 6, top panel. In contrast to hypotension induced by DNICs in anesthetized
animals, a relatively rapid recovery of BP (within 1–1.5 h) was observed in conscious SHR
rats. Normotensive Wistar rats with baseline BP of 110–120 mmHg proved more resistant to
the effect of DNICs. When 5 µM/kg DNIC-thioglycolate was administered, the maximal BP
decrease did not exceed 30–40 mmHg with hypotension lasting for 1–1.5 h. A bolus injection
of SNP or NG into conscious animals produced only a brief hypotensive effect (1–2 min).

Prior DETC injection into SHR (150 µM/kg) sharply attenuated the hypotensive effect of
DNIC with thioglycolate administered at 10 µM/kg (Fig. 6, bottom panel). Similar effect
was observed when DETC was injected 5 min after DNICs. However, DETC injected 20 min
after DNICs did not significantly affect intensity or duration of the hypotension induced by
DNICs with the exception of a brief BP drop (Fig. 6, bottom panel). Similar effect of DETC
mentioned above was characteristic of anesthetized animals (Fig. 3). Obviously, in both cases
the reason was formation of short-living RS NO due to DNIC degradation under the action
of DETC as shown in Scheme 1.

The EPR assay demonstrated the formation of protein-bound DNICs in blood and other
tissues from conscious animals injected with DNICs (Fig. 7) [17].

The complexes rapidly (within 1 h) disappeared from blood but remained in other tissues
(liver, kidney and others) for 2–3 h despite the full recovery of BP. If DETC was administered
to animals before DNIC, the latter was transformed into MNIC-DETC in all organs except for
blood where DNIC disappeared from plasma but remained unchanged in red cells (Fig. 8).
When DETC was injected into animals 20 min after DNIC the major part of DNIC remained
unchanged in liver or kidney (Fig. 8).

Fig. 6. Top panel: Blood pressure changes in conscious SHR rats (n = 6, baseline BP = 180 ± 10 mmHg)
induced by an i.v. injection of DNIC with glutathione (10 µM/kg). (1) and (2) are changes in �BP (mmHg)
and �BP/BP (%), respectively. Bottom panel: Blood pressure changes in conscious SHR rats induced by an
i.v. injection of DNIC with thioglycolate (10 µM/kg) followed by the addition of DETC (30 mg/kg) (1 min
after DNIC injection). Arrows indicate time points of subsequent additions of DETC [17].
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Fig. 7. EPR spectra of blood (curve a), liver (curve b) and kidney (curve c) from Wistar rats injected i.v. with
DNIC with glutathione; (curves d,e) are the EPR spectra of DNIC with glutathione or thiosulfate, respectively.
Recordings were made at 77 K (left side) and ambient temperature (right side) [17].

Fig. 8. EPR spectra of blood (curves a,d), liver (curves b,e) or kidney (curves c,f) from Wistar rats injected
with DNIC with thiosulfate (5 µM/kg) 1 min after or 30 min before the addition of DETC (30 mg/kg)
(curves a–c or d–f, respectively). Recordings were made at 77 K [17].
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Thus, the attenuation of DNIC hypotension induced by the prior administration of DETC
correlated with the disappearance of protein-bound DNICs as possible NO donors producing
hypotension. This was not the case in experiments where DETC was added 20 min and
above after a DNIC injection or DNICs were administered without DETC. In this case, BP
recovered to the baseline level despite persisting protein-bound DNIC in animal tissues. The
baroreflex mechanism maintaining BP could be responsible for the BP restoration. It was
sufficiently strong to get over the hypotensive action of NO released from protein-bound
DNICs.

The hypotensive activity of DNIC with cysteine in normotensive Wistar–Kyoto (WKY)
rats was compared to DNIC distribution in organs and tissues in order to propose an optimum
DNIC dosage, which would, on the one hand, provide an efficient tissue level of DNIC and,
on the other hand, would not exert adverse effects on animals [29]. Blood pressure (BP) of
rats injected intravenously with 0.5, 2, 4 and 6 µM/kg DNIC was monitored continuously for
3 h following the injection and measured again in 24 h. Fig. 9 shows the time course of BP
after DNIC injection into conscious rats. Injection of 0.5 µM/kg DNIC did not significantly
influence BP. After injection of 2 µM/kg DNIC, BP gradually decreased but remained above
90–95 mmHg in all animals. After injection of 4 µM/kg DNIC, BP significantly decreased
as soon as in 10 min and reached a nadir of 80–85 mmHg in 2–2.5 h. The dose of 6 µM/kg
DNIC almost immediately induced a dramatic drop of BP to 75–80 mmHg. The BP variation
at the latter dose was high; in some animals BP fell to 55–60 mmHg. The decreased BP
persisted for the entire period of monitoring (3 h) and was accompanied with considerable
disorders of heart rhythm. Twenty-four hours after injection, BP returned to the baseline level
irrespective of the DNIC dose.

Fig. 9. Time course of BP after DNIC injection. (1) control; (2) 0.5 µM/kg; (3) 2 µM/kg; (4) 4 µM/kg; and
(5) 6 µM/kg. *Significant difference from control, p < 0.05 [29].
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Data on distribution of DNIC in tissues show that the EPR signal from DNIC was unde-
tectable 1.5 h after the injection of 0.5 µM/kg DNIC in all analyzed organs (liver, kidneys,
heart, spleen, small intestine, blood, lungs and brain). After the injection of 2 µM/kg DNIC,
the EPR signal was consistently recorded in blood, kidneys and brain. After the injection of 4
and 6 µM/kg DNIC, a typical EPR signal was recorded in all the organs and tissues studied
at 1.5 h and disappeared at 24 h.

Therefore, intravenous DNIC distributed to organs and tissues in a dose-dependent manner
and exerted a dose- and time-related hypotensive effect, which corresponded to the content
of DNIC in tissues. The dose of 4 µM/kg DNIC was efficient and did not exert adverse
effects. The use of DNIC as a NO donor in diseases and conditions associated with absolute
or relative NO deficiency seemed promising.

The effect of DNIC on development of hypertension was studied in SHRSP rats aged
5–6 weeks, which corresponded to the early hypertension stage. DNIC (3 µM/kg, i.p.)
was injected into SHRSP and their normotensive control WKY rats every fourth day for
40 days [30]. During the development of hypertension, BP of untreated SHRSP increased
from 136 ± 3 mmHg at the early hypertension stage to 216 ± 7 mmHg at the established
hypertension stage (p < 0.001) (Fig. 10). In SHRSP treated with DNIC, BP increased only
to 168 ± 17 mmHg (p < 0.01). Interestingly, the course of DNIC did not result in any
significant changes in BP of WKY rats (124 ± 3.2 mmHg vs. 113 ± 2.5 mmHg before and
after the DNIC course, respectively).

Therefore, DNIC exerted a selective anti-hypertensive effect in SHRs and left the BP
unchanged in normotensive rats. This phenomenon may be attributed to different capacity
for binding of free NO released from DNIC to NO stores in blood vessels of SHRSP and
WKY rats.

NO stores primarily in the form of DNICs, which have been formed in vivo in vascular
walls after the injection of DNIC or stimulation of endogenous NO synthesis, can be detected
on isolated blood vessels [31]. The method used is based on the interaction of DETC of

Fig. 10. Effect of DNIC with glutathione on development of hypertension in SHRSP rats. Empty bars, control;
dashed bars, SHRSP. *Significant difference from baseline value, p < 0.05 [30]. Reprinted with permission
from “Role of nitric oxide in adaptation to hypoxia and adaptive response” (Physiol. Res. 2002; 49: 89–97).
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N -acetylcysteine with NO stores, which results in the release of free NO and vasorelaxation.
This method was successfully modified for detecting NO stores in conscious rats pretreated
with DNIC [32]. NO stores were detected 5 h after the DNIC injection (4 µM/kg, i.p.) with
prior (1 h before experiment) inhibition of NO synthase with NW-nitro-l-arginine (l-NNA)
to exclude contribution of de novo synthesized NO to the vasodilatory response. The DNIC
injection induced a moderate hypotensive response which lasted for 1.5 h. Infusion of DETC
(100 µM/kg, i.v.) resulted in a transient 13.0 ± 3.4% decrease in BP, which returned to the
baseline level in approximately 40 min (Fig. 11). The hypotensive response was accompanied
by the formation of MNIC-DETC in all analyzed organs, heart, liver, kidneys and brain as

Fig. 11. Detection of NO stores by the BP response to DETC in conscious rats, % of baseline values. Upper
panel: (a) 5 h after DNIC with glutathione injection; (b) control. Bottom panel: (1) baseline; (2) BP response
to DETC in untreated rats; and (3) BP response to DETC in rats pretreated with DNIC. Significant difference
from baseline, p < 0.05 [32].
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Fig. 12. EPR of MNIC-DETC after the depletion of NO stores with DETC [32].

detected by EPR signals (Fig. 12). We proposed that the DETC-induced decrease in BP 5 h
after the DNIC injection was due to the depletion of NO stores induced by DETC.

We proposed a parameter describing the efficiency of NO storage in vascular wall, the
maximum amount of NO stores, which can be accumulated during incubation of an isolated
blood vessel with an NO donor, specifically with DNIC. Using this method, we showed that
the efficiency of NO store formation in blood vessels from SHR is more than twofold lower
than in their genetic control WKY [33].

A tentative relationship between the NO level, NO stores and BP in normotensive and
SHRs can be represented as shown in Fig. 13.

Fig. 13. A tentative relationship between the NO level, NO stores and blood pressure (BP) in normotensive and
spontaneously hypertensive rats (SHRs) treated with DNIC. SHRSP, stroke-prone spontaneously hypertensive
rats; WKY, Wistar–Kyoto rats; HTE, hypotensive effect; NO, nitric oxide.
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After administration of the NO donor, a part of the excess NO binds to the NO store
whereas the unbound part of NO exerts its biological effect, i.e. induces vasodilation and a
decrease in BP. When the efficiency of NO storage is high, the volume of NO stores is large
while the hypotensive effect is small. This situation apparently takes place in normotensive
rats. On the contrary, when the efficiency of NO storage is low, much NO remains unbound
and exerts a more pronounced hypotensive effect. This is the case in SHRs. This may explain
why the hypotensive effect of DNIC is much more pronounced in SHRSP than in WKY rats.

The formation of NO stores is apparently an adaptive process. Binding of excess NO to
NO stores may protect blood vessels and the body as a whole against NO cytotoxicity. Since
SHRs are characterized by NO overproduction in vascular smooth muscles and macrophages
resulting in vascular damage, impairment of endothelial nitric oxide synthase (eNOS) activity
and endothelial dysfunction [34], the decreased capacity for NO binding observed in SHRSP
may facilitate the development of these disorders.

Recently however, a possibility for modulation of NO storage capacity was demonstrated.
We showed that chronic treatment of rats with DNIC increased the efficiency of NO storage
and vice versa, chronic administration of the NO synthase inhibitor l-NNA reduced it [35].
This mechanism of vascular adaptation to chronic changes in NO level may be potentially
used to improve the defense against nitrosative stress of the cardiovascular system in SHRSP.

Therefore, the DNICs can be considered as powerful long-acting hypotensive compounds
which can ensure the development of new type of medicines at least with cardiovascular
activity.

THE VASODILATORY ACTIVITY OF DNICS

It was reasonable to suggest that high hypotensive activity of the DNICs was caused by their
capacity for inducing vasorelaxation. Organ bath experiments performed on pre-contracted
denuded isolated ring segments of rat aorta supported this idea completely [20]. Original
recordings of ring segment tension for monomeric and dimeric forms of DNIC with cysteine
(monomeric DNIC 1:20 and dimeric DNIC 1:2, respectively; see Chapter 2) and comparison
with gaseous NO and acetylcholine (Ach) are presented in Fig. 14. The experiments with
Ach-induced release of endothelium-derived relaxing factor (EDRF) from endothelial cells
[36] were performed on ring segments with preserved endothelium. These preparations were
treated with atropine (Atr), 10−5 M to prevent the effect of Ach.

For all vasodilators, superoxide dismutase (SOD) potentiated their vasodilatory action.
Similarity between the vasorelaxing activity of DNIC with cysteine and EDRF was observed.
This similarity was seen in the slow kinetics of vessel tone restoration after the addition of
DNIC or Ach at maximal concentrations (10−5 M) (Fig. 14). For both the agents, 10−5 M
hemoglobin (Hb) added to the organ bath, restored the vessel tone, independent of the extent
of tension recovery at the time of Hb administration. Finally, pretreatment of aortic ring
segments with DETC (10−3 M) led to a decrease in the vasodilatory activity both of DNIC
and Ach (EDRF), and prevented the vessel tone recovery (Fig. 15). In contrast, when DETC
was applied after the addition of DNIC or Ach (10−5 M), a rapid restoration of vascular
tension was observed (Fig. 15).
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Fig. 14. Effects of nitric oxide (NO) (A), DNIC with cysteine 1:20 (B) and acetylcholine (Ach) (C) in the
absence (−SOD) or in the presence (+SOD) of superoxide dismutase (SOD 30 U/ ml), on norepinephrine
(NE, 10−7 M)-induced contractions of isolated ring segments from rat aorta. The dots show the addition of the
agents (in −log M) atropine (Atr, 10−5 M) and hemoglobin (Hb, 10−5 M). Dotted line shows passive tension
before the addition of NE. Vertical bars, 1 g; horizontal bars, 5 min [20].

Long-lasting relaxation induced by DNIC or Ach after pretreatment of the blood vessels
with DETC was not due to an effect on the contractile ability of preparations, since after
60 min of rest and extensive washing with PBS the vessel segments responded normally to
NE and endothelium-dependent and -independent relaxing agents.

We can speculate that the long-lasting vessel relaxation characteristic of the ring seg-
ments pretreated with DETC prior to DNIC resulted from the formation of high amounts of
RS NOs during degradation of DNIC induced by DETC as shown in Scheme 1. A similar
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Fig. 15. Effect of diethyldithiocarbamate (DETC, 10−3 M) on the relaxation of rat aortic rings with (B)
and without (A) endothelium pre-contracted with norepinephrine (NE, 10−7 M). Experiments were carried
out in the presence of superoxide dismutase (SOD, 30 U/ml). Relaxation was induced by (A) nitric oxide
(NO); acetylcholine (Ach); and (C) dinitrosyl iron complex with cysteine (DNIC) 1:2 and (D) DNIC 1:20.
Effects of subsequent addition of DETC and hemoglobin (Hb, 10−5 M) are also shown. In (B), atropine (Atr,
10−5 M) was used to block endothelial muscarinic receptors. The dotted line indicates addition of the agents
(in –log M). Vertical bars, 1 g, horizontal bars, 5 min. Numbers indicate the interval between recordings in
minutes. The dotted line indicates the passive tension before the addition of norepinephrine (NE). These traces
are representative of seven experiments [21].

hypothesis was made above to explain the brief drop of BP in anesthetized or conscious
rats successively treated with DNIC and DETC (Figs. 3 and 6). In contrast, the relaxation
induced by DNIC in isolated vessel segments in the presence of DETC had a long-lasting
nature. Possibly, it was due to much more intensive accumulation of RS NO molecules in
the organ bath medium because all added DNIC molecules reacted with DETC. This was not
the case when DETC was added 15 min after DNIC administration. This time DNIC decom-
position led to a decrease in the amount of RS NOs, which could have formed during the
subsequent degradation of remaining DNICs by DETC. As a result, the vasorelaxation was
eliminated.

A striking similarity between the effects of DETC on time course of BP on the addition of
DNIC or Ach to the preparations allows to suggest that the compound accumulated in aorta
segments by the time of Atr addition could be the DNIC. This is in line with the hypothesis
advanced 15 years ago that EDRF was identical to DNIC [37]. Being degraded by DETC
this compound produced RS NOs. When the latter is accumulated in sufficient amounts it
exerted a hypotensive effect.

Fully reversible (transient or T-type) or long-lasting (sustained or S-type) vasodilator
responses were demonstrated for the pre-contracted, internally perfused rat tail artery after a
bolus treatment with two iron–sulfur cluster nitrosyls (heptanitrosyltetra-µ3-thioxotetraferrate
or tetranitrosyltetra-µ3-sulfidotetrahedro-tetrairon) [38]. Both the compounds produced
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a T-type response only at low doses below a critical threshold concentration, 10−4 or 10−5 M.
The S-type response was observed at higher concentrations of both the vasodilators that
comprised an initial, rapid drop of vessel tone, followed by incomplete tone restoration,
resulting in a plateau of reduced tone persisting for a few hours. SNP or S-nitroso-N -
acetylpenicillamine (SNAP) produced T-type responses only. DesoxyHb (NO scavenger) or
methylene blue (MB), a guanylate cyclase inhibitor, initiated a prompt and complete recovery
of vessel tone of all agonist-induced tone.

The T-type response was attributed to free NO released from added iron-nitrosyl cluster
at the time of injection. With respect to S-type response, it was attributed to NO generated
by gradual decomposition of a “store” of iron-nitrosyl complexes within the tissue. This idea
was supported by the results of histochemical studies on arterial tissue treated with iron–
sulfur-nitrosyl clusters. They showed high accumulation of ferrous iron, derived from these
clusters. These iron deposits were predominantly located in endothelial cells.

The authors underline the similarity between vasorelaxing responses to the two used
iron-nitrosyl complexes and above-considered DNIC with thiol-containing ligands, which
can also induce hypotension in animals considered above or inhibit platelet aggregation
[15–19,21,22]. The vasodilator and hypotensive actions of the DNICs also exhibit two-
phase kinetics resembling the S-type response observed for the two used in [38] iron-nitrosyl
complexes. These data also indicate the formation of iron-nitrosyl stores in tissues treated
with DNICs. Interestingly, in accordance with the data described in [39] an injection
of heptanitrosyltetra-µ3-thioxotetraferrate (“Roussin’s Black Salt”) into the rat led to the
appearance of protein-bound DNICs in animal tissues in vivo.

A similar time course type of relaxation was also observed in isolated blood vessels for
DNIC with non-thiolic ligands, DNIC with phosphate or bathocuproine disulfonate [40]. It is
reasonable to suggest that long-lasting vasorelaxation induced by these DNICs was also due
to the formation of protein-bound DNICs in vessel tissues acting as a depot of iron-nitrosyls.
This was supported by experiments where DNIC with phosphate was injected into mice:
formation of protein-bound DNIC was observed in the animal body [41].

ROLE OF DNIC/ NITRIC OXIDE STORES IN PROTECTION AGAINST
NITRIC OXIDE OVERPRODUCTION

Formation of NO stores in vascular wall begins after any increase in NO level induced by
the stimulation of NO synthesis or administration of NO donors. An efficient method for
the stimulation of NO synthesis and correspondingly, formation of NO stores is adaptation
to environmental factors such as heat, exercise, mild stress or hypoxia [42]. We tested the
hypothesis that DNIC/NO stores not only can provide a hypotensive effect in situations
of absolute or relative NO deficiency but also can prevent NO overproduction and related
injuries [43,44]. Heat stroke was used as an inductor of NO overproduction, which resulted
in acute hypotension and death of some rats [45]. Adaptation to mild restraint stress was
used as a means of prior increase in NO level and protection against heat stroke and NO
overproduction. It was demonstrated that the protection was associated with the formation of
NO stores in the vascular wall. Indeed when small doses of l-NNA were injected prior to each
session of adaptation, neither protective effects developed nor NO stores formed. At the same



Hypotensive, vasodilatory and anti-aggregative properties of DNICs 91

time, injections of the NO donor DNIC with glutathione as ligand induced the formation of
NO stores and completely mimicked the protection [46]. The protective effect of NO donor
could not be due to the immediate action of NO because the lifetime of intravenous DNIC in
the organism was about 3–5 h [29], while the effect of exogenous DNIC on both survival of
rats and NO overproduction was observed 24 h after heat stroke [46]. Potential mechanisms
of the protective effects of NO stores are the restriction of activity and/or expression of
NOS by negative feedback [47] or the removal of excess NO by binding in NO stores. This
compensatory mechanism helps in the prevention of toxic effects of increased NO formed in
the process of adaptation.

Further evidence for the protective role of NO stores in NO overproduction was obtained
on the rat model of Alzheimer’s disease [48]. It is known that development of Alzheimer’s
disease is associated with toxic effects of excess NO overproduced by neurons and glia [49].
Experiments were carried out on anesthetized rats at natural ventilation. Local cerebral blood
flow was continuously monitored with a laser Doppler probe. NO stores in cerebral blood
vessels were detected by the vasodilatory response to N -acetylcysteine evident as an increase
in cerebral blood flow. Since the size of NO stores is statistically significantly correlated with
NO production [50], appearance and increase of NO stores may be regarded as an indirect
marker of NO overproduction. Furthermore, the overproduction of NO was confirmed by the
measurement of nitrite and nitrate in brain tissue.

NO stores were absent in cerebral blood vessels of control rats. In rats pretreated with
DNIC, we observed an increase in cerebral blood flow, which indicated the presence of
NO stores. In both hypoxia-adapted and Aβ-treated rats, N -acetylcysteine also revealed NO
stores. In rats injected with Aβ after adaptation, the size of NO stores was significantly larger
than in non-adapted rats treated with Aβ or adapted rats (Fig. 16).

We suggest that adaptation increased the ability of blood vessels for storing NO com-
plexes. Indeed, as shown in the bottom diagram, chronic elevation of NO induced by daily
injections of NO donor or by daily sessions of hypoxia, significantly increased the efficiency

Fig. 16. Effect of DNIC, adaptation to hypoxia, Aβ(25-35) and Aβ(25-35) after pre-adaptation to hypoxia on
the formation of NO stores in cerebral blood vessels. Bars reflect increases in cerebral blood flow in response
to N -acetylcysteine in percent of baseline value. *Significant difference from control, p < 0.05 [50].
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of binding NO to NO stores. This adaptive mechanism may enhance protection against NO
overproduction.

DNIC CAPACITY OF INHIBITING PLATELET AGGREGATION

Investigations in the 1980s demonstrated that DNICs with various anion ligands (thio-
sulfate, cysteine or phosphate) are capable of preventing platelet aggregation induced by
diverse agents (ADP, collagen, thrombin or epinephrine) [18,19]. This activity was sug-
gested to be mediated by NO release from the complexes. According to the earlier proposed
mechanisms [51], the activation of guanylate cyclase by NO radicals in platelets leads to the
accumulation of guanosine 3′,5′-cyclic monophosphate (cGMP) attenuating the formation of
diacylglyceride, the activator of protein kinase C, which is a factor that directly suppresses
the ability of platelets to aggregate.

Comparative studies on human platelet aggregation in the presence of SNP and DNICs
added 3 min before the inductor of the process (ADP) showed a much higher inhibiting
activity of the latter (Fig. 17).

The effect correlated with the extensive accumulation of cGMP in platelets [19]. It can-
not completely be excluded that this effect was due to the toxic action of the DNICs on
platelets. However, the experiments with addition of phorbol 12-myristate 13-acetate 4-O-
methyl ether (MPMA) did not support this hypothesis. Due to the capability for activation of
protein kinase C, MPMA stimulates platelet aggregation even in the presence of cGMP [52].
It was demonstrated that MPMA efficiently induced platelet aggregation despite the addi-
tion of DNICs (Fig. 18). Moreover, MPMA stimulated the platelet aggregation when added
after DNICs at the time when the process induced by ADP was blocked by DNIC addition
(Fig. 18).

Interestingly, DNIC administration could induce the process of platelet disaggregation in
human plasma. The effect was more notable than that characteristic of SNP (Fig. 19).

Fig. 17. Effect of DNIC with thiosulfate and nitroprusside on platelet aggregation induced by ADP (10−2 M).
Curve 1, control preparation, curves 2–4, in the presence of 7 × 10−5, 3.5 × 10−4 or 7 × 10−4 M DNIC (non-
dashed numbers) or nitroprusside (dashed numbers), respectively. The agents were added before the inductor
administration. Platelet plasma preparations are prepared from the blood of two donors (a) and (b) [18].
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Fig. 18. Effect of phorbolic ether on platelet aggregation in the presence of DNIC with thiosulfate. Curves 1
and 3 demonstrate platelet aggregation induced by phorbolic ether (10−5 M) or ADP (10−2 M), respectively.
DNIC with thiosulfate (3.5 × 10−4 M) was added 3 min before the addition of phorbolic ether or ADP
(curves 2, 4, respectively). Consequently, phorbolic ether (10−5 M) was added at the time point shown by the
arrow (curve 4). Platelet plasma preparations are prepared from blood of two donors [(a) and (c), curves 1, 2
and 3, 4, respectively] [18].

Fig. 19. Disaggregating effect of nitroprusside (curve 1) or DNIC with thiosulfate (curve 2) added to platelet
plasma [donor (d)] at the concentration of 3.5 × 10−4 M after pre-aggregation of platelets induced by ADP
(10−2 M) [18].

EPR assay of human blood plasma containing platelets revealed the formation of protein-
bound DNIC in the plasma after the addition of low-molecular DNIC with thiosulfate.
Evidently, these complexes function as NO donors inhibiting the process of platelet aggre-
gation. No accumulation of protein-bound DNICs was detected immediately in platelet
cells [19].

The capability of Roussin’s Black Salt, another representative of iron–sulfur-nitrosyl
compounds to inhibit platelet aggregation was demonstrated in the 1990s by British
researchers [53]. Inhibition of platelet aggregation by this compound was eliminated by the
NO scavenger Hb. Addition of a selective inhibitor of cGMP phosphodiesterase (M&B22948)
enhanced the effect of Roussen’s Black Salt [53]. Therefore, the data indicated that
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Roussen’s Black Salt affected the process of platelet aggregation as an NO donor that activated
guanylate cyclase.

In conclusion, the data presented in this chapter indicate a high biological potential of
DNICs with various anion ligands. Without any doubt, they can be considered as the promis-
ing basis for the development of medicines with a wide range of therapeutic effects. Moreover,
the investigations on biological activities of synthetic DNICs described in this chapter can
give insights into the mechanisms of endogenous DNIC function, which forms in living
systems generating NO by enzymatic or non-enzymatic pathways.
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CHAPTER 4

DNICs and intracellular iron: nitrogen
monoxide (NO)-mediated iron release
from cells is linked to NO-mediated

glutathione efflux via MRP1

Des R. Richardson∗

Department of Pathology, Iron Metabolism and Chelation Program, Blackburn Building,
University of Sydney, Sydney, New South Wales, 2031, Australia

GENERAL INTRODUCTION: NITROGEN MONOXIDE IS A VITAL
MESSENGER MOLECULE AND CYTOTOXIC EFFECTOR

Nitrogen monoxide (NO) is a crucial effector and messenger molecule that plays roles in
a wide variety of biological processes in animals and plants [1,2]. In fact, NO has roles
in neurotransmission, smooth muscle relaxation, blood clotting, iron (Fe) metabolism and
contributes to the cytotoxicity of activated macrophages against tumor cells and intracel-
lular parasites [2–7]. The production of NO in living organisms is mediated via the nitric
oxide synthase (NOS) family of enzymes [1,8,9]. Many of the regulatory functions of NO
are due to its ability to bind Fe within the haem prosthetic group of guanylate cyclase
[2,10,11]. In fact, the high affinity of NO for Fe is a well-known branch of coordination
chemistry [10].

NITROGEN MONOXIDE FORMS INTRACELLULAR COMPLEXES
WITH IRON

There is strong evidence that NO forms intracellular complexes that play important roles in
biological processes. Apart from the formation of haem–NO complexes in guanylate cyclase,
it is well-known that the cytotoxic effect of NO is, at least in part, due to its interaction

∗ Author for Correspondence. E-mail: d.richardson@pathology.usyd.edu.au
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with Fe in a number of proteins, including: (i) the rate-limiting enzyme in DNA synthesis,
ribonucleotide reductase [12]; (ii) the Fe storage protein, ferritin [13]; (iii) haem-containing
proteins [14–16]; (iv) the [Fe S] cluster enzyme catalysing the final step in the haem syn-
thesis pathway, ferrochelatase [17]; (v) other [Fe S] cluster proteins involved in energy
metabolism such as mitochondrial aconitase and those in complex I and II of the electron
transport chain [18,19]; and (vi) the [Fe S] cluster-containing molecule, iron-regulatory
protein-1 (IRP1), that plays a role in regulating Fe homeostasis [20–25]. In fact, tumor cells
co-cultured with activated macrophages exhibit a decrease in DNA synthesis with a concomi-
tant loss of 64% of tumor cell Fe over 24 h [3,4]. The Fe released was postulated to be derived
from [Fe S]-containing proteins and enzymes [4,18,26,27] and has been hypothesized to be
a complex of NO and Fe with thiol-containing ligands, for example glutathione (GSH) or
cysteine (Cys) [28–30]. In fact, a wide variety of studies using electron paramagnetic res-
onance (EPR) spectroscopy demonstrated that NO forms dinitrosyl-dithiolato-Fe complexes
(DNICs) in activated macrophages, tumor target cells and other tissues [26,27,29,31–34].
The above just mentions a range of subjects relevant for the fate of NO in the presence of
iron. More details can be found in other chapters of this book. Additional information on the
structure, properties and effects of DNICs are given in Chapters 2, 3 and 5. The effect of NO
on iron–sulfur clusters is discussed in Chapters 5 and 6. The role of iron in apoptosis is the
subject of Chapter 12. The class of nitrosyl-iron complexes with dithiocarbamate ligands is
discussed in Chapters 18 and 19.

CELLULAR IRON METABOLISM

Before describing in detail about the effects of NO on intracellular Fe pools, it is important
to discuss the mechanisms involved in Fe metabolism. Iron is fundamental for life as it is a
cofactor of enzymes such as cytochrome c and ribonucleotide reductase, which are essential
for ATP production and DNA synthesis, respectively (for reviews see [11,35]).

The maintenance of mammalian iron (Fe) homeostasis begins with the ability to absorb
and control dietary Fe from the gut via enterocytes (for review see [36]). Most Fe in food
is ingested as the ferric form (Fe3+) and is fairly insoluble. Hence, the absorption of dietary
Fe requires the reduction of the ferric state to its ferrous form and this was thought to
be achieved by the Fe-regulated duodenal cytochrome b enzyme (Dcytb) [37]. However,
more recent studies using Dcytb knockout mice have demonstrated that this molecule is not
essential for normal Fe metabolism in the whole animal [38]. Once Fe3+ is reduced to Fe2+,
it is transported into the cell by the divalent metal ion transporter 1 (DMT1; also known
as the divalent cation transporter or the natural resistance associated macrophage protein 2)
[39–41]. Haem can also be transported into enterocytes and recently a candidate molecule that
possesses this activity [haem carrier protein 1 (HCP1)] has been described [42]. However,
while this protein appears to transport haem, there is no strong evidence as yet that it is
the physiologically relevant mechanism. Intriguingly, another haem transporter known as the
human feline leukemia virus subgroup C receptor (FLVCR) has also been identified [43].
However, its role in haem trafficking in the intestine remains unclear.

The trafficking of Fe in the enterocyte and its subsequent release into the bloodstream
remains the subject of intensive research and is only briefly discussed herein (Fig. 1).
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Fig. 1. Schematic illustration of the mechanism of Fe uptake by the enterocyte. Iron is internalized after
inorganic Fe3+ in the diet is reduced to Fe2+ possibly by a ferrireductase known as Dcytb. However, the
identity of this ferrireductase remains controversial [38]. Haem may be taken up from the gut lumen via
specific transporters, e.g. haem carrier protein 1 (HCP1) [42] and/or feline leukemia virus subgroup C receptor
(FLVCR) [43]. Internalized haem is then metabolized by haem oxygenase 1 to Fe2+, bilirubin and carbon
monoxide (CO). The Fe2+ probably then enters a compartment known as the intracellular Fe pool or is stored
in ferritin. In a sequence of events that remains unclear, the ferroxidase hephaestin may be involved in the
conversion of Fe2+ to Fe3+ and the subsequent release from the cell via ferroportin-1. The Fe efflux mediated
by ferroportin-1 is thought to be Fe2+ which may then be oxidized by the ferroxidase activity of ceruloplasmin
or apo-transferrin in the serum. The Fe3+ is then subsequently bound by apo-Tf to form diferric Tf. The release
of Fe from the enterocyte is regulated at least to some degree by the peptide, hepcidin, which is synthesized
by the liver. High levels of storage Fe in the liver or the inflammatory cytokine, interleukin-6 (IL-6), increase
hepcidin expression that decreases Fe release from the enterocyte, probably by down-regulation of ferroportin-1
(see text for details). (Taken with permission from: Richardson DR. Curr. Med. Chem. 2005; 12: 2711–2729.)

The process involves a series of molecular events that include the function of the proteins,
hephaestin and ferroportin-1 [44]. The latter molecule is also known as metal transporter
protein 1 (MTP1; [45]) or Ireg1 [46]. Hephaestin is a transmembrane, multi-copper ferroxi-
dase that has homology to the serum protein, ceruloplasmin [11,47]. By way of its ferroxidase
activity, hephaestin may facilitate Fe export from intestinal enterocytes, perhaps in cooper-
ation with the basolateral Fe transporter, ferroportin-1 [47] (Fig. 1). Ferroportin-1 has been
suggested to be down-regulated by the direct binding of the iron-regulatory hormone, hepcidin
[48] (see below). This physical interaction then results in the internalization and degradation
of ferroportin-1, leading to decreased cellular Fe efflux [48]. However, the mechanism of Fe
release does not only appear to be dependent upon these molecules. Indeed, it is likely that
the serum ferroxidase ceruloplasmin also plays a role in Fe efflux [11,49]. Iron released from
the enterocyte via ferroportin-1 is subsequently bound to the serum Fe-binding and transport
protein, transferrin (Tf) (Fig. 1).

The absorption of Fe from the gut is under the control of a number of molecules, including
DMT1 [39,40], hepcidin [50], hemojuvelin [51] and the hemochromatosis gene product
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(HFE) [52]. The expression of DMT1 at the apical surface of the enterocyte is controlled by
the presence of an iron-responsive element (IRE) in the 3′-untranslated region (UTR) of its
mRNA that is bound by the two IRPs, namely IRP1 and IRP2 [11,53]. High levels of cellular
Fe results in low IRP–RNA-binding activity that prevents binding of the IRPs to the IRE in
the 3′-UTR of DMT1 [53,54], leading to decreased stability of the mRNA and a subsequent
decrease in its translation. The opposite response occurs during the period when Fe levels
are low, leading to high DMT1 expression and increased dietary Fe uptake.

IRON TRANSPORT AND UPTAKE: TRANSFERRIN AND THE
TRANSFERRIN RECEPTOR 1

Transferrin (Tf ) is a plasma protein which binds two Fe3+ atoms with high affinity (for
reviews see [11,55]). Diferric Tf can be bound by cells expressing the transferrin receptor 1
(TfR1) on the plasma membrane. The uptake of Fe from Tf is controlled by TfR1 expres-
sion which is modulated by intracellular Fe levels via IRP1 and IRP2 (for reviews see
[11,55,56]). The interaction of Tf with the TfR1 is also regulated by the binding of the HFE
protein [57].

Once Tf is bound to TfR1, the complex is internalized via receptor-mediated endocytosis
[11,55]. An ATP-dependent proton pump in the endosomal membrane allows the release of
Fe3+ from Tf by mediating a decrease in endosomal pH [11]. Once released, ferric iron
is probably reduced to the ferrous state by an endosomal ferrireductase. A candidate for
this molecule, namely the six-transmembrane epithelial antigen of the prostate 3 (Steap3),
has recently been discovered [58]. Transfer of the so-formed Fe2+ through the endosomal
membrane is mediated by DMT1 [39,40,54,59]. After the release of Fe from Tf, and its
transport through the endosomal membrane, Fe2+ becomes part of the elusive intracellular
Fe pool [60], where it can be incorporated into haem and non-haem Fe-containing proteins.
Inside the cell, Fe2+ can be either stored in ferritin where it is converted into Fe3+, or used for
metabolic functioning (e.g. haem synthesis; [11]). The nature of the labile intracellular pool
(LIP) of Fe remains controversial. For instance, it may exist as compounds in the Fe2+ or
Fe3+ state and the mechanism of how Fe is transported within cells remains a long unsolved
question. Initially, Fe was suggested to be bound to low-molecular weight Fe complexes [60],
while other studies have found no evidence of such intermediates [61,62]. Some evidence for
the trafficking of Fe has been presented via organelle interactions and chaperone proteins [63].
After Fe delivery, the Tf–TfR1 complex returns to the plasma membrane via exocytosis and
Tf is then released to the circulation for re-utilization [11].

EFFECT OF NITROGEN MONOXIDE ON INTRACELLULAR
IRON METABOLISM

The high affinity of NO for Fe means that it will affect the activity of many Fe-containing
proteins [7,11]. One of the most important examples of NO interacting with Fe-containing
molecules is its effect on IRP1 that is known to regulate Fe metabolism [56]. In fact,
NO can activate the RNA-binding activity of IRP1 that plays a role in the homeostatic
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regulation of cellular Fe homeostasis [20–22]. The mechanism by which NO exerts its
effects on IRP1 is probably by both depleting intracellular Fe and by interacting with its
[Fe S] cluster [20,21,25,64]. As will be described in detail below, NO can enter cells
and act to some degree like a chelator by binding Fe and inducing its release [25,65,66].
The NO-mediated Fe release is physiologically relevant, as it is observed upon the inter-
action of activated macrophages with tumor cells and other targets [3,4,67]. In addition, it
is of interest to note that the effect of NO at inducing Fe release is quite specific for this
molecule, as it is not observed with another closely related diatomic effector, namely carbon
monoxide (CO) [66].

The relative roles of NO-mediated intracellular Fe release or direct interaction with the
[Fe S] cluster in activating IRP1–RNA-binding activity depend on the source of NO, the
redox-related state of NO generated and the amount produced [25]. In contrast to IRP1,
NO and ONOO− have been reported to decrease IRP2–RNA-binding activity [68,69], per-
haps by a mechanism involving NO+-mediated degradation [69]. Direct measurement of
S-nitrosylation of critical sulfhydryl groups of IRP2 has been shown [70], suggesting this
mechanism could be a physiological regulator of this molecule.

Considering that inducible NOS (iNOS) can be regulated by intracellular Fe, this could
lead to an auto-regulatory-loop whereby low Fe levels induce iNOS expression [71].
This enzyme subsequently generates NO which activates IRP1–RNA-binding activity [71].
Increased IRP-1 binding to the 3′-IRE of TfR1 mRNA would increase TfR1 expression
that theoretically leads to elevated Fe uptake from Tf [56]. The enhanced cellular Fe
levels would then induce the opposite effect by reducing iNOS transcription, resulting
in decreased NO, and thus, IRP1–RNA-binding activity [71]. Upon this complex level
of control, other studies using murine macrophages have shown that IRP1 gene expres-
sion can be down-regulated by NO [72]. Moreover, while NO can induce an increase
in TfR1 mRNA and protein expressions [20–22], the increase in Fe uptake from Tf is
only minimal [22]. This is probably because NO can also inhibit Fe uptake from Tf and
mobilize Fe from cells [65,73]. Hence, the effect of NO on cellular Fe metabolism is
complex.

NO can decrease Fe uptake from Tf by cells via interfering with intracellular Fe trafficking
and inducing cellular Fe mobilization [25,65,66]. The effect of NO in reducing total cellular
Fe uptake and also Fe incorporation into ferritin is seen with CO also, that, like NO has a
high affinity for Fe (Fig. 2A,B) [66]. Since NO was reported to form a complex with Fe
in lactoferrin [74], it could be expected that based upon their high homology, a comparable
reaction could occur with Tf. However, using EPR spectroscopy, it was demonstrated that the
ability of NO to reduce Fe uptake from Tf [73] was neither due to direct removal of Fe from
the protein nor the formation of an NO–Fe complex within this molecule [73,75]. In fact,
the effect of both NO and CO in reducing Tf-bound Fe uptake appeared to be mediated
by its ability to inhibit cellular ATP production [66,75], which is essential for cellular Fe
internalization [76]. Considering that Tf binds high-spin Fe3+ and that its Fe-binding site
does not interact with NO [75], it is questionable whether NO can form an NO–Fe complex
with the lactoferrin–Fe complex as reported by others [74]. This is because the Fe-binding
sites of these molecules are very similar [75].
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Fig. 2. Both CO gas and GSNO reduce: (A) 59Fe uptake from 59Fe–transferrin (59Fe–Tf) and (B) 59Fe incor-
poration into ferritin by LMTK− fibroblasts. (A) Cells were labelled with 59Fe–Tf (0.75 µM) for 5–180 min
at 37◦C in the presence or absence of 2% CO gas or GSNO (0.5 mM). The cells were then washed four times
on ice and incubated for 30 min with Pronase (1 mg/ml) at 4◦C to separate internalized from membrane-bound
59Fe. (B) The LMTK− cells were labelled with 59Fe–Tf (0.75 µM) for 60–180 min at 37◦C, washed, and
native-PAGE 59Fe-autoradiography performed. Densitometric analysis is presented below the autoradiograph.
The results in (A) are expressed as mean of duplicate determinations in a typical experiment of 5 performed,
while the results in (B) are representative of 3 separate experiments. (Taken with permission from Ref. [66].)

THE MECHANISM OF NITROGEN MONOXIDE-MEDIATED Fe RELEASE
FROM CELLS

Regarding the effect of NO on cellular Fe release, initial studies using NO+ generators
(e.g. sodium nitroprusside) or ONOO− donors (e.g. SIN-1) [77] demonstrated that these
agents did not result in appreciable Fe mobilization from cells [73]. In contrast, NO•-
releasing agents [e.g. S-nitroso-N -acetylpenicillamine (SNAP), S-nitrosoglutathione (GSNO)
or spermine-NONOate (SperNO)] showed high efficacy [25,65,78]. The effect of these agents
in inducing Fe release was due to their ability to generate NO, as their precursor compounds
which do not bear the NO-moiety had no effect [25,65]. Hence, it was the NO• redox state
which was important for forming intracellular Fe complexes, probably because this form
of NO is capable of generating coordination complexes [10]. While NO could markedly
induce intracellular release, other similar diatomic molecules such as CO had little effect
(Fig. 3A) [66]. Further, the ability of NO to mobilize cellular Fe could not be augmented
by CO, despite their similar chemistry and the potential of CO to directly ligate Fe pools
(Fig. 3B) [10,66,79]. Like synthetic high-affinity Fe chelators [80], the efficacy of NO in
mobilizing Fe from cells decreased as the labelling time with 59Fe–transferrin (59Fe–Tf)



DNICs and intracellular iron 103

BA

Time (min)

0 120 150 180
C

el
lu

la
r 

Ir
on

 R
el

ea
se

d 
(%

 T
ot

al
)

C
el

lu
la

r 
Ir

on
 R

el
ea

se
d 

(%
 T

ot
al

)

0

10

20

30

40

50

Control
GSNO
CO
CO + GSNO

Time (h)
0 3

0

5

10

15

20

25

30

Control
GSNO
GSH
CO

90603021

Fig. 3. (A) The NO-donor GSNO but not CO gas results in 59Fe mobilization from prelabelled LMTK−
fibroblasts. (B) Iron mobilization from LMTK− fibroblasts prelabelled for various times in the presence of
GSNO, CO gas or a combination of both. (A) Cells were prelabelled with 59Fe–Tf (0.75 µM) for 180 min at
37◦C, washed, and then reincubated for up to 180 min at 37◦C with GSNO (0.5 mM), GSH (0.5 mM) or 2%
CO gas. Results are means of duplicate determinations in a typical experiment from 3 performed. (B) Cells
were prelabelled with 59Fe–Tf (0.75 µM) for 15–180 min at 37◦C, washed and then reincubated for 180 min
with GSNO (0.5 mM), 2% CO gas or GSNO (0.5 mM) and 2% CO gas. Results are expressed as mean ± SD
of triplicate determinations in a typical experiment of 3 experiments performed. (Taken with permission from
Ref. [66].)

increased (Fig. 3B) [66]. This can be explained by the entry of Fe into less accessible cellular
pools (e.g. ferritin) as the incubation time increased [80].

Recently, my laboratory has extensively examined the mechanism of NO-mediated
Fe release from cells. These studies have demonstrated that it is GSH- and is energy-
dependent and relies on the uptake and metabolism of d-glucose (d-Glc) [65,78]. In fact,
only sugars that can be taken up and metabolized by cells were effective in increasing
NO-mediated Fe release [65]. Fig. 4 is a schematic illustration summarizing a model of
NO-mediated Fe release based upon these investigations [65,78]. Glucose enters the cell by
the well-characterized family of glucose transporters [81] and is subsequently phosphorylated
to glucose-6-phosphate (G-6-P; Fig. 4) [79]. Glucose-6-phosphate (G-6-P) is metabolized by
two major pathways, either through glycolysis and/or the tricarboxylic acid cycle (TCA) to
form ATP, or through the pentose phosphate pathway (PPP; that is also known as the hexose
monophosphate shunt) to form reduced NADPH (e.g. for GSH synthesis) and pentose sugars
(Fig. 4) [66].

Our studies demonstrated that d-Glc uptake and metabolism by the PPP was essen-
tial for NO-mediated Fe release [65]. Significantly, depletion of GSH using the specific
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Fig. 4. Hypothetical model of d-Glucose-dependent NO-mediated Fe mobilization from cells. d-Glucose is
transported into cells and is used by the tricarboxylic acid cycle (TCA) for the production of ATP and by the
pentose phosphate pathway (PPP) for the generation of pentose sugars and NADPH. This reductant is involved
in the production of reduced glutathione (GSH). Nitrogen monoxide (NO) either diffuses or is transported into
cells where it intercepts and binds Fe bound to proteins or Fe in route to ferritin. The high affinity of NO for
Fe results in the formation of an NO–Fe complex and GSH may either be involved as a reductant to remove
Fe from endogenous ligands or may complete the Fe coordination shell along with NO. This complex may
then be released from the cell by an active process requiring a transporter that has recently been identified as
multi-drug resistance associated protein 1 (MRP1). (Modified from Ref. [78].)

GSH synthesis inhibitor, buthionine sulfoximine (BSO) [82], prevented NO-mediated Fe
release from cells [65,66,78]. In addition, Fe mobilization after GSH depletion could
be reconstituted by incubation of cells with N -acetylcysteine that increased cellular GSH
levels [65].

It is probable that the effect of d-Glc on stimulating NO-mediated Fe mobilization from
cells was not just due to its effect on GSH metabolism. Indeed, our experiments showed that
NO-mediated 59Fe release was temperature- and energy-dependent, suggesting a membrane
transport mechanism could be involved [65]. As shown in Fig. 4, NO can enter cells through
diffusion and there has been some evidence that this can occur by a transport molecule such
as the protein disulfide isomerase that catalyses transnitrosylation [83]. A major intracellular
target of NO appeared to be the Fe storage molecule ferritin [78]. NO prevented the uptake of
Fe into ferritin and also appeared to indirectly mobilize Fe from this protein [78]. An indirect
mechanism of Fe release from this protein was postulated, as NO-generating agents added
to cellular lysates had no effect on ferritin Fe mobilization [78]. The efflux of Fe from cells
and its removal from ferritin was GSH dependent, and could be inhibited using BSO [65,78].
It was speculated that GSH may assist in the removal of Fe from cells by either acting as a
reducing agent or by filling the coordination shell of an Fe complex composed of NO and
GSH ligands. This complex could be lipophilic enough to pass through the plasma membrane
to exit the cell. However, our experiments using a variety of metabolic inhibitors showed
that NO-mediated Fe removal from cells was an ATP-dependent event [65,78]. While NO
appeared to act like a typical synthetic chelator (e.g. DFO or dipyridyl) in terms of its ability
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to mobilize cellular Fe, the mechanism was quite different, as chelator-mediated Fe release
was not dependent on cellular GSH levels [65].

NITROGEN MONOXIDE MEDIATES IRON EXPORT FROM CELLS
BY THE GSH TRANSPORTER, MRP1

As discussed above, NO-mediated Fe release from cells was a temperature- and ATP-
dependent event suggesting the involvement of a transport system. Considering possible
transport molecules responsible for NO-mediated Fe release, recently our attention became
focused on the multi-drug resistance-associated protein 1 (MRP1 or ABCC1) [84]. MRP1 is
an ABC transporter that is expressed ubiquitously in tissues [84]. Apart from the role of MRP1
as a detoxifying mechanism for the efflux of drugs from cells, this transporter also plays phys-
iological roles where it is involved in the export of GSH and leukotriene C4 [84–88]. Earlier
studies demonstrated that MRP1 can transport GSH coordinated to heavy metals such as As
and Sb [85–88], but its role in Fe transport has not been previously proposed.

We examined NO-mediated 59Fe mobilization from several well-characterized cell models
expressing high MRP1 levels, namely MCF7-VP cells [89]. These cells were compared to
their wild-type parental counterparts (MCF7-WT) which do not express high MRP1 levels.
To confirm functionality and expression of MRP1 in MCF7-VP cells we examined efflux
of the classical substrate, tritiated-vincristine (3H-VCR) [90], and also MRP1 expression
by RT-PCR and Western analysis. Fig. 5A shows that 3H-VCR efflux from MCF7-VP cells
was significantly increased (p < 0.05–0.0001) compared to MCF7-WT parental cells. This
suggested that MRP1 was expressed on the plasma membrane and was functional. These
results were further confirmed in studies showing the higher levels of MRP1 mRNA and pro-
tein in MCF-VP cells compared to their WT counterparts (Fig. 5B). In addition, expression
of several other potential GSH transporters, namely MRP2-4 or cystic fibrosis transmem-
brane conductance regulator (CFTR) [84] were not up-regulated in MCF7-VP cells compared
to MCF7-WT. MCF7-VP cells are well-known to hyper-express MRP1 but not other drug
transporters such as P-glycoprotein (multi-drug resistance protein 1; MDR1) [91,92]. Hence,
these cells were implemented as an appropriate model to characterize 59Fe and GSH efflux
via MRP1 after incubation with NO. They were also used in preference to several types
of MRP1-transfected cells that do not express substantial functional MRP1 on the plasma
membrane (data not shown).

Using the MCF7-VP and MCF7-WT cell lines, we showed [89] that MRP1 was involved
in NO-mediated 59Fe and GSH efflux from our studies demonstrating that: (1) NO-mediated
59Fe release (Fig. 6A,B) and GSH efflux (Fig. 6D,E) were greater in MCF7-VP cells hyper-
expressing MRP1 compared to MCF7-WT; (2) cellular 59Fe release (Fig. 7A,C) and GSH
efflux (Fig. 7B) occurred by temperature- and metabolic energy-dependent mechanisms
consistent with active transport; (3) the specific GSH inhibitor, BSO, that inhibits MRP1
transport activity [84] markedly prevented both NO-mediated 59Fe and GSH efflux from
cells (Fig. 6A,D); (4) Well-characterized inhibitors of MRP1 such as MK571, difloxacin,
verapamil and probenecid prevent NO-mediated 59Fe efflux (Fig. 8A,B); and (5) Potent
inhibitors of MRP1 transport activity such as MK571 and probenecid result in an intracel-
lular build-up of EPR-detectable DNICs (Fig. 9). Moreover, the extent of accumulation of
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washed, and reincubated in the presence of non-radioactive VCR (20 µM). Released 3H-VCR was expressed
as a percentage of the total. Results are mean ± SD (4 determinations) in a typical experiment from 4. (B) The
expression of MRP1 mRNA and MRP1 protein in total cell lysates of MCF7-WT and MCF7-VP cells and
MRP1 protein in the membrane fraction. (C) MRP1 mRNA expression compared to MRP2, MRP3, MRP4,
CFTR and P-glycoprotein (MDR1) in MCF7-WT, MCF7-VP and SK-N-SH (childhood neuroblastoma) cells.
The results shown in (B) and (C) are representative from 3 experiments.

these later species correlates with the ability of these inhibitors to prevent NO-mediated 59Fe
efflux from MRP1-hyper-expressing cells (Fig. 8B) [89].

BIOLOGICAL RELEVANCE OF NITROGEN
MONOXIDE-MEDIATED TRANSPORT VIA MRP1

The transport of NO into and out of cells is of great importance, particularly as it relates to
its messenger and cytotoxic effector functions. We have demonstrated that NO can stimulate
cellular 59Fe and GSH release by a mechanism that is mediated by MRP1 (Fig. 6) [89].
This may be important for a number of reasons. For instance, the release of DNICs from
the cell by a specific transport process could be important for intercellular responses to this
messenger molecule and may impart NO with a greater half-life. In fact, a number of inves-
tigations have reported that DNICs (e.g. dinitrosyl–diglutathionyl–Fe complex) are natural
carriers and storage forms of NO that possess a greater half-life than NO alone [93–97].
Considering this, it is relevant to note that DNICs have been found in animal tissues, human
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Fig. 6. Iron (Fe) and glutathione (GSH) efflux increase concurrently after incubation with the NO genera-
tor, spermine-NONOate (SperNO), and are more marked in MRP1 hyper-expressing MCF7-VP cells than
MCF7-WT or SK-N-MC (childhood neuroblastoma). Both NO-mediated 59Fe and GSH efflux were inhib-
ited by the GSH synthesis inhibitor, buthionine sulfoximine (BSO). NO-mediated 59Fe and GSH efflux was
examined by preincubating cells with or without 0.1 mM BSO for 20 h at 37◦C before labelling for 3 h at
37◦C with 59Fe–transferrin (59Fe–Tf) (0.75 µM), washing, and subsequent incubation with the NO generator,
SperNO (0.5 mM) for 3 h at 37◦C. (A) NO-mediated 59Fe efflux results are expressed as a percentage of the
control. (B) Results calculated as a percentage of total cell 59Fe. These data are expressed as net 59Fe efflux
over that found for the control. (C) Total cellular 59Fe (i.e. cell 59Fe + efflux 59Fe). (D) NO-mediated GSH
efflux expressed as a percentage of total GSH. (E) GSH efflux data expressed as net GSH efflux over that
found for the control. (F) Total GSH measured showing the GSH depletion in the presence of BSO. Results
are mean ± SD (4 determinations) in a typical experiment of 4. ∗∗Denotes p < 0.0001.

sera, activated macrophages and a range of different cell types [26,27,29,31–34,93]. A recent
study has suggested that the dinitrosyl–diglutathionyl–Fe complex can associate with glu-
tathione S-transferase enzymes to stabilize NO for many hours (t1/2 = 4.5–8 h; [95]) which
markedly exceeds the t1/2 of “free NO” which is 2 ms–2 s [98]. Furthermore, DNICs (e.g.
(NO)2(GS)2Fe complexes) can transverse cell membranes to donate Fe to tissues [97] and
can transnitrosylate acceptor targets in vitro and in vivo [96,99,100] demonstrating their
bioavailability and potential role as NO-carrier molecules.

The efficient efflux of DNICs by an active transport mechanism could be crucial at sites
where NO is produced in small physiological quantities as a messenger molecule [89]. For
example, in blood vessels where the small quantities of DNICs released from endothelial
cells could be important for regulating smooth muscle tone [15] (Fig. 10A). The ability of
cells to actively transport and traffic NO overcomes the random process of diffusion that
would be inefficient and non-targeted.

In converse to the situation when NO acts as a messenger molecule, under conditions
where NO is used as a cytotoxic effector, the substantial quantities generated by iNOS of
activated macrophages could lead to the efflux of a relatively large proportion of Fe and
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Fig. 7. NO-mediated 59Fe and GSH efflux from parental (MCF7-WT) and MRP1 hyper-expressing MCF7-VP
cells are temperature dependent (A,B) and NO-mediated 59Fe efflux is decreased by metabolic inhibitors (C).
(A,B) Cells were prelabelled for 3 h at 37◦C with 59Fe–transferrin (59Fe–Tf; 0.75 µM), washed 4 times, and
reincubated with or without SperNO (0.5 mM) at 4, 20 or 37◦C. (C) Cells were prelabelled with 59Fe–Tf
as described above, and then pre-treated for 30 min with or without cyanide (CN; 5 mM), azide (30 mM),
oligomycin (15 µM) or rotenone (20 µM). Cells were then incubated for 3 h at 37◦C with or without SperNO
(0.5 mM) in the presence or absence of the inhibitors. Results are mean ± SD (4 determinations) from a
typical experiment of 4. (Taken with permission from Ref. [89].)

GSH from tumor target cells (Fig. 10B) [89]. Since Fe and GSH are critical for proliferation
[11,84], their release from tumor cells in large amounts would be cytotoxic. In addition to
our current results, this hypothesis is strongly supported by previous studies where cyto-
toxic macrophages induced the release of a large proportion (64%) of intracellular Fe from
tumor target cells [3], an effect described to be mediated by NO [4]. Previous investigations
have shown that increased GSH efflux from cells is a key signal that mediates apopto-
sis [101], and it is well-known that Fe mobilization from cells using chelators results in
marked anti-tumor activity [102]. Hence, the dual action of NO resulting in both Fe and
GSH mobilization may play a vital role in the cytotoxic activity of activated macrophages
against tumor cells. We also showed that under conditions that lead to Fe and GSH efflux, pro-
liferation of MCF7-VP cells hyper-expressing MRP1 was more sensitive to the effects of NO
than their wild-type counterparts (Fig. 11) [89]. This supports the hypothesis that enhanced
GSH and Fe efflux from cells hyper-expressing MRP1 leads to greater anti-proliferative
activity. In addition, GSH depletion increased the cytotoxicity of NO particularly in the
MRP1 hyper-expressing MCF7-VP cell type, suggesting the critical role played by GSH in
the anti-proliferative activity of NO (Fig. 11).
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Fig. 8. Effect of MRP1 inhibitors on NO-mediated 59Fe (A,B) and GSH release (C,D) from MCF7-WT and
MRP1 hyper-expressing MCF7-VP cells. MRP1 inhibitors used were: MK571 (20 µM), difloxacin (20 µM),
probenecid (0.5 mM), verapamil (20 µM) or vincristine (VCR; 20 µM). (A,B) Cells were labelled for 3 h
at 37◦C with 59Fe–Tf (0.75 µM), washed and reincubated for 30 min at 37◦C with the inhibitors. A further
3-h incubation at 37◦C was performed with the inhibitors in the presence or absence of SperNO (0.5 mM)
and 59Fe efflux assessed. (C,D) Cells were incubated as in (A,B) and GSH release examined. The results are
mean ± SD (4 determinations) from a typical experiment of 4. (Taken with permission from Ref. [89].)

The role of GSH in NO-mediated Fe release may not only be important for its transport
out of the cell via the GSH transporter, MRP1. In fact, we hypothesize that it is also essential
for Fe release from cellular proteins targeted by NO such as those with [Fe S] clusters,
e.g. aconitase [18,103]. Thus, we suggest that there is an intracellular equilibrium between
protein-bound DNICs and low-Mr DNICs and that GSH is necessary for the conversion to
the low-Mr form that is then transported out of the cell by MRP1 [89]. This idea is supported
by our studies showing that incubation of cells with BSO markedly prevented both GSH and
59Fe release (Fig. 6A,D) and the potent MRP1 transport inhibitors, MK571 or probenecid,
resulted in an accumulation of DNICs (Fig. 9). Our hypothesis is also consistent with the
studies of Ding and colleagues that postulate that GSH and/or Cys are necessary for the
release of DNICs from [Fe S] clusters [104,105].

Considering how Fe and GSH are transported by MRP1, five potential mechanisms
have been proposed to account for the interaction of the transporter with GSH and its
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Fig. 9. Electron paramagnetic resonance (EPR) spectroscopy demonstrates that SperNO results in dinitrosyl
Fe complex (DNIC) formation and incubation with MRP1 inhibitors increases intracellular DNICs. Low-
temperature EPR spectra (77 K) of MCF7-VP cells (1010 cells) preincubated with media alone (control) or the
GSH synthesis inhibitor, BSO (0.1 mM), for 20 h at 37◦C. The cells were then washed and incubated for 3 h
at 37◦C in the presence or absence of SperNO (0.5 mM). Alternatively, cells were incubated for 30 min with
medium alone (control) or the MRP1 inhibitors, probenecid (0.5 mM) or MK571 (20 µM), and then SperNO
(0.5 mM) added and the incubation continued for 3 h at 37◦C. Results are typical spectra from 6 experiments.
(Taken with permission from Ref. [89].)

substrates [84]. First, GSH itself can directly act as a MRP1 substrate and be transported
out of the cell. Second, GSH can form a complex or conjugate with a metal or compound
that is then transported by MRP1, e.g. leukotriene C4 [106] or the As(GS)3 complex [107].
Third, GSH can be co-transported with some MRP1 substrates, e.g. vincristine. Fourth, GSH
can stimulate the transport of certain compounds (e.g. estrone-3-sulfate) by MRP1 without
itself being transported out of the cell, and fifth, GSH transport by MRP1 can be enhanced
by interaction with certain compounds (e.g. verapamil) that are not translocated themselves
across the membrane [84,108,109].

We showed that the GSH synthesis inhibitor, BSO, markedly inhibited both NO-mediated
59Fe and GSH efflux suggesting a dependence on GSH for transport [65] (Fig. 6). Considering
this, it can be suggested that either a complex containing both 59Fe and GSH are effluxed
together or 59Fe and GSH are separately transported across the membrane by MRP1. We
favor a hypothesis necessitating the formation of a complex intracellularly. This is because
we can detect intracellular DNICs directly by EPR and the fact that these accumulate after
incubation with the MRP1 inhibitors MK571 and probenecid (Fig. 9) [89]. Relevant to the
molecular mechanism of GSH and Fe transport by MRP1, it is of interest that verapamil
and difloxacin markedly prevent NO-mediated 59Fe efflux from MCF7-VP and MCF7-WT
cells (Fig. 8A,B), while both of these MRP1 inhibitors stimulate GSH release (Fig. 8C,D).
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Fig. 10. Schematic illustration of hypotheses proposing the consequences of MRP1-mediated DNIC efflux
from cells. (A) The efficient efflux of DNICs by an active transport mechanism could be crucial where NO is
produced in small quantities as a messenger molecule, e.g. in blood vessels where endothelial NOS (eNOS)
generates NO. The ability of cells to actively transport and traffic NO overcomes the random process of
diffusion that would be inefficient and non-targeted. The small quantities of GS–Fe–NO complexes released
from endothelial cells may be taken up by smooth muscle cells through diffusion or active transport, e.g.
via protein sulfide isomerase for instance [83]. (B) Where NO is used as a cytotoxic effector, the substantial
quantities generated by inducible NOS (iNOS) of activated macrophages could lead to the efflux of a large
proportion of Fe and GSH from tumor cell targets that would be cytotoxic. (Taken with permission from
Ref. [89].)

Hence, at least in the presence of these inhibitors, GSH and 59Fe appear to be separate
transportable entities [89].

Iron efflux from cells has been described for many years [11], and recently, ferroportin-1
has been shown to be a physiologically relevant Fe exporter [44–46]. It is probable that the
role of MRP1 is quite different from that of ferroportin-1 and this is suggested by differences
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Fig. 11. Cells hyper-expressing MRP1 (MCF7-VP) are more sensitive than MCF7-WT cells to the anti-
proliferative effects of SperNO and this is potentiated by GSH depletion using BSO. Cells were preincubated
with media alone or media containing BSO (0.1 mM), for 20 h at 37◦C. The cells were then incubated in
the presence of SperNO for 24 h at 37◦C. Horizontal broken lines indicate the concentration that inhibits
proliferation by 50% (IC50) and 90% (IC90). Results are means of 4 experiments. (Taken with permission
from Ref. [89].)

in the pattern of expression of these molecules. Certainly, MRP1 is ubiquitously expressed
in tissues [110], while ferroportin-1 expression appears more restricted, being found at high
levels in macrophages, placenta and hepatocytes [44–46]. Moreover, ferroportin-1 has not
been reported to transport GSH, and its function appears to be the regulation of Fe homeostasis
[48]. Finally, while we have shown that MRP1 facilitates NO-mediated Fe efflux, we cannot
rule out that other transporters not examined in this study could also perform this function.

CONCLUSIONS

We have demonstrated that NO mediates the efflux of Fe and GSH from cells by an active
mechanism mediated by the GSH transporter, MRP1 [89]. The ability of the cell to actively
transport and traffic NO overcomes the random process of diffusion that would be inefficient
and non-targeted. Hence, our results are relevant to NO transport, intra- and extra-cellular
NO-signaling, NO-mediated apoptosis and the cytotoxicity of activated macrophages that is
due, in part, to Fe release from tumor cell targets.
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CHAPTER 5

Low-molecular dinitrosyl iron complexes
can catalyze the degradation of active

centers of iron–sulfur proteins
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1Semenov Institute of Chemical Physics, Russian Academy, of Sciences, Moscow, 119991,
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Many recent studies have shown that iron–sulfur proteins (ISPs) are targets for endogenous
nitric oxide (NO) radicals. The action of NO on the iron–sulfur centers (ISCs) of ISP has
been recognized as one of the signaling pathways of NO in cells and tissues [1–15]. The
interaction leads to the deactivation of ISPs due to degradation of the ISCs. The degradation
is often concomitant with the formation of paramagnetic dinitrosyl iron complexes (DNICs)
with thiolate ligands. These complexes have the generic structure {(RS−)2Fe+(NO+)2}+,
where the unpaired electrons of the nitrosyl ligands are largely transferred to the iron atom. In
Enemark–Feltham notation, the shared nature of these electrons is expressed as the complex
having {3d7} electron configuration [1,2,9–17]. The complexes are paramagnetic and their
EPR absorption near gav = 2.03 is often considered as a marker of NO-mediated degra-
dation of the ISCs. The spectroscopic and physico-chemical properties of DNIC and their
experimental observation in cells and tissues were discussed in Chapter 2.

ISPs appear in a wide variety of organisms, from plants to bacteria and vertebrates. The
ISPs are usually classified according to the number of iron atoms in the ISC clusters: one, two,
three or four, respectively [18,19]. In most of these proteins, the iron atoms are held by sulfur
atoms of cysteine side chains, with a few exceptions having coordination of nitrogen atoms
from histidines. In polynuclear clusters, the iron atoms are held together by additional sulfide
ions (labile inorganic sulfur). Mononuclear clusters appear in rubredoxin and desulforedoxin
where the iron is held by four thiolate sulfurs [18,20]. The binuclear [Fe2S2] cluster appears in
many different ferredoxins found in plants, microorganisms and vertebrates. Typical binuclear
centers are found in spinach ferredoxin and bovine adrenodoxin (Adr). Usually, the cluster is
held by a total of four thiolate sulfurs, pairwise coordinated to each of the iron atoms coupled
through the bridged inorganic sulfur atoms [18,19]. Closely related to the ferredoxins is the
[Fe2S2] cluster of the Rieske center, as found in mitochondrial electron transport chain. In the
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Rieske center, the iron atoms are held by a pair of cysteinate sulfurs and a pair of histidine
nitrogens, respectively.

A possible mechanism of disruption of a reduced binuclear [Fe2S2] cluster by NO is
shown in Scheme 1. DNICs are formed only by the interaction between NO and ferrous
iron (Fe2+) [16,17]. Therefore, the formation of DNIC involves the reaction of NO with
reduced ISPs only. The proposed [15,21] mechanism proceeds by ligand replacement, where
the inorganic sulfur atoms (S*) are replaced by NO moieties:

 

Fe2+ Fe3+
+ 2NO →

Fe+ Fe3+

−S S− −S NO+
S∗ S∗ S−

−S S∗ S∗S− S−−S NO+

Scheme 1. The supposed mechanism of NO-catalyzed destruction of reduced binuclear iron–sulfur cen-
ter (ISC). The inorganic sulfurs are marked with an asterisk. The disruption leads to the formation of a
paramagnetic DNIC.

An analogous mechanism is often assumed for the disruption of tetranuclear cubane clusters
[Fe4S4]. Such disruption was observed in many investigations of bi- or tetranuclear ICSs
in isolated ISPs or in whole cells or cell preparations. When exposed to NO, substantial
quantities of DNIC were formed. At the same time, usually a significant decrease of the ISC
was observed via EPR or optical absorption [1,11,14,15].

However, certain types of ISC seem to be resistant to the disruptive action of NO.
They comprise isolated Adr [21,22], and the ISCs in extracted mouse liver [23], cultured
macrophages [24] or anaerobic bacteria Clostridium sporogenus [25]. Upon exposure to
gaseous NO, or NO donors, the formation of some DNIC was observed, but it did not lead
to a significant change in quantity of ISCs as detected with EPR. At the time, it could not be
confirmed or refuted that the formation of DNIC involved the destruction of a relatively small
part of the ISCs under the action of NO. To verify this proposition, we used EPR to quantify
the formation of DNIC in cultured macrophages treated with NO. In addition, the effect of
NO on the concentration of ISCs in these cells was studied. The results of the investigation
are illustrated in Fig. 1.

The EPR spectra from control preparations of macrophages show a small quantity of
paramagnetic reduced ISC in native state. The intensity of the EPR signal from reduced ISC
at g = 1.92–1.94 is insignificant, but the EPR spectrum is dominated by signals at g ∼ 2.02.
This line is characteristic of trinuclear [Fe3S4] clusters in oxidized state [26,27]. The quantity
of paramagnetic ISC at g ∼ 1.92–1.94 increased sharply after reduction with dithionite and
methyl viologen as a redox mediator. It shows that the ISCs of the macrophage mitochondrial
respiratory chain are nearly fully oxidized in native state. The contribution of the EPR signals
from various ISPs in mitochondrial chain is shown in Fig. 1. The EPR spectrum of the N-2
ISC at 23 K has a minimum at g=1.92 and maximum at g=1.935 and was identified from
the lineshape and microwave power saturation similar to that of [Fe4S4] N-2 ISC in animal
tissues [28,29]. The [Fe2S2] N-1b and N-1a ISCs have EPR signals with g ∼ 1.94 or 1.93
and were also detected at 23 K. The quantity of the [Fe4S4] N-3 and N-4 ISCs was very
small as the EPR intensity barely exceeded the noise level of the spectrometer. The EPR
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Fig. 1. EPR spectra of control macrophage preparations [24]. Left panel: unreduced preparations at 25 K
(curve a), 16 K (curve b) and 30 K (curve c). Right panel: preparations treated by dithionite (1 mM) + methyl
viologen (5 mM), recorded at 40 K (curves d,e) and 23 K (curve f). Preparations treated with dithionite–methyl
viologen after 5 min incubation with 10−7 M NO, recorded at 40 K (curves g,h) and 23 K (curve i). (Curve
j) shows the EPR spectrum of mouse liver at 20 K.

absorption near g ∼ 1.94 as recorded at 40 K was attributed to a superposition of signals
from reduced [Fe2S2] centers like N-1b, N-1a, S-1 and Rieske ISCs [26,28,30]. Thus, the
EPR spectra show that the ISC content of the respiratory chain in macrophages is similar
to that in animal tissues. Further support for this similarity is seen in the EPR spectrum
attributed to the various ISCs in mouse liver (Fig. 1, curve j).

Subsequently, we investigated the disruption by NO. The bolus injection of 100 nM NO
to 107 macrophages in 0.3 ml buffer did not significantly affect the EPR spectra from reduced
ISCs. In particular, there was no significant loss of intensity of their EPR signals. However,
the EPR spectra showed the formation of a small quantity of paramagnetic DNICs centered
at g = 2.03 (Fig. 1, curve g). It is noteworthy that NO induced the formation of significant
quantities of DNIC only in macrophages treated with dithionite–methyl viologen. It did
not matter whether the reduction was before or after NO addition. The EPR spectrum of
DNIC is much narrower and sharper than that of reduced ISCs. Therefore, the derivative
EPR spectra are much more sensitive to a gain in DNIC than for a loss of reduced ISC.
In principle, double integration of the EPR spectrum should reveal the iron content in ISCs
and DNICs, respectively. In practice, the strong EPR signal from methyl viologen radicals
at g = 2.0 prevented the reliable quantification of the iron of the various ISCs. Therefore,
the double integration was applied to a selection of the ISCs only, namely N-1a, N-1b and
S-1. The EPR signals from these ISCs as well as the (small) Rieske [Fe2S2] were recorded at
40–80 K [24,31]. The amount of iron in the remaining ISCs was estimated from the known
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Fig. 2. EPR spectra of various ISCs from the electron transport chain. (Curve a) N-1a + N-1b [31], (curve b)
S-1 [32], (curve c) Rieske [33] and (curve d) the sum with equal weight of N-1a, N-1b and S-1 clusters.
(Curve e) reference spectrum of DNIC with thiol ligands.

stoichiometry of ISCs in electron transport chains in animal mitochondria [32]. We explicitly
assumed that the relative contributions of the various ISCs in macrophages are similar to that
in the mitochondrial chains of animal tissues.

Quantification of the spin density in these tissues poses a technical challenge since the
EPR spectra appear as a superposition of broad signals from the various ISCs in the electron
transport chain. We used the following protocol to determine the ratio of iron in ISPs vs.
DNIC with EPR in the temperature range 40–80 K. First, we measured the double integrals
SDNIC and SISC of DNIC and sum of N-1a + N-1b + S-1, respectively. The absorption peaks
are indicated in Fig. 2 as X (for DNIC) or Z (for ISC).

The small contribution from Rieske ISP was considered negligible. The ratio SDNIC/SISC

is proportional to X/Z, and the proportionality factor was calibrated by numerical simulation
of the experimental EPR spectra as a mixture of DNIC and a synthetic ISC spectrum. The
synthetic spectrum was generated as the equimolar mixture of experimental EPR signals of
N-1a, N-1b and S-1 ISC, described in Refs. [31–33]. Technical details of the procedure are
given in Ref. [24]. From the numerical calculations [24], we found that the two paramagnetic
species are related as SISC/SDNIC = 5.0 ± 0.1 when X/Z = 1. Having in mind that the
ISPs in SISC are binuclear clusters [19,30–32] we find an iron ratio of [FeISC]

/
[FeDNIC] =

10. In other words, we find that the paramagnetic population SISC (N-1a + N-1b + S-1)
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contains 10-fold more iron than the DNICs when X/Z = 1 [24]. However, these ratios only
account for the EPR visible subfraction of iron in the electron transport chain, and the total
iron content of the chain is significantly higher still. It was reported [19,30–33] that the full
electron transport chain in animal mitochondria contains a total of 28 iron atoms in ICSs:
16 {[Fe2S2] N-1a, [Fe2S2]N-1b, [Fe4S4] N-2, [Fe4S4] N-3, [Fe4S4] N-4}, 8 {[Fe2S2]S-1,
[Fe2S2]S-2, [Fe4S4]S-3} and 4 {[Fe2S2]-1 and [Fe2S2]-Rieske ISC} in the 1st, 2nd and 3rd
Green’s complexes, respectively. Therefore, the paramagnetic population SISC (N-1a + N-1b
+ S-1) represents ca 20% of total “iron–sulfur” iron [total FeISC] in the transport chain.
Therefore, the total iron ratio is found [24] as

[total FeISC]/[FeDNIC] = 50 when X/Z = 1

In this relation, [FeDNIC] represents the iron sequestered in the form of the DNIC. All of
this iron is EPR visible. The [total FeISC] represents the cumulative iron from all ISC of the
electron transport chain, and only 20% of this iron is included in SISC.

After exposure to NO, prominent DNIC signal was visible in the preparation pre-treated
with dithionite–methyl viologen (Fig. 1, curve g). At 40 K and 50 mW microwave power,
the ratio of X/Z was equal to ∼10 (Fig. 1, curves g,h). However, under these conditions, the
DNIC signal at g = 2.03 is compressed by significant power saturation. The unsaturated X/Z

ratio should be higher. Fig. 3 illustrates the effect of power saturation on the EPR intensity
of DNIC in macrophage preparations.

As followed from the figure, at 60 K the EPR intensity is independent of microwave power
if the latter exceeds 3 mW. Such behavior is characteristic of inhomogenous saturation of
the DNIC complexes [34,35]. It was shown earlier [35] that the EPR signal from the DNIC
begins to saturate namely at 3 mW of microwave power when the signal is recorded at
higher temperature (77 K). So it is reasonable to suggest that the signal begins to saturate at
microwave power of ca 2 mW when recorded at 40 K (Fig. 1, curve g). Therefore, at this

Fig. 3. EPR spectra of macrophage preparations treated with dithionite–methyl viologen and by aqueous NO
solution (10−7 M, 5 min exposure). Spectra were taken at 60 K with microwave power of 50 mW (curve a)
and 3 mW (curve b). (From Ref. [24].)
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value of microwave power (in the absence of saturation) the amplitude of the EPR signal
of DNIC should be larger by a factor of ca (50/2)1/2 = 5 than that at 5 mW microwave
power saturation. It means that at low microwave powers below saturation, the value of X/Z

estimated from Fig. 1, curves g,h (∼10) increase by a factor of (50/2)1/2 to ca 50!
This high X/Z ratio shows that within experimental error of ca 10%, the quantity of iron

in DNIC was equal to the total iron in ISCs. It proves that the mechanism of DNIC formation
cannot be simple disruption of the ISC clusters by free NO molecules, since there was no
notable change in EPR signal intensities for ISCs treated with NO solution (Fig. 1, curves
d–f and g–i, respectively). It is likely that iron sequestered in DNIC mainly originated from
sources other than the tight-binding ISC. As discussed in Chapter 2, loosely bound iron
from the so-called labile iron pool (LIP) [36] can contribute to the formation of DNIC (see
Chapter 2).

The existence of such loosely bound “non-heme non-FeS” iron in rat liver mitochondria
was demonstrated by optical spectroscopy in Ref. [37]. The optical assay was based on
the formation of a chelate of Fe2+ with bathophenanthroline sulfonate (BPS) in osmotically
swollen mitochondria. Fig. 4 shows that the quantity of paramagnetic ISCs was not affected
by the addition of BPS and shows that the clusters did not lose their iron to this particular
chelator. The EPR signal from the ISC was lost under the action of BPS only when the
mitochondria were exposed to sodium dodecyl sulfate and acid pH.

The quantity of “non-heme non-FeS iron” was estimated from the optical density of the
Fe–PBS complexes. Its value was nearly double the quantity of iron in ISCs as estimated
from EPR (3.1 ± 0.6 nM Fe–PBS/mg protein vs. 1.7 ± 0.3 nM Fe-ISC/mg protein). The major
part of BPS-chelated iron was confined to the mitochondrial inner compartment, i.e. matrix
and inner membrane. More than half of the “non-heme non-FeS iron” of the “inner” pool
was in the ferrous state in mitochondria as isolated. The biological significance of this iron

Fig. 4. EPR spectra of intact mitochondria incubated in the presence (curve a) and absence (curve b) of
bathophenanthroline sulfonate (BPS). Recordings were made at 20.4 K (left panel) and 123 K (right panel).
(From Ref. [37].)
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Fig. 5. EPR spectra of perfused mouse liver recorded at 77 K (curves a,b) or 20 K (curves c,d). (Curves b,d)
initial preparations; (curves a,c) preparations after exposure to gaseous NO at the pressure of 200 mmHg for
30 min at ambient temperature. The amplifications of spectra (curves c,d) are equal to 1.0 and 1.5, respectively.
(From Ref. [23].)

pool remained obscure. This pool was discussed as the source of iron for the synthesis of
heme by ferrochelatase. It is reasonable to propose that this pool of “non-heme non-FeS
iron” in mitochondria provides a significant fraction of the iron needed for the formation of
some DNIC upon exposure to free NO or NO donors. This proposition would explain the
formation of DNIC in preparations of rat liver mitochondria when treated with nitrite [38].

Fig. 5 shows independent experiments on perfused mouse liver preparations [23]. In this
case, the presence of endogenous substrates was sufficiently high to bring all ISPs to reduced
state without the addition of exogenous reductants. EPR showed that the ISCs together con-
tained ca 1.5–2.0 mg Fe/g wet tissue, in reasonable agreement with the value of 1.3–1.5 mg/g
wet tissues from the literature [19,30,31]. Upon exposure to gaseous NO, the ISPs were not
noticeably degraded but EPR showed the formation of DNIC containing 1–1.5 mg Fe/g of
wet tissue. The result shows that significant DNIC was formed in the liver tissue without
concomitant loss of ISCs.

The same situation applies to the formation of DNIC from endogenous NO in liver tissue
from mice. These animals were injected with bacteria C. parvum and the endogenous NO
production was stimulated by injection with bacterial lipopolysaccharide [39] (Fig. 6).

Similar results were obtained with liver tissue from mice injected with bacteria
C. sporogenus treated with nitrite as NO donors [25]. The above body of data attests to
a remarkable stability of the ISC in the respiratory chain against disruption induced by NO
treatment.
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Fig. 6. EPR spectra measured at 77 K of mouse liver. (Curve a) a normal mouse; (curve b) seven days
after injection of 1 mg C. parvum (the liver was obtained 2 h after saline injection); (curve c) seven days
after injection of 1 mg C. parvum (the liver was obtained 2 h after 1 µg LPS injection) and (curve d) 2 h after
injection of 300 µg LPS. (From Ref. [39].)

However, this stability is not a general rule since certain other ISCs show much higher
sensitivity to such type of disruption. For example, Escherichia coli contain [Fe2S2] SoxR
protein, a transcription factor modulating the expression of soxRS gene. In intact E. coli,
2-min exposure to gaseous NO led to the formation of the DNICs together with a strong
decrease of the EPR signal of reduced SoxR protein. The loss of signal was attributed to
the degradation of its active [Fe2S2] ICS. The same sensitivity to NO was seen in isolated
SoxR protein [15]. Other ISPs like aconitase, ferrochelatase, endonuclease III or Chromatium
vinosum high-potential iron protein have shown a clear and quantitative correlation between
formation of DNIC and loss of ISC induced by exposure to NO [9,12,14,40]. For these
cases, the experimental results are compatible with a mechanism as shown in Scheme 1.
Details are discussed in Chapter 6. The above body of data can be summarized by noting that
various ISCs show widely different susceptibility to degradation induced by NO exposure.
Certain ISCs are very sensitive and easily disrupted by the formation of DNIC. For these
ISCs, the disruption is plausibly explained by the mechanism of Scheme 1. The ISCs from the
respiratory chain are very different in that they are robust against even high levels of NO. For
these respiratory ISCs, the reaction shown in Scheme 1 seems irrelevant. Thus, the question
arises which mechanism can degrade the ISC in the proteins of the mitochondrial chain?
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Fig. 7. Changes of EPR spectra of reduced adrenodoxin (Adr) induced by nitrite treatment: (curve a) initial
Adr preparation reduced by dithionite, (curve b) Adr treated by freezing–thawing in the presence of 2 mM
guanidine-HCl followed by the addition of nitrite + dithionite under anaerobic conditions. (curve c) sample
(b) after air exposure. Receiver gain for (a) is two times as high as that for (b) and (c). Recordings were made
at 77 K [42].

As a model, we investigated the reaction between NO and [Fe2S2] ISC of Adr isolated
from bovine adrenal glands. In vertebrates, Adr is a well-characterized [Fe2S2] ferredoxin.
Adr mediates the electron transfer from NADPH via the Adr-reductase flavoenzyme to the
cytochrome P450 of the respirational chain [41]. Adr has a [Fe2S2] ICS as presented in
Scheme 1. In the reduced state, the [Fe2S2] cluster of Adr contains a ferric and a ferrous
iron with antiferromagnetic coupling of the electronic spins to yield a total spin S = 1/2.
This reduced binuclear cluster is easily observed with EPR and appears usually as an axially
symmetric spectrum with main intensity at g⊥ = 1.938 and g‖ = 2.022 [18,19] (Fig. 7, top).

Our first experiments date back to the 1970s, where reduced 0.2 mM Adr [42] demonstrated
that the spectral shape and intensity at g = 1.94 remained unaffected by repeated cycles of
freezing–thawing and by the addition of the NO, producing a mixture of nitrite and dithionite.
These experiments showed directly that NO alone did not induce significant loss of ICS in
Adr (Fig. 7). Similarly, the combination of nitrite (0.25 mM) and dithionite failed to affect
the EPR spectrum of reduced Adr after pre-incubation with protein denaturant guanidine-HCl
(0.4 mM) at anaerobic conditions for 3–5 min. However, loss of ISC could be induced by
freezing–thawing the solution with reduced Adr and guanidine-HCl prior to the addition of
nitrite + dithionite. Under anaerobic conditions, EPR showed the formation of a mixture
of two types of paramagnetic DNIC with {3d7} and {3d9} configurations (Fig. 7). These
two redox states are easily distinguished from differences in line position and lineshape
(cf Chapter 2). The EPR absorption by the ISC of Adr at g = 1.94 disappeared completely.
Upon exposure to ambient air, all {3d9} DNICs were oxidized to {3d7} and only the 2.03
signal remained (Fig. 7). Double integration of the EPR spectrum showed that the total spin
density from both DNIC species accounted for ca 80% of the spin density of the binuclear
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1.94 signal. Therefore, the total iron content of the DNIC amounts to ca 40% of the iron
originally in the [Fe2S2] clusters of Adr.

Thus, the formation of DNIC in these experiments was only initiated after degradation of
this center by another mechanism. We propose that Adr is degraded according to Scheme 2.
The mechanism involves loss of the bridging inorganic sulfur atoms (S∗) from the iron.
Throughout the degradation the iron remains bound to protein thiol groups and the subsequent
DNIC appears protein bound as well.

L S− −S NO L S−

Fe2+ Fe3+ denaturation Fe2+ Fe3+ +NO → Fe2+ Fe3+

−S S∗ S− −S L L S− −S NO L S−

−S S∗ S− −S L

Scheme 2. Proposed mechanism of DNIC formation in denaturated adrenodoxin (Adr) [42].

More recent experiments [21,22] on Adr were consistent with the earlier data [42]. The
NO gas used in these latest experiments was purified by the method of low-temperature
sublimation in an evacuated system [43] and good care was taken to remove even traces of
the nitrogen dioxide radical (this oxidant species rapidly accumulates in NO gas, especially
at higher pressures, cf Chapter 2). As shown in Fig. 8 [21], the addition of freshly prepared
and purified gaseous NO to 0.2 mM pre-reduced solution of Adr resulted in the appearance
of a weak DNIC absorption in the EPR spectrum of the solution. However, the amount of
DNIC (2 µM) calculated from the signal was much less than the loss of ca 40 µM ISC as
observed at g = 1.94.

The exposure to NO also led to the formation of ferrous heme-nitrosyl complexes from
heme–protein admixture in Adr preparation as shown by the broad EPR signal in the g-factor
range 2.07–1.98 at this treatment (Fig. 8). These results confirm that formation of DNIC and
loss of ISC are quite independent processes in Adr.

The degradation of ISC and the formation of DNICs in the presence of NO was sharply
accelerated by the addition of 1.8 mM Fe2+-citrate complex to the solutions (Fig. 8,
recordings were made at 77 K). The yield of DNICs reached a maximum concentration
of 0.3 ± 0.1 mM. This value was already reached at 2–3 min after the addition of iron,
and was accompanied with practically complete degradation of the ISC of Adr. Subsequent
treatment of the solution with dithionite resulted in a decrease of the intensity of the 2.03
signal and the formation of a new paramagnetic complex with g⊥ = 2.01 and g‖ = 1.97
(Fig. 8). As was mentioned above, this signal was due to reduced form of DNICs with elec-
tron configuration {3d9} (cf Chapter 2). The reduction with dithionite did not restore the
EPR signal from reduced Adr, thereby showing that the ISC had disintegrated rather than
oxidized to diamagnetic state. No effect of Fe2+-citrate complex on the ISC in Adr was
observed.

When increasing the measurement temperature from 77 K to room temperature, the shape
of the DNIC EPR signal did not change [21] (Fig. 9). This indicated unequivocally that
the complexes remained bound to the protein globule: its low mobility was not sufficient
to average the g-factor and hyperfine structure (HFS) anisotropy. However, when 5 mM



Fig. 8. EPR spectra from a 0.2 mM solution of adrenodoxin (Adr), treated with dithionite (curve a) followed
with NO (curve b) or with 56Fe2+ (1.8 mM) + NO (curve c). (curve d) Treatment of preparation (c) with
dithionite. Recordings were made at 77 K. To the right of the spectra, the relative amplifications of the signals
are indicated. δ is the width of the signal at half amplitude. Reproduced with permission, from Ref. [21]
© the Biochemical Society.

Fig. 9. EPR spectra from 0.2 mM adrenodoxin (Adr) treated with 56Fe2+ (1.8 mM) + NO (curve a) followed
by thiosulfate (curves b,c). Recordings were made at 77 K, microwave power 20 mW and modulation amplitude
0.5 mT (curves a,b) and 0.01 mT (curve c). To the right of the spectra, relative amplifications of the signals
are shown. Reproduced with permission, from Ref. [21] © the Biochemical Society.
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thiosulfate was added to the solution, a narrow isotropic signal at g = 2.03 appeared that
was accompanied by a decline in the EPR signal from protein-bound DNIC (Fig. 9).

This was due to the transfer of Fe+(NO+)2 moieties from the latter to thiosulfate ions,
resulting in the formation of thiosulfate–DNIC of low molecular weight. The mobility of
these complexes at ambient temperature was high enough to average the aforementioned
anisotropy. Reducing the amplitude of the field modulation from 0.5 to 0.01 mT led to the
appearance of a quintet HFS originated from two 14N atoms in NO+ ligands (see Chapter 2).

Similar results were obtained in the experiments with Adr in oxidized state [2]. The con-
tact of this protein (0.2 mM) with gaseous NO (at the pressure of 100 mmHg) did not result
in the degradation of ISC in Adr. Subsequent reduction with dithionite showed the pres-
ence of the same quantity of intact ISC at g = 1.94 as in preparations not exposed to NO
(Fig. 10). The experimental spectra show some residual broad EPR absorption in the g-factor
range 2.07–1.98 from heme-nitrosyl complexes as well as a small EPR signal from DNIC.
The intensities of these signals did not exceed 10 and 1 µM, respectively. All indicates that
the ISC of Adr is very robust towards NO alone.

The situation changes completely in the presence of exogenous iron: The DNIC formation
in this preparation increased the amount of the complexes of 0.2–0.3 mM when 1.8 mM
ferrous iron was added to the solution prior to the NO treatment (Fig. 10). Concomitantly, all

Fig. 10. EPR spectra at 77 K from 0.2 mM oxidized adrenodoxin (Adr) treated with dithionite,
NO + dithionite, Fe2+ (1.8 mM) + NO, or Fe2+ (1.8 mM) + NO + dithionite. Amplification factors are
shown on the right side. (From Ref. [22].)
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Fig. 11. EPR spectra at room temperature from 0.2 mM oxidized adrenodoxin (Adr) treated with FeSO4.
Amplification factors are shown on the right side. (From Ref. [22].)

ISCs in Adr were destroyed. The DNIC was protein bound, because the EPR lineshape
remained unchanged when the temperature was raised from 77 K to ambient (Fig. 11, curve a).
The treatment of protein-bound DNIC with dithionite resulted in a sharp decrease of the EPR
signal of {3d7}-DNIC and new EPR absorption with g⊥ = 2.01 and g‖ = 1.97 from {3d9}-
DNIC (Fig. 11, curve b). The effect of dithionite treatment was reversible: exposure to air
restored the signal from {3d7}-DNIC (Fig. 11, curve c). However, experiments at room
temperature show that the population of {3d7}-DNIC was a mixture of protein-bound DNIC
and low-weight DNIC. The registration of the narrow symmetric EPR signal at g = 2.03
overlapping the anisotropic signal from protein-bound DNIC was due to the formation of
low-molecular DNIC with thiosulfate ligands originating from the dithionite.

The strong effect of ferrous iron could be explained by the formation of low-molecular
DNICs from the exogenous iron and NO with subsequent action of these DNICs on the
[Fe2S2] ICS of Adr. Our experiments suggest that the degradation of ICSs proceed via a
mechanism involving a DNIC of low molecular weight (Scheme 3).

The reaction consumes two low-molecular DNICs and a single ISC and results in the
formation of two protein-bound DNICs and the release of endogenous ∗Fe iron and inorganic
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S∗ S−−S −S NO+

−S NO+

*Fe2+ *Fe3+
+  2{(L−)2 Fe+(NO+)2} → 2 Fe+ +   ∗Fe2S2

∗ + 4L−

−S S∗ S−

Scheme 3. Degradation of reduced ISC induced by the action of DNIC with low-molecular weight [21].
L− is a small anionic ligand, for example thiosulfate or cysteine.

sulfur S∗ atoms. At sufficient levels of L− and NO, the released iron can again form new low-
molecular DNICs, and attack the next ISC. In this way, the DNIC of low molecular weight acts
as a catalyst for the denaturation of the ISC in Adr. Fig. 10 suggests that Scheme 3 is applicable
to oxidized Adr as well. Possibly, it could apply to tetranuclear [Fe4S4] clusters also.

The validity of Scheme 3 was supported by many experimental observations: First, in the
absence of NO gas, the addition of 1.8 mM phosphate-DNIC to reduced Adr (0.2 mM) led
to full degradation of ISC as observed at g = 1.94. EPR demonstrated the complete transfer
of the DNIC moiety from low to high molecular weight. Second, the addition of 0.3 mM
57Fe (nuclear spin I = 1/2) instead of abundant 56Fe (I = 0) to reduced Adr solution in
the presence of NO led to a DNIC spectrum with significant isotopic broadening of the g⊥
component due to HFS from 57Fe (for details of this isotopic broadening cf Chapter 2). With
2.1 mT, the width at half amplitude (δ) of the g⊥ component of the 57Fe-DNIC is more than
that of 56Fe-DNIC with 1.6 mT (Figs. 8 and 11).

The linewidth proves that the DNIC had predominantly formed from the exogenous iron
rather than the endogenous unlabeled iron in the ISC. The isotopic ratio could be shifted by
subsequent exposure to gaseous NO: 56Fe-DNIC from the endogenous iron pool began to
dominate when the preparation was subsequently treated with NO and dithionite. This was
clearly reflected in the sharpening of the DNIC spectrum at g = 2.03 (Fig. 12). The change
in lineshape proves that the mechanism of DNIC formation and ISC degradation involves a
mixing of the endogenous (57Fe) and exogenous (56Fe) iron pools. The increase of the latter
in the DNIC composition can point to auto-catalytical mechanism of DNIC formation and
ISC degradation.

The relative contributions of exogenous (57Fe) and endogenous (56Fe) iron were inves-
tigated by adding an excess quantity of thiosulfate (5 mM) to the preparation resulting in
the formation of low-molecular DNIC with thiosulfate (Fig. 9). The kinetics of the process
could be monitored with EPR on a timescale of minutes at ambient temperature. The EPR
spectra of thiosulfate–DNIC are sensitive to the isotopic labeling with 57Fe. At low ampli-
tude of the field modulation (0.01 mT), the isotropic DNIC-thiosulfate spectrum has resolved
quintet HFS with nitrogens of the nitrosyl ligands and additional doublet HFS from 57Fe
(I = 1/2) (Fig. 13). As expected, the EPR spectra of mixtures of 57Fe and 56Fe isotopes
show a complicated HFS pattern (Fig. 13).

A similar complicated HFS pattern was recorded for the solution of pre-reduced Adr
(0.2 mM) following the addition of NO and an equimolar mixture of 57Fe- and 56Fe-citrate
(0.2 mM), with 5 mM thiosulfate added 5 min later (Fig. 14, curve a). The intensity of the
EPR signal increased and the HFS pattern changed when this preparation was additively
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treated with NO and dithionite (Fig. 14, curve b, right side). The spectrum could be well
simulated with a 1.5:1 mixture of 56Fe-DNIC and 57Fe-DNIC (Fig. 14, curve b, left side).

The enrichment of DNIC with 56Fe proves that endogenous iron from ISC began to make
contribution to the formation of DNIC-thiosulfate. This conclusion is supported by exposing
reduced Adr with NO and exogenous 57Fe (0.3 mM) without 56Fe. It results in the formation of
thiosulfate-ligated DNIC with isotopic ratio 56Fe:57Fe = 0.44:1 (Fig. 14, curve c). Subsequent
exposure to gaseous NO and dithionite increased the ratio to 0.75:1 (Fig. 14, curve d).

The above data can be summarized as follows: The degradation of the [Fe2S2] cluster in
Adr and formation of DNIC cannot be achieved by free NO molecules alone. In particular,
the mechanism of Scheme 1 is not valid for Adr. In vitro, we found that this ferredoxin
was very susceptible to degradation by the action of low-molecular DNICs independently
from reduced or oxidized state of ISC Adr. This action is rapid and significant already at low
DNIC concentrations. Such small quantities of DNIC will form spontaneously in any solution
containing small anionic ligands, NO and spurious quantities of free or loosely bound iron.
Thiols are known to be particularly effective ligands for the formation of DNIC. We note that
all three ingredients are readily available in actual biological systems. Therefore, it seems
plausible that the attack of low-molecular DNIC on binuclear ISC be relevant for in vivo
conditions as well. We propose that the attack of low-molecular DNIC on [Fe2S2] of Adr
proceed according to Scheme 3. This reaction mechanism forms apo-ISP-bound DNIC.

We have seen above that certain classes of proteins do not show functional correlation
between ISC degradation and formation of DNIC. In particular, breakup of the ISC was

Fig. 12. EPR spectra at 77 K from 0.2 mM reduced adrenodoxin (Adr) (curve a); addition of 57Fe2+
(0.3 mM) + NO to the preparation (a) (curve b); addition of dithionite to preparation (b) (curve c). Amplifica-
tion factors are shown on the right. δ is the width of the signal at half amplitude. Reproduced with permission,
from Ref. [21] © the Biochemical Society.
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not initiated by NO exposure alone. For these NO-resistant proteins, the degradation was
achieved by the action of low-molecular DNIC. It is not to be excluded that certain ISCs
are resistant to small DNIC as well. For example, geometrical constraints may leave ISC
inaccessible to low-molecular DNIC. The latter are small but certainly bulky in comparison
with the highly mobile NO radical. Blocked access could potentially protect the active centers
of ISPs buried in lipid compartments, for example in the mitochondrial electron transport
chain.

It seems tempting to attribute all protein-bound DNIC in cells and tissues as originating
from the degradation of ISCs via Scheme 3. However, in vitro studies have shown that
low-molecular DNIC may readily transfer their Fe(NO+)2 moiety to other thiol groups on
the protein, i.e. to thiols not at all involved in the ISC. We are convinced that a significant
fraction of protein-bound DNIC is anchored to such non-ISC thiols. It is even conceivable
that the majority of protein-bound DNICs be anchored on non-ISC thiols. The presence of
various cellular compartments with different polarity and dielectric properties complicates
the in vivo situation even further. Although the elucidation of these problems needs further
investigations, it is already clear that Scheme 1 cannot be taken as a paradigm for the
degradation of all types of ISCs, and that the ISC of Adr and the respiratory chain form a
different class. In vitro experiments with Adr have demonstrated that the presence of small
DNIC complexes promotes catalytic breakup of ISC under concomitant formation of DNIC,
as well as exchange between the iron pools of ISC an DNIC. The efficiency of this catalytic
reaction suggests that it may have physiological relevance for biological systems.

Fig. 13. EPR spectra from the solutions of DNIC with thiosulfate containing 57Fe (upper trace), 56Fe (middle
trace) or an equimolar mixture of 57Fe and 56Fe (lower trace). Recordings were made at ambient temperature,
microwave power 20 mW and modulation amplitude 0.01 mT. Reproduced with permission, from Ref. [21]
© the Biochemical Society.
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Fig. 14. Right-hand panel: (curve a) EPR spectra from 0.2 mM reduced adrenodoxin (Adr) treated with 56Fe2+
(0.2 mM) and 57Fe2+ (0.2 mM) followed by 5 mM thiosulfate. (Curve b) addition of dithionite and additional
NO to sample (a). (Curve c) EPR spectrum from 0.2 mM reduced Adr treated with 57Fe2+ (0.3 mM) + NO
followed with subsequent thiosulfate (5 mM) treatment. (Curve d) addition of dithionite and additional NO to
sample (c). (Curve e) EPR spectra from 0.2 mM reduced Adr treated with 56Fe2+ (0.3 mM) + NO followed by
subsequent thiosulfate (5 mM) treatment. Recordings were made at ambient temperature, microwave power
20 mW and modulation amplitude 0.01 mT. Reproduced with permission, from Ref. [21] © the Biochemical
Society.
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CHAPTER 6

Products of the reaction of cytosolic and
mitochondrial aconitases with nitric oxide
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Aconitases are enzymes that catalyze the stereospecific isomerization of citrate to isocitrate
in the tricarboxylic cycle [1]. They are iron–sulfur proteins that contain [4Fe 4S] clusters.
In most Fe–S proteins, the cluster is involved in electron transfer without itself undergoing
significant structural changes [2,3]. Aconitases, however, are unique in that their Fe–S cluster
directly interacts with its substrate [4,5]. Mammalian tissues encode two different aconitases,
mitochondrial, m-acon and cytosolic, c-acon. Cytosolic aconitase is a bifunctional protein,
which upon the loss of its Fe–S cluster is converted from an enzyme to iron-regulatory
protein-1 (IRP1) [4,6,7]. This may occur when the intracellular concentration of iron drops
to suboptimal levels. Therefore, the structural integrity of the Fe–S cluster is crucial for
understanding the physiological role of aconitases. Interest in aconitases greatly increased
after it was recognized that these enzymes play an important role in apoptosis [8] and in
addition, that nitric oxide (NO) plays a critical role in the interconversion of c-acon and
IRP1 [9]. It is, therefore, not surprising that intensive research efforts were made concerning
the action of the catalytic cluster and the mechanisms by which this cluster could be modified
or disrupted.

The geometrical structure of the 4Fe cluster in aconitases is that of a distorted cube with
alternating Fe and S atoms at its corners. This structure is typical of the cubane type [4Fe 4S]
cluster found in a wide range of different proteins [2,3]. In most cubane clusters, the iron
atoms are ligated to cysteine thiolates. Aconitases are unusual in that one of the iron atoms,
Fea, is coordinated to a hydroxyl group in the absence of substrate. During catalysis, the coor-
dination of Fea changes from tetrahedral to octahedral when substrate and water are bound
[4]. Another important feature of the aconitase cluster is the ease with which Fea is lost upon
oxidation, resulting in inactivation of the enzyme and formation of a [3Fe 4S] cluster. This
arrangement illustrates how the enzymatic activity of aconitase is directly related to the struc-
tural geometry of the cluster. The reader interested in more detail on the reaction and the use
of electron paramagnetic resonance (EPR) and electron nuclear double resonance (ENDOR)



140 M.C. Kennedy et al.

spectroscopy in the exploration of the mechanisms involved in the functioning of the enzyme
may consult the Refs. [2,4,5,10].

There are contradictory reports in the existing literature concerning the reaction of NO
with the enzyme aconitase [11–14]. While together at the National Biomedical EPR Center
at Milwaukee, the authors decided to seize the opportunity and combine their experience
with the enzyme aconitase and EPR, respectively, to determine the sensitivity of aconitase
toward NO [14]. As expected, the result was that the active forms of both m-acon and c-acon
readily form dinitrosyl-iron complexes (DNICs) containing protein cysteinyl ligands and are
thus inactivated. The finding that under some conditions m-acon can also form an analogous
dinitrosyl-iron-histidyl complex with NO was unexpected.

In order to pin down the reasons for the contradictory results found in the literature, we
will consider in detail the properties of all the reagents and procedures used in the relevant
experiments. The most important ingredient is, of course, the protein aconitase. Preparations
having “aconitase activity” have been commercially available from Sigma Chemical Com-
pany for many years. Out of interest, we acquired a sample of this material that was most
likely quite similar to the Sigma aconitase used by other authors. On analysis, we found
extremely low enzyme activity in the sample we had received, even after subjecting it to
the same activation procedure routinely used with aconitase prepared in our laboratory [15].
Furthermore, the low-temperature EPR spectrum indicated very minor amounts of aconitase
present in relation to the high protein content of the commercial sample. In addition, the light
absorption spectrum showed features typical of heme compounds, as was also shown in the
article by Castro et al. [11], in which no sensitivity of “aconitase” toward NO was found.
It is most likely that in such samples NO reacts with the large amounts of heme compounds
and other impurities present, such that any aconitase would have been spared.

Another possible source of irreproducibility concerned the mode of addition of NO. We
found that adding NO in a solution after gassing under anaerobic conditions is less repro-
ducible than evolving NO from compounds referred to as NONOates and monitoring the
NO content with a specific NO electrode. Addition of substrate delayed the decomposition
of aconitase to some extent, but did not prevent reaction of the enzyme with NO. We did,
however, find that as little as 10 mM citrate had an influence on the rate of decomposition
of the NONOate, which was an unexpected complication.

Although the native [4Fe 4S]2+ clusters found in active aconitases are in the S = 0,
EPR-silent state, the oxidative loss of Fea from their clusters leads to inactivation with the
formation of [3Fe 4S]1+ clusters which can be observed by EPR at temperatures below
30 K at g ≈ 2.02 [16]. In contrast, the EPR signals for the DNIC complexes formed upon
addition of NO to the enzyme can be observed at all temperatures. Thus, in order to obtain
maximal information from the reaction of the various forms of aconitase and NO, the products
of the reaction were monitored by EPR at room (RT) and at low temperatures, i.e. 77 K
and < 20 K, which allowed us to decide whether the DNIC signals observed originated
from a macromolecular (protein bound) source or from a rapidly tumbling species of low
molecular weight. Consideration was also given to the various species of DNIC which might
be formed and to their electronic states such as the d9 state obtained on reduction of the EPR
detectable d7 species as well as the other oxidation states, d6 or d8, which are not detected
by EPR. Mössbauer spectroscopy would be a suitable method for recognizing these latter
species.
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Fig. 1. EPR spectra of the d7 and d9 forms of DNI-acon. (Upper curve) EPR spectrum of product formed
upon the anaerobic incubation of 120 µM [4Fe 4S]2+ active m-acon with 8.3 mM spermine NONOate,
pH 6.5, at 23◦C for 30 min (no enzyme activity remaining). (Lower curve) EPR spectrum of (a) following
the addition of excess dithionite. Conditions of spectroscopy: microwave power and frequency, 0.1 mW and
9.229 GHz; modulation amplitude and frequency, 0.5 mT and 100 kHz; time constant, 0.128 s; scanning time,
20 mT/min; temperature, 15 K.

We shall, in the following, present some illustrations from the experiments that convinced
us that both m-acon and c-acon are inactivated by NO through the formation of DNIC
complexes. The only EPR signal observed at RT or 77 K upon the bolus injection of a
solution of NO at pH 7.5 to active [4Fe 4S]2+ m-acon is that of the d7 DNIC form at
g ≈ 2.04 (Fig. 1). This same signal is observed at pH 6.5 when the NO source is a NONOate
solution. These samples, upon reduction with dithionite, yield the d9 species which upon
analysis by EPR gives a spectrum with a signal at g ≈ 2.006 (Fig. 1). When examined at
temperatures below 15 K, the spectrum of these samples is a composite of the g ≈ 2.02 DNIC
and g ≈ 2.04 [3Fe 4S]1+ signals. Quantitation of these signals does not correlate with loss
of activity nor does formation of [3Fe 4S]1+ aconitase parallel loss of activity (Fig. 2). This
may indicate the presence of EPR-silent d6 or d8 DNIC species or further disassembly of
the Fe S cluster. Results similar to those obtained for active m-acon were also observed for
c-acon. A notable difference was that a higher ratio of NO to enzyme was needed to obtain
a similar loss of activity of c-acon and also that a transient EPR signal, tentatively assigned
to a thiyl radical was seen on occasion.

The reaction of NO with inactive [3Fe 4S]1+ m-acon yields spectra at RT and 77 K that
exhibited a signal not found in experiments with the active [4Fe 4S]2+ form. This signal
appeared early in the reaction and disappeared with time. As shown in Fig. 3, subtraction
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Fig. 2. Time course of inactivation of m-acon and formation of DNI-acon in the presence of spermine
NONOate. Spermine NONOate, final concentration 4.5 mM, was added anaerobically to a solution of 200 µM
[4Fe 4S]2+ m-acon in 0.1 M MES at pH 6.6 and at 23◦C. (A) Continuous monitoring of the EPR signal at
g = 2.04 was made using a flat cell at a microwave power of 100 mW and at a modulation amplitude and
frequency of 0.5 mT and 100 kHz. (B) Activity measurements of the same sample as in (A) were performed
simultaneously as described in Kennedy et al. [15].

of the g ≈ 2.04 signal obtained at 75 min at RT from the spectrum of the earlier sample at
15 min yields a new signal with g′

x = 2.050, g′
y = 2.032 and g′

z = 2.004. Similar samples
examined at 77 K gave identical results. Characteristics of the EPR spectra suggested that
the signal might be due to a histidyl-iron-nitrosyl complex which had been observed by
others [17]. The spectrum of a solution containing Fe2+, imidazole and NONOate shown in
Fig. 4, curve A, exhibited a mixture of two signals which was converted to a single species
upon addition of dithionite to the solution (Fig. 4, curve B). Subtraction of the signal of
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Fig. 3. EPR spectra obtained at 23◦C, during the reaction of [3Fe 4S]2+ m-acon and spermine NONOate.
Spectrum (curve A) is the scan at 15 min and spectrum (curve B) is the scan at 75 min of a mixture of 95 µM
[3Fe 4S]1+ m-acon with 2.6 mM spermine NONOate. Conditions of spectroscopy as in Fig. 2.

Fig. 4. EPR spectra of the d7 and d9 forms of the dinitrosyl-iron-imidazole complex. A spectrum of a solution
prepared anaerobically in 0.1 M HEPES, pH 7.5, containing 10 mM imidazole, 0.5 mM ferrous ammonium
sulfate and 5.0 mM diethylamine NONOate and incubated 30 min at room temperature. (curve B) Spectrum
of sample as in (curve A) to which an excess of dithionite has been added. (Curve A − B) is the difference
spectrum of (curve A) and (curve B). The conditions of spectroscopy are as described in the legend of Fig. 1
except that the microwave frequency is 9.090 GHz and microwave power 2 mW.
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Fig. 5. Optical spectra of [3Fe 4S] and [4Fe 4S] m-acon and 4Fe m-acon inactivated by spermine
NONOate. The concentrations of 3Fe and 4Fe m-acon were 30 µM. The spectrum of 4Fe + NO was normal-
ized to the absorbance at 280 nm of the 3Fe and 4Fe forms. All spectra were run against a buffer blank of
0.1 M HEPES, pH 7.5.

the reduced sample (curve B) from the original spectrum (curve A) gives the signal of the
d7 imidazole complex with g values of 2.050 and 2.17. The transient signal observed in
the reaction of 3Fe m-acon and NO, Fig. 3, (curve A − B), most closely resembles that
of the d9 state of the imidazole complex, with g values of 2.032 and 2.004. Thus, it was
concluded that the new signal formed in this reaction is most likely due to d7 and d9 forms
of a histidyl-nitrosyl-acon complex. Reaction of NO with 3Fe c-acon did not reveal species
other than g ≈ 2.04 DNI-acon. Changes in the optical spectra of both the 3Fe and 4Fe
forms of aconitase upon addition of NO are shown in Fig. 5. The optical spectrum of the
product formed is identical for each, which upon analysis by EPR gave evidence for only
the g ≈ 2.04 species present.

The data presented above leave no doubt that the Fe S clusters of mammalian aconitases
are attacked by NO leading to the formation of dinitrosyl-iron complexes.
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CHAPTER 7
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INTRODUCTION

As a rule, the loss of iron–sulfur (FeS) clusters is very damaging to the function of FeS pro-
teins. Nitric oxide (NO) radicals provide a prominent pathway for disruption of iron–sulfur
clusters, and lead to the formation of dinitrosyl-iron complexes (DNICs). The spectroscopic
properties of such DNIC motifs are discussed in Chapter 2, and the formation of protein-
bound DNIC is the subject of Chapters 4–6. Usually, the transformation of FeS clusters
to DNICs is highly disruptive. However, in the case of the SoxR protein, this transforma-
tion converts the protein into a potent activator of gene transcription. SoxR is a homodimer
protein containing a pair of [2Fe 2S] clusters, and it becomes activated when cells are
exposed to superoxide or NO. Activation of this protein stimulates the transcription of the
soxS gene as a first step in a cascade to activate regulon promoters. The activity of SoxR
is regulated through the state of its [2Fe 2S] clusters. Two distinct regulatory mechanisms
have been recognized: First, regulation via the redox state since the protein is transcrip-
tionally active only in oxidized state. Second, via the reversible assembly–disassembly of
the [2Fe 2S] clusters. Interestingly, the reconstruction of the clusters seems to be a tightly
controlled process in living cells: Although the DNICs formed in purified SoxR by treat-
ment with pure NO gas are quite stable in vitro, the SoxR DNICs formed in intact cells are
very rapidly replaced by normal reduced [2Fe 2S] centers, with a consequent deactivation
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of SoxR. This rapid turnover is not exclusive to SoxR. DNICs formed in ferredoxin are also
rapidly turned over and replaced by unmodified metal centers. In vitro, this turnover can
be mimicked by treatment with l-cysteine (which non-enzymatically removes the DNICs)
and the IscS cysteine desulfurase, which supplies inorganic sulfide for reconstructing the
[2Fe–2S] centers. The active repair of DNICs appears to be a general process that helps
counteract the toxicity of NO exposure. The reversibility of the transformation FeS ↔ DNIC
also makes it well suited to a role in signal transduction.

Reactive molecules are generated routinely in biological systems, both actively as cellu-
lar products with defined roles, and inadvertently as the hazardous by-products of normal
metabolism. Oxygen radicals are endogenously formed in both ways [1]: they are the unavoid-
able by-products of aerobic metabolism, through autooxidation reactions of electron transport
components and other cellular molecules; oxygen radicals are also generated actively in
large amounts during the inflammatory response of immune cells such as macrophages and
neutrophils. Oxygen radicals actively produced at lower levels are involved in signaling path-
ways, for example in response to some growth factors [2]. Another physiological example is
NO, which at high levels contributes to the cytotoxic action of activated macrophages [3],
but at much lower levels is employed for intercellular signaling and perhaps other regulatory
purposes [4,5]. NO is also a metabolic intermediate for denitrifying bacteria; disruption of
regulation in this process can cause large amounts of the NO intermediate to accumulate,
in some circumstances enough to inhibit the growth of the NO-generating bacteria or their
neighbors [6].

Radical species cause broad cellular damage. Superoxide (O•−
2 ), the primary product of

autooxidation reactions and of the NADPH-consuming oxidases, reacts directly with only
a few types of molecules, notably protein FeS centers [7]. Such reactions often inactivate
enzymes. Aconitases [8] are a well-studied example, and have been discussed in Chapter 6.
Superoxide is rapidly converted to H2O2 by superoxide dismutase (SOD); H2O2 can then
react with reduced transition metals such as iron or copper to generate hydroxyl radical,
which can damage all classes of macromolecules [7]. NO also reacts with FeS centers [9,10],
as well as with heme [11], in both cases often leading to protein inactivation. Additional
NO-dependent damage in cells derives from downstream reaction products of NO with O2,
O•−

2 or thiols [12]. The resulting reactive species can damage DNA, proteins, or membranes.
Thus, all the major cellular components are at risk for damage from free radicals.

In the face of this threat, complex cellular systems have evolved to offset the toxic threat
of oxidative or NO damage [13,14]. SOD and catalase remove O•−

2 and H2O2, respectively,
while small compounds such as glutathione and α-tocopherol neutralize radicals. Protein FeS
centers are repaired or replaced [15], and DNA lesions are corrected by complex enzymatic
systems [16]. Collectively, these defenses offset the threat of mutations or cell death that
could result from the accumulation of free radical damage.

Another level of protection comes from the regulated expression of cellular defense sys-
tems [17]. The response to oxidative stress coordinates the regulation of numerous genes
and proteins to reduce the formation of radicals, neutralize them more effectively, protect
macromolecules from damage, and repair lesions when they do occur [13]. For the systems
in which the biochemistry of signal transduction has been clarified, it is often the case that
the triggering reaction (e.g. oxidation or nitrosylation of FeS centers) is one that usually
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inactivates protein function. In the oxidative stress sensors, these damaging reactions have
been exploited for purposes of signaling [18].

In this chapter, we will concentrate on a particular type of radical signaling by NO, namely
the transformation of the FeS centers in SoxR to protein-bound DNICs. Such transformations
have been detected in many different iron–sulfur proteins and usually inhibit the enzymatic
activity of the affected protein. SoxR is unusual in this respect as the transformation activates
the enzyme. This property is crucial for the role of SoxR as an oxidative stress regulator [19].
In this protein, the reversible formation of DNIC provides an important mechanism for
intracellular signaling.

DNICS AND NITRIC OXIDE TOXICITY

The first indication for the NO-mediated modification of FeS proteins in vivo came from
electron paramagnetic resonance (EPR) spectroscopy studies of Clostridium botulinum [20].
Cultured C. botulinum cells show a prominent EPR absorption near gav = 1.94 from intact
FeS proteins. Upon exposure to the combination of sodium nitrite and a reductant such as
ascorbate, the EPR signal at gav = 1.94 was lost and replaced with a new signal at gav = 2.04.
The g-factor and lineshape indicated that the FeS clusters were converted to protein-bound
DNIC. The conversion was caused by the NO radicals released by the reduction of nitrite.
The same EPR signal at gav = 2.04 was later observed in lipopolysaccharide-activated
macrophages [21–24] and in cultured hepatocytes and macrophages treated with exogenous
NO [25]. More recently, Pieper et al. [26] reported that formation of protein-bound DNIC in
post-operative day-4 allografts. The formation of DNIC coincided with a decrease of intact
FeS clusters, and indicated that FeS proteins are the target of NO cytotoxicity in acute cardiac
allograft rejection. More details of this phenomenon can be found in Chapter 19 of this book.
Collectively, these studies confirm that pathophysiological levels of NO can transform FeS
clusters to protein-bound DNIC in cells and tissues.

In E. coli cells alone, thus far over 180 different FeS proteins have been identified [27].
To explore whether all these FeS proteins may be modified by NO in cells, we (H. Ding
laboratory) treated E. coli cells with NO using the Silastic tubing NO delivery system at a
rate of ∼50 nM NO per second, as described by Tannenbaum’s group [28]. This NO release
rate is comparable to that under pathophysiological conditions [28,29]. Cell extracts prepared
from the NO-treated E. coli cells were then fractionated using gel filtration chromatography
(Superdex 200). Each eluted fraction was then analyzed by EPR (Fig. 1A). The amplitude of
the EPR signal at gav = 2.04 of the protein-bound DNIC and the protein concentration in each
fraction were plotted together as a function of the fraction numbers (Fig. 1B). This analysis
showed that protein-bound DNICs were present in almost all eluted fractions, indicating that
the DNICs were distributed across a broad range of protein sizes in NO-treated E. coli cells.

SoxR AS A SENSOR OF OXIDATIVE STRESS OR NITRIC OXIDE

The SoxR protein is the master regulator of a response to oxidative stress triggered by redox-
cycling agents such as paraquat, which generate large amounts of O•−

2 in cells. SoxR itself
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Fig. 1. Diversity of DNIC proteins recovered from NO-treated E. coli. A cell extract from bacteria treated with
NO was fractionated by gel filtration chromatography. Individual fractions were analyzed by EPR spectroscopy
for the gav = 2.04 signal characteristic of DNIC [numbered traces shown in (Panel A)]. Panel B shows the
280-nm absorbance and EPR signal amplitude in the gel filtration column fractions.

appears to control only one promoter in E. coli, that of the soxS gene, which is positioned
head-to-head with the soxR gene in E. coli [30,31] and Salmonella [32]. The elevated
levels of SoxS protein resulting from SoxR activation stimulate expression of the many
genes of the E. coli soxRS defense system through specific binding of the target promot-
ers and recruitment of RNA polymerase [33]. The activation of the soxRS regulon genes
enhances bacterial resistance against redox-cycling agents such as paraquat (but not to sim-
ple oxidants such as H2O2), as well as to a broad range of antibiotics and to organic
solvents [17]. The oxidant resistance phenotype involves many functions, including some
with obvious antioxidant roles (e.g. SOD) or functions in cellular repair (e.g. the DNA
repair enzyme endonuclease IV). In contrast, the increased antibiotic resistance phenotype
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was quite unexpected [34]. This SoxR-mediated resistance against antibiotics and organic
solvents involved the upregulation of the efflux pumps in the inner membrane [35] and
modified the expression of porins in the outer membrane [36]. These effects show that the
range of metabolic and biochemical functions affected by the soxRS system is very broad,
and suggests possible evolutionary origins of the system in response to various environmental
exposures [37].

The soxRS system was discovered and characterized initially by studies of the response
to redox-cycling agents, which generate increased levels of superoxide in the cell [38]. An
initial survey of various oxidative and other agents was consistent with a specific response to
O•−

2 or superoxide-generating agents [39], and even revealed a previously unsuspected potent
redox-cycling activity of a DNA-damaging carcinogen [40]. For various reasons, exposure
to NO (pure gas, delivered through gas-permeable tubing) caused significant activation of
soxRS [41]. Notably, this activation in response to NO was independent of oxygen, and
was even somewhat more efficient under anaerobic than aerobic conditions [41]. NO donors
such as “NONOate” were also able to activate SoxR in vivo [42]. Activation of the soxRS
system by NO improved the chance of survival of phagocytosed E. coli in activated murine
macrophages [41]. A direct measurement of soxS promoter activity in phagocytosed bacteria
indicated about 30-fold induction 8 h after their initial uptake by the macrophages. This
effect was dependent on a functional soxR gene and abrogated by incubation of the bacteria-
containing macrophages with the an NO synthase inhibitor [43]. In contrast, soxRS did not
contribute significantly to the survival of Salmonella in activated macrophages [44], although
it should be noted in this context that S. enterica has evolved to reside in the macrophage
phagosome, unlike E. coli.

The activation of SoxR by NO was somewhat surprising. Previous studies had established
that SoxR could be activated by one-electron oxidation of the protein’s [2Fe 2S] centers.
This redox activation had been monitored by EPR in intact bacteria, as well as with puri-
fied SoxR [45–49]. In vitro and in vivo studies indicated that the transcriptional activity was
dependent on intact [2Fe 2S] centers in the protein [50,51]. Against this background, it
seemed unlikely that NO could activate SoxR by formation of the FeS centers into DNICs.
However, a detailed study [52] showed that this was indeed the case: an EPR signal char-
acteristic of SoxR-bound DNIC was formed in intact E. coli treated with NO. The intensity
of this DNIC signal correlated perfectly with the transcriptional activation of SoxR. Further-
more, treatment of purified SoxR yielded a DNIC-containing protein that could be repurified
and which exhibited potent transcriptional activity [52]. An interesting observation during
these studies was the contrast between the stability of the SoxR DNIC in vitro, and its rapid
disappearance in vivo after termination of the NO exposure [52]. The experiments show that
cells actively promote this turnover.

REPAIR OF PROTEIN DNICs

To search for the cellular factors responsible for removing and replacing the protein-bound
DNIC, ferredoxin DNICs were prepared from either NO-treated E. coli or by treating ferre-
doxin [2Fe 2S] directly with NO in vitro [53]. EPR spectroscopy was used to measure
the ferredoxin DNIC [54]. When the ferredoxin DNIC (Fig. 2, trace a) was incubated
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Fig. 2. Effect of biological thiols on protein DNIC. A ferredoxin-DNIC sample (10 µM; trace a) was incubated
with no addition (trace b) or with 1 mM l-cysteine (Cys; trace c), 1 mM N -acetyl-l-cysteine (NAC; trace d)
or 1 mM glutathione (GSH; trace e) at 37◦C for 20 min, followed by EPR spectroscopy. Reproduced from
Rogers and Ding [53].

alone, the amplitude of the EPR signal at gav = 2.04 of the sample was not affected
(Fig. 2, trace b). However, when the ferredoxin DNIC was incubated with l-cysteine, the
gav = 2.04 EPR signal was completely eliminated (Fig. 2, trace c). Oxygen in solution
had little effect, as l-cysteine decomposed the protein-bound DNIC under both aerobic and
anaerobic conditions [53].

d-cysteine had the same effect as l-cysteine (data not shown), which indicates that the
redox properties of cysteine rather than its stereo configuration are critical for decomposing
the ferredoxin DNIC. However, the monothiols N -acetyl-l-cysteine and glutathione had no
effect (Fig. 2, traces d,e), which was also true of reduced thioredoxin (not shown). Thus,
cysteine seems to have unique activity in eliminating the DNIC EPR signal and perhaps the
protein-bound DNICs themselves.
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Fig. 3. Correlation of iron release and EPR intensity during incubation of ferredoxin DNIC with l-cysteine
at 37◦C. Reproduced from Rogers and Ding [53].

L-CYSTEINE RELEASES FERROUS IRON FROM THE PROTEIN-BOUND
DNIC

If cysteine decomposes the protein-bound DNIC, it is expected that “free” iron will be released
from the complex. To monitor the iron release, the iron indicator α, α-dipyridyl was added
to the samples during incubation of the ferredoxin DNIC with cysteine [55]. Very little iron
was released from the ferredoxin DNIC during incubation with α, α-dipyridyl alone, but
with the inclusion of l-cysteine, most of the iron originally contained in the ferredoxin was
released (Fig. 3).

IRON–SULFUR CLUSTERS CAN BE RE-ASSEMBLED TO REPLACE DNIC

To re-assemble the FeS clusters, recombinant cysteine desulfurase (IscS protein) was pre-
pared from E. coli [56]. IscS is a member of the recently identified FeS cluster assembly
machinery [57]. The enzyme catalyzes desulfurization of l-cysteine and provides sulfide for
the synthesis of FeS clusters [58]. When the ferredoxin DNIC (Fig. 4, trace a) was incubated
with l-cysteine and IscS, the observed UV–visible absorption spectrum was typical for the
ferredoxin [2Fe 2S] clusters, with two absorption peaks at 415 and 459 nm (Fig. 4, trace d).
The results clearly show that NO-generated ferredoxin DNIC can be repaired by the addition
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Fig. 4. Repair of ferredoxin DNIC in vitro. Formation of the repaired [2Fe 2S] centers was monitored by
UV–Visible absorption spectroscopy. NO-treated ferredoxin (trace a) was incubated with l-cysteine alone
(trace b), IscS alone (trace c), or both together (trace d); trace e is from undamaged [2Fe 2S] ferredoxin.
Reproduced from Yang et al. [56].

of l-cysteine and IscS in vitro. Of note, the FeS clusters of the protein are reconstructed
without the need for additional iron [56].

A similar process has also been observed for tetranuclear clusters in a protein in which
the FeS center appears to have a strictly structural role. Quite unexpectedly, the E. coli DNA
repair enzyme endonuclease III was found to contain a [4Fe 4S] center [59], providing the
first example of this type of metalloprotein among DNA repair enzymes. Homologous pro-
teins have since been identified in mammalian species, including humans [60]. The [4Fe 4S]
center in endonuclease III is resistant to oxidation and reduction [59], and structural stud-
ies indicate that the metal center instead helps position parts of the protein for substrate
recognition [61]. Despite its lack of redox or apparent catalytic activity, the endonuclease
III [4Fe 4S] center is susceptible to nitrosylation by NO [15]. FeS nitrosylation inacti-
vates the enzyme, as it does with many other proteins. However, similarly to ferredoxin,
intact [4Fe 4S] centers can be restored to the endonuclease III by incubation in vitro of the
DNIC-containing form with ferrous iron, l-cysteine and IscS, resulting in full recovery of
the enzymatic activity [15]. As is the case for SoxR, the endonuclease III DNICs are rapidly
removed in vivo and replaced by functional FeS centers, without the need for new protein
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synthesis [15]. Thus, mechanisms to reconstruct FeS clusters from protein DNIC seem to be
general.

NEW NITRIC OXIDE SIGNALING PATHWAYS VIA FeS CLUSTERS

The studies on the appearance and processing of DNICs upon NO exposure of SoxR and
ferredoxin demonstrate that this modification has the key properties necessary to act in a spe-
cific stress-signaling role. First, the modification (DNIC) is formed directly by the activating
agent (NO). Second, in SoxR the formation of DNIC is activating rather than inhibiting.
Third, the modification is rapidly reversible, so that the activity of SoxR and the downstream
genetic response can be finely modulated.

A new example of nitrosylation of an iron center in gene control was recently described.
The NorR protein governs a defensive response in enterobacteria that induces the synthesis of
flavorubredoxin and an associated flavoprotein that constitute an NO reductase activity, which
converts toxic NO to the less toxic N2O [62]. NorR activation appears to be rather specific
for NO, in contrast to SoxR (see below). A recent biochemical analysis demonstrated that
NorR contains a mononuclear iron center, and that exposure of the protein to NO generates
a nitrosylated form [63]. Most notably, the nitrosylation is reversible, which is a key feature
of such a regulatory system, as noted earlier. It will be of interest to determine how the
nitrosylation is reversed (passively or actively), and whether a similar mechanism is employed
in other regulatory scenarios.

A MODEL FOR SoxR ACTIVATION IN RESPONSE TO MULTIPLE SIGNALS

The observed activation of SoxR by diverse signals (oxidation, nitrosylation, iron removal)
has prompted efforts to understand the structural basis for signal transduction by this sensor.
Although a direct three-dimensional structure for SoxR has not been reported, related protein
structures are available to aid with the interpretation of mutational and other analyses [64].

The mechanism by which activated SoxR stimulates transcription of the soxS gene is
shared by the various members of the eponymous MerR regulatory family. The soxS pro-
moter has −10 and −35 elements that are close to consensus sequences, but these elements
are separated by a sub-optimal 19-bp spacing [65]. The majority of E. coli promoters depen-
dent on σ 70 RNA polymerase have 17 ± 1 bp spacing. In the soxS promoter, shortening
the −10/−35 spacing to 16−19 bp gives strong transcription in the absence of SoxR [65],
consistent with the spacing as the critical regulatory feature of this promoter. The MerR
target promoter has similar properties, and an unusual characteristic is that the inactive and
active forms of both MerR [66] and SoxR [48,50] bind their target promoters with approxi-
mately equal affinity. SoxR and MerR thus act allosterically, via structural transitions in the
protein–DNA complex.

Topological experiments with MerR suggested that transcriptional induction is accom-
plished by localized distortions mediated by the protein [67]. Data consistent with such a
mechanism for SoxR emerged from footprinting studies of the changes exerted by SoxR on
the soxS promoter [51].
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The foregoing focuses on changes at the DNA level, but these changes must be driven by
structural transitions in the protein in response to signals such as [2Fe 2S] oxidation. It was
noted earlier that deletions or insertions affecting the SoxR C-terminus led to a constitutively
active protein [68]. Analysis of single amino acid substitutions in constitutively active SoxR
proteins also showed a preference for alterations of the SoxR C-terminus [69]. This diversity
of activating changes suggested that the C-terminus might act to restrain SoxR transcriptional
activity.

More recent mutational analysis revealed a new class of single amino acid changes that
disrupt the SoxR signal transduction circuit without preventing DNA binding [42]. Biochem-
ical analysis of the mutant proteins against the backdrop of structural information from a
few related proteins [70–72] provided some important insights [73]. This analysis suggested
important roles for the center of the subunit interface, formed by helical coils in each of
the subunits, and the likely intimate proximity of [2Fe 2S] domain, anchored near the
C-terminus, with the DNA-binding domain formed by the N-terminus.

How various signals might result in analogous structural transitions in the SoxR–DNA
complex? An additional important clue came from a seemingly discordant result: it was
reported that the chelator 1,10-phenanthroline activates SoxR in vivo, even under anaerobic
conditions [74]. Removal of the SoxR [2Fe 2S] seemed a likely effect of the chelator, and
we later confirmed the formation of apo-SoxR in cells treated with an iron chelator that mod-
erately activates SoxR (Ding and Demple, unpublished data). In contrast with these results,
various studies showed an absolute requirement of the SoxR [2Fe 2S] centers for transcrip-
tion in vitro [50,51,75,76]. However, SoxR proteins with cysteine-to-alanine substitutions
that prevent formation of the [2Fe 2S] centers have modest transcriptional activity in vivo
that gives up to 10-fold stimulation of soxS transcription [76]. Transcriptional stimulation
by apo-SoxR in vitro was finally achieved when we found that it is strongly dependent on
negative supercoiling of the DNA template (E. Hidalgo and Demple, unpublished data).

There are thus at least three active forms of SoxR: the protein with oxidized [2Fe 2S]
centers; SoxR containing DNICs; and the apo-protein, dependent on supercoiling. Both apo-
SoxR and DNIC-containing SoxR are expected to have disrupted metal-binding domains
compared to SoxR with reduced [2Fe 2S] centers. This view suggests that [2Fe 2S]
oxidation might also disrupt some aspect of the C-terminus structure. As suggested schemati-
cally here (Fig. 5), C-terminal disruption in all three cases would release the SoxR homodimer
to take up the active conformation, with the resulting transcriptional activity. Clearly, detailed
structural studies will be needed to test this hypothesis.

PERSPECTIVE

There seem to be clear evolutionary advantages of fortuitously adapting toxic reactions for
signaling pathways. This may imply that every cytotoxic or genotoxic reaction has such poten-
tial. In the case of reactive oxygen and NO, new biological reactions continue to be described.
Some of these involve new signaling mechanisms. Others are merely new examples of pre-
viously known mechanisms. In the particular case of DNICs, we note their broad occurrence
in a wide range of different cells after exposure to NO. The DNICs appear wherever FeS
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Fig. 5. Scheme for SoxR activation by various stimuli. SoxR with reduced [2Fe 2S] centers binds the soxS
promoter but does not stimulate transcription. Oxidation of the metal centers converts SoxR to a strongly
active form, as does nitrosylation by nitric oxide to form DNIC. Removal of the metal centers by chelation or
mutational substitution of the iron-anchoring cysteine residues also activates SoxR, although this form has lower
transcriptional activity than oxidized or nitrosylated SoxR. The structural transitions in the C-terminus due to
these modifications are symbolized, as is a proposed reorientation of the subunits accompanying activation.

proteins play a role. It implies that the reversible formation of DNIC be involved in many
signaling pathways.
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CHAPTER 8

Nitric oxide and dinitrosyl iron complexes:
roles in plant iron sensing and metabolism
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Abstract

Nitric oxide (NO) is a signaling and physiologically active molecule in plants. However, the
molecular mechanism/s involved in transducing the NO signal between cells and tissues
is/are still unknown. The formation of low-molecular weight dinitrosyl iron complexes
(DNICs) from internal NO sources has been recently demonstrated in plants. In addition,
S-nitrosoglutathione (GSNO) was shown to be a biologically active compound in plants.
Both DNICs and GSNO are candidates for NO storage and/or mobilization between plant
tissues and cells. More details on the chemistry of these compounds are given in Chapters 2
and 9 of this book. NO was shown to have a role in plant iron nutrition; therefore, it is pro-
posed that DNICs and GSND may have roles in NO-mediated improvement of iron nutrition
in plants growing under iron deficient conditions. Here, we suggest that the formation of
DNICs constitutes a key process in plant iron sensing and metabolism. An interconversion
between DNICs and GSNO based on the iron and NO status of the plant cell might be the
core of a metabolic process leading plant iron homeostasis. Such interconversion has been
firmly established in vitro and is extensively documented in Chapter 11. The situation is less
clear in vivo, and this chapter is devoted to reviewing the roles of DNIC and NO in plants.

NITRIC OXIDE FUNCTIONS IN PLANTS

Small, simple and highly toxic nitric oxide (NO) is a molecule with a broad chemistry that
involves an array of interrelated redox forms with different chemical reactivities [1]. Some
information on the chemistry of NO and other oxidized nitrogen species may be found in
Chapter 1. In the 1980s, NO was discovered as an integral part of physiological processes in
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animals [2–4]. This discovery led to a major revolution in biomedical research. By the late
1990s, NO was identified as an important signaling molecule in plant (patho)physiological
responses [5–7]. NO was subsequently shown to be a crucial player in the regulation of basic
plant physiological processes. These include: germination, growth, development, reproduc-
tion and responses to abiotic stresses [8–13]. NO is also involved in plant iron homeostasis;
it has been shown to mediate iron-dependent ferritin expression in Arabidopsis thaliana [14]
and to prevent iron deficiency-induced chlorosis in maize, supporting a role for NO in the
availability of bioactive iron [15].

NITRIC OXIDE SYNTHESIS IN PLANTS

In mammals, NO is generated primarily by nitric oxide synthase(s) (NOSs). NOSs are a
group of evolutionarily conserved cytosolic or membrane-bound isoenzymes that convert
l-arginine to l-citrulline and NO [16]. In plants, NOS activity has been detected in several
plant species when mammalian NOS inhibitors have been used to inhibit NO production [17].
However, no gene or protein with a sequence similar to mammalian NOS has been found
in the sequenced A. thaliana genome. Guo et al. (2003) identified an AtNOS1 gene with
sequence similarity to a distinct NOS that was characterized in the snail Helix pomatia. The
role of AtNOS1 in NO synthesis in vivo was examined in a homozygous mutant line, in which
NO levels were found to be much lower than in wild type plants [18]. However, very recently,
a discussion regarding the identity of the AtNOS1 gene was generated [19,20,52] since other
laboratory was not able to detect NOS activity in the recombinant protein encoded by plant
NOS genes [52]. Authors suggested that the AtNOS1 mutant line display lower levels of NO
because AtNOS1 deletion would lead to defects in mitochondrial biogenesis. Therefore, the
mechanisms for arginine-dependent NO synthesis in plants is still not clear.

However, plant NO synthesis is not as simple as in animals since also nitrite can be a
substrate for NO production. Nitrate reductase (NR) is another enzyme capable of producing
NO in plants [21]. This enzyme has a primary activity that converts nitrate to nitrite; however,
NR can also convert nitrite to NO, via a single electron reduction. It was shown that NO
synthesis is stimulated by nitrite [21–23] and this stimulation is attenuated in an A. thaliana
NR double mutant (nia1/nia2) [22]. It was shown that NR plays a significant role in basal
NO generation in leaves [23] as well as during several plant physiological processes or
environmental stimulus [21,22,24,25]. In addition, NO production from nitrite involves also
non-enzymatic sources. It has been demonstrated that a non-enzymatic reduction of nitrite
to NO occurs in the apoplast of barley aleurone layers [26]. This NO production requires an
acidic pH and was accelerated by reducing agents such as phenolic compounds.

NITRIC OXIDE STORAGE, DELIVERY AND DETOXIFICATION IN PLANTS

NO is extremely labile in physiologic environment where iron and oxygen are present. Life-
time of NO free radical is just 6–10 s [27]. In mammals, S-nitrosothiols (RSNO) and
dinitrosyl iron complexes (DNICs) were proposed to be the main forms of NO storage
and transport [27]. These types of molecules can be both low- or high-molecular-weight
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(i.e. bound to proteins) compounds. Usually, the protein complexes are more stable as com-
pared to the low-molecular-weight ones [27]. S-nitrosylation of certain proteins gives rise
to NO transport–storage forms such as S-nitrosoalbumin [28,29] and S-nitrosohemoglobin
[30]. In plants, S-nitrosohemoglobin is endogenously produced, indicating a conserved role
of hemoglobin S-nitrosothiols in NO metabolism among humans, nematodes and plants
[31]. Moreover, hexacoordinate hemoglobin AHb1 from A. thaliana metabolizes both NO
and GSNO. The nitrate forming reactions involve an Fe3+ intermediate, which is efficiently
reduced by NADPH. It was proposed that this hemoglobin takes part in NO detoxifica-
tion, principally during stresses that produce over-accumulation of NO such as hypoxia [31].
However, the rate of S-nitrosohemoglobin decomposition is low at physiological conditions,
suggesting that hemoglobin S-nitrosylation could be a means for NO storage. There is no
evidence of hemoglobin transport in the plant vascular system and it is highly improbable that
hemoglobin function as NO carrier between plant tissues and organs, as it was suggested for
mammals [32]. Therefore, the attention is focused to low-molecular-weight NO-containing
compounds that could be responsible for NO trafficking in plants.

In the model plant species A. thaliana, a GSNO reductase (AtGSNOR1) was characterized.
It was demonstrated that AtGSNOR1 controls NO bioactivity, suggesting that GSNO is a
molecule present in plants that potentially can act as an NO transporter [33]. It is known
that an active interconversion exists between RSNO and iron nitrosyl compounds. RSNO
and DNIC are capable of interconverting depending on the concentrations of iron, low-
molecular-weight thiols and NO in the cell. The levels of both DNIC and RSNO decrease
when thiols content decreases. When NO level decreases while the concentration of thiols
and iron remains constant, DNIC and RSNO serve as donors of NO which is transferred to
the acceptor cell. In addition, it was reported that iron induces the destabilization of RSNO
leading to the formation of DNICs [34–36]. This biological system would need a small amount
of a reducing agent. Ascorbate could be a good candidate to maintain Fe in its reduced form
Fe2+ [37]. Even NO can reduce Fe3+ to Fe2+ when it is linked to high-molecular-weight
compounds.

DNICS IN PLANTS

DNICs have been extensively studied in mammals and measured under various different
physiological conditions [38–40]. Detection of DNICs in plants by EPR faces the problem
that there are relatively high manganese levels in plant tissues. One of the hyperfine splitting
components of EPR signal from manganese complexes mask the 2.03 EPR signal of DNICs
[36, Graziano, Simontacchi, Puntarulo and Lamattina, unpublished results]. Therefore, the
detection limit for DNICs by EPR in plants is higher than in animals. Formation of DNICs
from endogenous-free iron and thiol-containing ligands was first demonstrated in isolated
leaves from bean and China rose treated with exogenous gaseous NO [41]. Recently, it was
shown that treatment with high concentrations of nitrite, a condition that stimulates NO pro-
duction, induced the formation of DNICs in isolated China rose leaves [23]. Incubation of
the leaves with nitrate, a competitive inhibitor of the NR-dependent NO-synthesis reaction,
resulted in decreased signal intensity of DNICs, demonstrating that NR activity is the main
source for NO synthesis in those conditions. This landmark work demonstrated that DNICs



164 M. Graziano and L. Lamattina

could be synthesized in plants not only from endogenous thiol-containing ligands and iron
pools but also from endogenously-produced NO. The concentration of the complexes accu-
mulated over 1 h was found to be 8 nmol·g−1 leaf FW (fresh weight). Thus, the levels of
this nitrosylated iron pool are sufficiently high that its formation may function as a metabolic
process for maintaining iron bioavailability under conditions of iron starvation [15,23].

PLANT IRON NUTRITION: AN OVERVIEW

Iron fulfills a vital role in virtually all living organisms from bacteria to animals. Iron ability
to undertake one electron oxidation–reduction reactions places this molecule in the center
of key biochemical processes like oxygen transport, ATP generation and the rapid reaction
with free radicals. Iron can vary its redox potential in response to different environmental
conditions and place this transition metal as an important intermediate for electron-transfer
reactions and thereby with essential properties for electron transport chains in respiration and
photosynthesis. The fact that iron deficiency affects more than 30% of the world’s population
[42] confirms its relevance and places it as a subject for many research projects worldwide.

Iron is a critical element for many central metabolic pathways during the whole plant life
cycle. Low iron availability leads to growth arrest and chlorosis while increased amounts
of iron leads to increased formation of reactive oxygen species (ROS), loss of selective
membrane permeability and generalized tissue damage. Thus, the control of mechanisms that
regulate iron homeostasis is crucial for plant survival [43,44]. Under iron-limiting conditions,
plants develop iron deficiency symptoms characterized by leaf chlorosis, impaired chloroplast
development and decreased expression of photosynthetic proteins [15,45] that could limit
plant growth and survival.

In soils and in aerobic environment, iron is mainly in the ferric [Fe3+] form. This iron
is not easily accessible for plants because it is highly insoluble at neutral or basic pH.
Thereby, plants have evolved mechanisms to facilitate iron acquisition from soil which include
the solubilization or chelation of iron into solution. In general, non-graminaceous plants
have developed a mechanism named Strategy I based on the reduction of Fe3+ to the more
soluble form Fe2+ and its uptake through specific iron transporters. The proteins involved
in iron reduction and transport at the root level were already characterized in several plant
species [46]. On the other hand, graminaceous plants use a mechanism termed Strategy II
which is based on the chelation of Fe3+ through the release of specific Fe3+ chelators called
siderophores [43,46,47].

Once iron is inside the root cell it is reduced or de-chelated. However, under aerated
conditions part of the iron is oxidized and precipitates as hydroxide or phosphate salt, forming
an extracellular or apoplastic iron pool [48]. This pool comprises up to 95% of total root
iron content in hydroponic culture and can be used under conditions of iron deficiency [44].
Free iron has to be shielded from oxygen to prevent precipitation and generation of oxygen
radicals. It has been proposed that organic acids (citrate) or non-proteinogenic amino acids
(nicotianamine) are the molecules responsible for chelation and relocation of iron to the
aerial part of the plant through the transpiration stream; however, this process is rather
unclear. Once in the leaves, Fe3+-citrate is probably a substrate of a ferric-chelate reductase
already described in mesophyll cells [49]. The reduced Fe2+ form is thought to be internalized
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by cells. The traffic of iron through phloem is far less documented in spite of the confirmed
iron presence in phloem. It was suggested that nicotianamine is the main candidate for iron
transport in phloem [50]. Nevertheless, a metal-binding protein was demonstrated to transport
iron in Ricinus communis [51].

As was highlighted above, much is known about iron uptake mechanisms at the root
level, but there is no clear evidence about how plants transport iron between shoot and
roots and also between cells and inside the cells. Indeed, iron mobilization inside leaf mes-
ophyll cells is a limiting step for iron acquisition [49]. Moreover, little is known about the
molecules and cellular regulatory processes that sense and/or perceive iron status in plants and
coordinate the molecular changes that finally execute the adjustment of adaptive responses
leading to iron homeostasis. Very poor and fragmented information is also available on the
molecules and regulatory mechanisms involved in intracellular iron transport and even in the
compartmentalization and delivery of iron within the cells and organelles.

NITRIC OXIDE AND DNICS PARTICIPATION IN PLANT IRON
METABOLISM

Recent works have demonstrated that NO is emerging as a new player in plant iron
metabolism. It was shown that, in maize plants growing under low-iron conditions, applica-
tion of the NO donors sodium nitroprusside (SNP) or S-nitroso-acetylpenicillamine (SNAP)
or even gaseous NO completely prevent the development of iron-deficiency symptoms. More-
over, NO was able to revert the iron deficiency phenotype of the ys1 and ys3 maize mutants,
impaired in iron acquisition. Interestingly, total iron content in those plants was not increased
by NO treatment, suggesting that probably an NO-mediated improved efficiency in iron mobi-
lization within the plant occurs [15]. Thereafter, it was found that iron-deficiency symptoms
were also prevented by NO in tomato [Graziano and Lamattina, unpublished results], a plant
belonging to the Strategy I responses for iron acquisition. Interestingly, as was previously
described in young human patients with anemia [53], plants respond with an induction of NO
production when growing under iron-deficient conditions. The source for this NO synthesis
might be NR, since NO accumulation was blocked by the NR inhibitor tungstate and not by
the NOS-inhibitor l-NAME [Graziano and Lamattina, unpublished results].

In order to explain NO participation in plant iron availability, we have previously proposed
that a complex between iron and NO is synthesized in the form of low-molecular-weight
DNIC [54]. It was also proposed that there is an interconversion between low-molecular-
weight S-nitrosothiols (RSNO) and DNIC, which equilibrium depends on the NO and iron
state of the plant. During low-iron supply, it has been reported that glutathione (GSH) levels
are increased in roots [55] as well as NO production [Graziano and Lamattina, unpublished
results]; therefore, RSNO synthesis may be stimulated under iron-deficient conditions in
plant roots. Since iron destabilizes RSNO and induces the formation of DNICs, iron uptake
from soil to the root cell would favor DNIC synthesis. These low-molecular-weight com-
plexes may be transported to the aerial parts of the plant and also between and inside cells.
According to the equilibrium between synthesis and degradation of DNICs, these complexes
would decompose inside leaf mesophyll cells releasing iron (Fig. 1). This would be a mech-
anism for transporting not only iron but also NO between plant organs and cells and even
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Fig. 1. Simplified model that represents the putative NO and DNIC involvement in plant iron sensing and
transport. Iron deficiency stimulates GSH (RS−) and NO production in root cells, inducing RSNO synthesis.
Iron uptake from soil destabilizes RSNO and favors DNIC formation. DNIC is transported to the aerial tissues
through the plant vascular system and is decomposed inside leaf mesophyll cells releasing iron. RSNO could
be newly synthesized in leaf cells and transported to roots.

within organelles. When NO production is stimulated or NO is exogenously applied, it was
shown that DNIC formation is induced [23]. Therefore, the addition of NO donors to plants
growing under low-iron supply could stimulate DNIC formation and, consequently, iron
mobilization.

PERSPECTIVES

Since the complexity of the network controlling iron bioavailability (uptake, transport, storage
and delivery) in the plant cell, any approach to improve the iron content in crops to ameliorate
the nutritional quality of foods must take into consideration the multiple steps connecting
iron metabolism with the primary cell metabolism. It should be noted that, an uncontrolled
iron excess can result in tissue damage by an overproduction of ROS and a consequent
yield diminution and/or decrease of the product quality. The finding that both Strategy I and
Strategy II plants can grow healthier under iron-deficient conditions if supplemented with
exogenous NO could imply the development of molecular tools designed to improve crop
yield in soils with iron limiting conditions.

It has been shown that in mammals [56] as well as in plants [57] and in the unicellular green
alga Chlorella sorokiniani [58], mitochondria reduce nitrite to NO. It was also reported that
nitrite is the major source of NO produced by A. thaliana when challenged by the pathogen
Pseudomonas syringae [25]. In parallel, Vanin et al. [23] found that the nitrite/nitrate ratio
together with the endogenous level of superoxide control the concentration of NO in plants.
Interestingly, it has been found that ascorbate plays an important role by producing more
than 90% of the NO yield from peroxynitrite (ONOO−),

(NO + O−
2 → ONOO− + ascorbic acid → NO)[59].

Here, it is interesting to point out that the 80% of cellular iron and the 80% of cellular ascor-
bate are thought to be localized in chloroplast where chlorosis, one of the first symptoms of
iron deficiency, is developed. The questions are, could Fe be released from DNICs in chloro-
plast in a process that involves NO and ascorbate? Might iron and ascorbic acid be crucial
for chlorophyll biosynthesis through the maintenance of NO homeostasis in chloroplasts?

As a final comment, we would like to emphasize about the fact that, most of the biologi-
cal processes are a result of the interaction between numerous cellular constituents forming
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complex networks that are precisely coordinated and synchronized. There, metabolic com-
pensations as well redundancy activities are operating to maintain cellular homeostasis. In
this scenario, NO, iron, DNICs, GSNO and ascorbic acid are probably working together in
the same act of the play that describes the mechanisms controlling plant iron homeostasis.
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CHAPTER 9

Low-molecular-weight S-nitrosothiols
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Russian Federation

S-nitrosothiols (thionitrites, RSNO) appear as endogenous reaction products of NO or NO
metabolites with sulfhydryl groups. Prime targets are the sulfhydryl groups on cysteine
residues found in many different proteins [1,2] or the thiol moieties on endogenous glutathione
(GSH) or cysteine (Cys). The nitrosation of the sulfhydryl moiety leads to S-nitrosothiols
with high and low molecular weight, respectively. In organisms, the combined pool of
S-nitrosothiols varies over the compartments. Table 1 gives an overview of various NO
stores in rats, and S-nitroso moieties in organ tissue are 10 100 nM. Much higher levels
up to 250 nM are found in erythrocytes, and plasma levels remain below 10 nM. The over-
whelming majority (ca 90%) of all S-nitroso groups are anchored to proteins and belong
to the class of high-molecular mass [3,4]. The interest in the S-nitrosothiols was motivated
by the observation that these compounds form in vivo and may elicit physiological responses
that are strongly reminiscent of free NO radicals. Well-documented examples are vasodila-
tion and the inhibition of platelet aggregation. The formation and functions of S-nitrosated
proteins are discussed in Chapter 10, whereas this chapter will be primarily concerned with
the S-nitrosothiols of low molecular weight. A number of examples is shown in Fig. 1. Many
different forms have been synthesized in vitro and tested for use as NO donor [for example
S-nitroso-N -acetyl-pencillamine (SNAP)], but in mammals the most relevant species are
S-nitrosocysteine (CysNO) and especially S-nitrosoglutathione (GSNO). The latter is found
in all tissues, with basal concentrations in the range of 1 10 nM, but higher concentrations
arise in aortic tissue and erythrocytes (cf Table 1). Given that endogenous GSH concen-
trations are in the mM range, it appears that the degree of S-nitrosation of GSH is only a
percent or less. Therefore, S-nitrosation cannot have an impact on the redox status of tissues
by shifting the GSH/GSSG ratio. But the basal GSNO levels appear comparable to those of
free NO, so that the pool of S-nitrosothiols may be signi cant for the NO status of the tissue.

The compounds mentioned above are all cysteine based and relevant for mammalian physi-
ology. However, they are de nitely not exhaustive for endogenous thiols found in organisms.
Other types of cysteine-based thiols like trypanothione (TSH) or mycothiol have been found
in certain bacterial strains. A completely independent class of intracellular thiols is based
on histidine residues, with very different chemistry. Well-studied examples are ergothioneine
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Table 1 Magnitude of various pools of NO-metabolites in Wistar rats (adapted from [9]). The [GSH]/[GSSG]
ratio is a marker for the redox state of the tissue. The rightmost column gives NO-metabolite values from
human plasma for Ref. [10]

NO-metabolite Aorta Brain Heart Plasma Erythrocytes Human plasma¶

Nitrite (µM) 23 ± 9 1.7 ± 0.3 0.80 ± 0.08 0.29 ± 0.05 0.68 ± 0.06 0.20 ± 0.02
Nitrate (µM) 49 ± 7 6.1 ± 1.1 5.9 ± 1.7 5.7 ± 0.6 10.2 ± 1.2 14.4 ± 1.7
S-nitroso
moieties (nM)

96 ± 24 22 ± 6 13 ± 2 1.4 ± 0.5 246 ± 32 7.2 ± 1.1

N-nitroso
moieties (nM)

19 ± 11 61 ± 8 14 ± 2 3.5 ± 0.4 95 ± 14 32.3 ± 5.0

Nitrosyl-
heme (nM)

Below detection∗ 160 ± 30 15 ± 1 Below detection∗ 10.8 ± 1.8 n.d.

GSH (mM) 0.34 ± 0.08 1.28 ± 0.06 0.93 ± 0.12 0.02 0.8 mM (whole blood) n.d.
[GSH]/[GSSG] 6.8 24 14 5◦ > 10◦ (whole blood) n.d.

∗ Detection limit 1 nM.
[11].

¶ [10].
n.d. = not done.

Fig. 1. Molecular structures of CysNO, GSNO and SNAP.
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(ESH) and ovothiols [5]. ESH is a low-molecular-weight thiol with established reactivity
towards GSNO [6], capacity to scavenge singlet oxygen and hydroxyl radicals, and is found
in millimolar concentrations in speci c tissues like liver, kidney and erythrocytes [7]. ESH
was not reported to form S-nitrosothiols, but it may form disul des with cysteinic thiols.
Although the reactivity towards GSNO is intriguing, the biological function of such histidine-
based thiols is still unclear. Therefore, such unconventional thiols will not be considered
further in this chapter.

Finally, it should be mentioned that S-nitrosation is only one of many pathways via which
nitroso moieties can be incorporated into proteins. Organic molecules and peptides may
undergo N-, O-, C- as well as S-nitrosation, depending on the structural motif to which
the NO moiety is attached. Mixed nitrosations are of course possible also. An interesting
example is albumin which may be N-nitrosated on one of its two tryptophan residues as
well as S-nitrosated on the Cys34 residue [8]. Signi cantly, the N -nitrosated tryptophan
residue also elicited vasodilatory response from precontracted aortic rings of rabbits [8]. Since
the nitrosation was carried out under extreme non-physiological conditions (acidi cation of
nitrite), it remains unclear whether this N-nitrosation of tryptophans has signi cance for
in vivo conditions.

In contrast, the physiological signi cance of S-nitrosation has been proven beyond doubt.
Many examples will be given at the end of this chapter. Under biological conditions,
S-nitrosation is facile, fast and affects a wide range of proteins in vitro and in vivo. Judging
from the citation numbers in scienti c literature, the nitrosation of sulfhydryl groups has
highest relevance for physiology so far. Therefore, this chapter will be primarily concerned
with S-nitrosocompounds.

SPECTROSCOPIC PROPERTIES

In general, RSNO have red, pink or green color due to strong absorption of visible light. As an
example, Fig. 2 shows the UV VIS spectrum of pink GSNO with two prominent absorption
bands from the S NO bond. The UV peak at 336 nM (ε336 = 778 (Mcm)−1) is attributed to a
π → π∗ transition, and the secondary band at 545 nM (ε545 = 34 (Mcm)−1) to a nN → π∗
transition [12,13]. The intensity of these absorption bands is quite sensitive to the type of
thiol. In albumin, S-nitrosation of the Cys34 residue leads to a slightly higher extinction
of ε335 = 870 (Mcm)−1 [14]. Multiple S-nitrosation of different residues leads to corre-
spondingly higher extinctions. Multiple nitrosated albumin (poly-SNO-albumin) can reach a
molar extinction of ε335 = 3870 (Mcm)−1[15]. In the infrared region, the RSNO moiety has
additional characteristic absorptions from the N O stretch vibration (1480 1530 cm−1) and
the C S stretch vibration (600 730 cm−1).

SYNTHESIS AND DETECTION IN VITRO AND IN VIVO

The easiest synthetic pathway for S-nitrosothiols is via the equilibrium with nitrous acid,
obtained by acidi cation of a solution of nitrite [16,17].

RSH + HNO2 � RSNO + H2O (1)
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Fig. 2. The UV VIS spectrum of 0.5 mM GSNO in buffer (pH = 7.4). O.D. refers to optical density.

A typical stock of CySNO is obtained by adding equimolar amounts (ca 50 mM) of CySH
and sodium nitrite to 0.1 M HCl. The reaction is rather fast and requires less than a minute to
complete. The kinetics of CysNO formation at various pH can be seen in Fig. 3. The reaction
products always appear as a mixture of CysNO and disul des, with the relative balance being
strongly dependent on pH (cf Table 2). At physiological pH the disul de is dominant, but at
pH ∼ 1 the CysNO yield is nearly 100%. Near pH = 1, the conversion of Cys to CysNO is
completed within a minute at 37◦C, at room temperature within a few minutes.

As S-nitrosothiols are prone to photolysis and thermolysis, the reaction should proceed
in a dark and cool location. The formation of CysNO and GSNO is indicated by its intense
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Fig. 3. Kinetics of CysNO formation from acid reduction of nitrite as measured by the optical absorbance
at 543 nM in buffered solutions. The starting concentrations were 40 mM CysH and 40 mM nitrite. The
temperature was 37◦C. (From Ref. [18].)
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Table 2 Yields of CysNO and cystine obtained in a reaction mixture of 0.04 M CysH with
0.04 M NaNO2 in aqueous buffers at 37◦C. The yields show that all cysteine is incorporated
in either S-nitrosothiol or the cystine disul de. Data adapted from Ref. [18]

pH 0.5 1.5 2.0 2.5 3.5 4.65

CysNO% 100 92.1 90.2 85.8 75.1 35.1

Cystine% 0 7.9 9.8 14.2 24.9 64.9

pink color. The formation of small gas bubbles with time indicates the escape of a certain
quantity of NO gas, and the nal yield should be veri ed spectrophotometrically just prior
to use. Stock solutions are best freshly prepared and should not be stored in liquid form for
more than a few hours. Storage up to a week is possible in frozen state, but longer term
storage is possible only for refrigerated crystalline GSNO or CysNO (pink powders).

It should be noted that the equimolar mixture of thiol and nitrite always leaves some
residual deprotonated thiol in the solution. This holds for synthesis of any kind of RSNO.
The presence of a certain quantity of RS− in assays with RSNO is highly signi cant because
of its capacity to reduce spurious copper ions in the solution

Cu2+ + RS− → Cu+ + RS (2)

This reaction leads to thiyl radicals and a small quantity of monovalent copper Cu+. The latter
is an effective catalyst for RSNO decomposition (vide infra) and the pathway of spurious
copper often introduces artefacts. The problem can be avoided by inhibiting the redoxactivity
of the copper ions by chelators like EDTA or neocuproine.

Although the reaction Eq. (1) has been known for a long time, its molecular mechanism
is still not fully understood. Recent reports [18] showed that the major nitrosating species
at low pH < 3.5 is nitrosonium NO+ and the reaction is fast. At higher pH the release of
nitrosonium is blocked, and N2O3 acts as the main nitrosating species in the reaction

GSH + N2O3 → GSNO + NO−
2 + H+

This nitrosation by N2O3 is very fast with a second order rate of k = 6.6 × 107 (Ms)−1 [19].
The rate of formation of N2O3 is much lower (cf Chapter 1) and acts as the rate limiting step.

Interestingly, the NO radical itself does not show signi cant reactivity towards the
sulfhydryl group in anaerobic conditions [20 22]. Phrased otherwise, NO is not a
S-nitrosating compound by itself in the absence of oxygen. Instead, the reaction of NO
with thiols leads to formation of disul des RS SR [23 25]

RSH + NO → RS−N−OH

2RS−N−OH → RS−SR + HONNOH → RS−SR + N2O + H2O

RS−N−OH + NO → RSOH + N2O

RSOH + RSH → RS−SR + H2O (3)

It should be noted that this sequence of reactions is pH dependent since the thiolate anion
shows far higher reactivity than the protonated thiol. For [NO][GSH], the sequence (3)
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was reported [25] to have an apparent second order reaction rate of 0.080 ± 0.008 (Ms)−1

(37◦C, pH 7.4). Table 1 shows that physiological [GSH] ∼ 1 mM. At this concentration,
reaction (3) would give NO radicals a lifetime of ca 104 s. Therefore, it is unlikely that the
anoxic reaction (3) cause signi cant loss of NO in vivo.

In this context it is important to note that acid dissociation constant pKa of thiols shows
a large variation, depending on the functionalization of the cysteine residues. The thiolate
moiety of free cysteine has pKa = 8.3. In glutathione, the constant for the cysteine residue
has been raised to pKa = 8.7. The constant is drastically lowered for the cysteine residues of
many proteins, like protein tyrosine phosphatase (PTP1) with pKa ∼ 5.4 or protein disul de
isomerase with pKa ∼3.5. This large variation in dissociation constant implies a large vari-
ation in the balance between deprotonated/protonated forms of the sulfhydryl group, with
concomitant in uence on reaction rates and yields of S-nitrosation.

So how are S-nitrosothiols formed in vivo? A modest release of RSNO from catalytic action
of ceruloplasmin and NOS itself has been reported [26], but potent enzymatic pathways for
S-nitrosation seem not to have been identi ed so far [2]. It suggests that non-enzymatic
pathways dominate in vivo. The transformation of RSH to RSNO requires the appearance
of S-nitrosating intermediates like nitrosonium NO+, NO2 or N2O3. The reaction pathways
for the formation of these species from free NO were discussed in Chapter 1. Although
the reactions are well studied in vitro, there remains considerable uncertainty as to the
dominant mechanism for S-nitrosation of sulfhydryls in vivo [22,27]. Via what pathway do
S-nitrosocompounds appear in live tissue? This question cannot be addressed without noting
that S-nitrosothiols forms only one class of nitrosocompounds that is closely linked to other
pools via slow chemical equilibria.

In-vitro experiments indicate that aerobic mixtures of NO/GSH or GSNO/GSH release
a certain quantity of highly reactive oxygen species (ROS). The release of free ROS was
manifested from signi cant strand breaking in DNA and protection against strand breaking
by scavengers like catalase and superoxide dismutase (SOD) [28]. The reaction mechanisms
still remain controversial. A mechanism for S-nitrosation involving the reduction of O2 to
superoxide O−

2 was proposed and con rmed in vitro [29]:

RSH + NO → RS−N−OH

RS−N−OH + O2 → RS−NO + O−
2 + H+

O−
2 + NO → ONOO−

(4)

This mechanism does not involve trace metal ions. However, such trace metal ions are
known to accelerate both formation and decomposition of S-nitrosothiols in vitro [30] and
in vivo, possibly by catalyzing the formation of nitrosating species like NO+, NO2 or N2O3

from NO in the presence of oxygen. This makes it unlikely that a mechanism like Eq. (4)
be the dominant pathway for formations of S-nitrosothiols in vivo. Certain enzymes like
ceruloplasmin and NOS itself were seen to catalyze the formation of S-nitrosothiols [26] but
yields remain low. Alternatively, dinitrosyl iron complexes (DNICs) are known to participate
in a complex reaction equilibrium between thiols, NO and S-nitrosothiols. This equilibrium
is discussed in detail in Chapter 11 of this book. In-vitro experiments have con rmed that the
presence of iron induce formation of RSNO from NO via intermediate DNIC even in anoxic
conditions [31]. Intriguingly, the formation of small quantities of DNIC from endogenous
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iron has been detected in many biological systems after exposure to exogenous NO or after
stimulus of endogenous NO production. Many examples were reported from cell cultures
to plant and animal tissues. However, decisive proof of the physiological relevance of this
DNIC pathway is still lacking.

From the above it is clear that thiols participate in many reaction pathways with endoge-
nous reactants like oxygen or the various nitrogen oxides. The relative importance of these
pathways is determined by the corresponding reaction rates. A useful selection of reaction
rates for glutathione has been collected in Ref. [32].

Detection and quanti cation of S-nitrosothiols poses a considerable challenge in biological
systems. Special techniques for S-nitrosated proteins have been recently reviewed in Volume
396 of Methods in Enzymology. A widely used technique is homolytic cleavage of the S NO
bond by copper/iodide, and detection of the gaseous NO via chemiluminescence with an ozone
analyzer. Alternatively, the NO may be detected electrochemically with an NO electrode,
or by spin-trapping with electron paramagnetic resonance (cf Chapter 18). Selectivity for
high or low molecular mass may be obtained via ltering with ultra ltration membranes [4]
or high performance liquid chromatography (HPLC). Photolysis-chemiluminescence spec-
troscopy [33] is a sensitive method to analyze mixtures of S-nitrosothiols. It consists of an
instrumental cascade comprising a HPLC pump, photolysis chamber and a chemilumines-
cence spectrometer or ozone analyzer. The method works by homolytic cleavage of the S NO
bond by irradiation in the photolysis chamber, followed by detection and quanti cation of
the escaping gaseous NO with the ozone analyzer.

Alternative methods are based on uorescence detection of decomposition products of
the S-nitrosothiol. In the Saville reaction [34], mercuric chloride is used to catalyze
the release of free NO and subsequent trapping with 2,7-dichloro uorescein (DCF) or
2,3-diaminonaphthalene (DAN). The uorescence detection is highly sensitive, but the
speci city of the detection is compromised by artefacts and impostors for true NO [35].

To conclude this section, it should be remarked that the reaction of S-nitrosation in a
complex biological system might proceed signi cantly different from that in a homogenous
aqueous phase like a buffered solution. The coexistence of hydrophobic and hydrophilic
compartments in cells, tissues and even individual proteins may modify the reactions as
known in water. The main reason is the tendency of neutral species like NO, O2 and N2O3 to
accumulate in hydrophobic compartments like the membrane fraction [26,36] or hydropho-
bic pockets of proteins. This effect could promote the S-nitrosation of the β93 cysteine of
hemoglobin which is located in a hydrophobic region of the protein [32]. In addition, it has
been recognized that the presence of nearby amino acids affects the rate of S-nitrosylation
by modifying the polarity and effective acidity in proximity of the cysteine residue [2]. It has
been shown that the presence of a lipid compartment accelerates the oxidation of NO by O2

by orders of magnitude [36].

STABILITY OF GSNO IN VITRO

Stability of RSNO is compromised by thermal decomposition, photolysis and the catalytic
decomposition by trace metal ions like iron and copper. Although the various RSNO share the
common C S N O motif, they show a big variation in intrinsic stability when in solution.
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The reason for this variation is not well understood. Given this instability, aqueous solutions
of RSNO tend to release a certain quantity of gaseous NO and accumulate typical decompo-
sition products like thiols, disul des and reaction products of thiyl radicals. It was recently
discovered that, in presence of oxygen, a certain quantity of disul de S-oxides (GS(O)SG)
and disul de S-dioxides (GS(O2)SG) [37,38] is formed as well. These metabolites of GSH
are effective agents for S-glutathiolation of sulfhydryl groups. They can inactivate glycer-
aldehyde 3-phosphate and alcohol dehydrogenases, and release zinc from metallothionin and
zinc nger proteins. Such mixtures of decomposition products result from a combination of
pathways operating simultaneously. In practical applications usually more than just a single
pathway contributes signi cantly. The basic decomposition reactions will be discussed below.

In solution, RSNO undergo slow thermal decomposition into a disul de and free NO
according to

2RSNO � RS−SR + 2NO (5)

The rate of thermal decomposition depends on the concentration and type of thiol [39,13].
At starting concentrations of 50 mM, the thermal decomposition of GSNO and CysNO
exceeds 10% after ca 6 and 1 h, respectively. At low concentrations in absence of UV
or blue light, the stability of RSNO is quite high. In presence of the metal chelator DTPA,
even CysNO achieves a half life of 11 h [40]. Therefore, Eq. (5) is not signi cant unless
catalyzed by trace metal ions (see below).

Illumination with UV or blue light causes homolytic cleavage of the S N bond. The
probability for photolysis is highest at wavelengths near the absorption maximum of RSNO at
336 nM. The quantum yield for photolysis is quite high and exceeds that of photodissociation
of the nitrosyl ligand from heme. Fig. 4. shows the photolysis of GSNO by successive sets

Fig. 4. Photolysis of GSNO by pulsed UV irradiation at 355 nM at room temperature in oxygenated PBS
buffer. The successive curves differ by 10 pulses of 50 mJ/pulse. The inset shows the simultaneous photolytic
release of free NO radicals as measured with an NO electrode. (From Ref. [41].)
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of 10 laserpulses (355 nM, 50 mJ/pulse). The photolytic decomposition of S NO bonds
has raised interest in the application of S-nitrosated complexes for photodynamic therapy of
cancers [41]. It should be mentioned that S-nitrosothiols are not the only endogenous species
showing such photolytic release of NO: Alongside endogenous S-nitrosothiols, also nitrite
was shown [42] to contribute signi cantly to the light-induced release of NO from vascular
tissues of rats.

Reduced trace metal ions like Fe2+ and Cu+ are ef cient catalysts for the decomposition
of RSNO [43,44]. Fig. 5 shows the effect of copper and iron on the kinetics of CysNO. The
decomposition of GSNO is slower, but qualitatively similar.

The reaction mechanism [46] is given by the following sequence

RSNO + Cu+ → RS− + NO + Cu2+

Cu2+ + RS− → Cu+ + RS

2RS → RS−SR

(6)

The reaction releases disul des and free NO. Fe2+ also can catalyze a similar sequence.
The above reactions might leave the erroneous impression that iron and copper act on

S-nitrosothiols in similar ways. In reality the iron-catalyzed decomposition of RSNO is
complicated by a competing reaction mechanism involving iron complexes carrying two
nitrosyl ligands. In principle, copper also may form (di)nitrosyl species like EPR silent

Fig. 5. Effect of copper and iron on the decomposition of 0.9 mM CysNO in HEPES buffer (150 mM,
pH = 7.4) as monitored by the optical absorption at 340 nM. The decomposition was studied in the presence
of 1 mM free cysteine. (From Ref. [45].)
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Cu+(NO)2 or paramagnetic Cu+(NO) or Cu2+(NO)2. However, these species have so far
only been reported as adsorbants in dry anoxic porous solids [47] but not in aqueous solutions.
Therefore, in solutions, iron alone can interact with S-nitrosothiols to form such DNICs. In
the presence of iron, a pool of DNIC will form at the expense of S-nitrosothiols [43,45].
These reactions were well studied in vitro and are described in Chapter 11.

Transnitrosation to other types of thiols may have signi cant effect on the lifetime of
S-nitrosothiols. The basic transnitrosation reaction involves the transfer of a nitrosonium
NO+ moiety

R1− S−NO + −S−R2 ↔ R1−S− + NO−S−R2 (7)

Here R1−S−, R2−S− can be various deprotonated thiols, from small cysteine anions to
sulfhydryl groups on macromolecular proteins. The rates for this reversible transfer vary
considerably with the type of thiol, pH and temperature. Transnitrosation rates for cysteine
and glutathione were reported [14] at around 80 (Ms)−1 (37◦C, pH 7.4). Lower rates of
3 9 (Ms)−1 apply for transnitrosation from S-nitrosoalbumin to cysteine and glutathione.
The transfer rates increase signi cantly when pH is raised and a larger fraction of thiols
is deprotonated. It was shown that 50 µM CysNO and S-nitrosoalbumin establish their
equilibrium by transnitrosation on a timescale of several minutes in vitro (cf Fig. 6) [48].
Transnitrosation from GSNO is slower due to a combination of smaller transfer rate and
orders of magnitude lower concentration of GSNO (Table 1). Therefore, the characteristic
timescale for equilibration with GSNO should be many minutes. In human plasma, albumin
was con rmed to be the dominant target for transnitrosation from CysNO and GSNO [49],
with metal chelators having only insigni cant effect on the extent and rate of S-nitrosation of
the albumin target. In whole blood, the reaction balance is shifted considerably because Hb
may be S-nitrosated or nitrosylated at the heme. In addition, oxyHb is an ef cient scavenger

Fig. 6. Kinetics of transnitrosation from CysNO to albumin in 20 mM Tris buffer (pH 7.4, 23◦C) in presence
of 1 mM metal chelator EDTA. The curves show kinetics for [CysNO] = 50 µM (bottom), 100, 150 and
200 µM (top). The transnitrosation reaction was monitored at 412 nM by photometric detection of released
Cys− with the DTNB reagent. (From Ref. [48].)
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of free NO (but not for S-nitrosothiols, see below). In whole blood, S-transnitrosation from
GSNO to S-nitrosohemoglobin was reported [49] to remain below a few percent.

The previous in-vitro results should not leave the impression that S-transnitrosation be an
exclusively passive process with timescales largely determined by the chemical characteristics
of the exchanging thiols. In biological systems, the crossing of cellular membranes will act
as a signi cant barrier for S-nitrosation and affect the rate of exchange between the intra- and
extracellular compartments. This effect has been shown in vivo: Protein disul de isomerase
(PDI) is a protein in cellular membranes that normally catalyzes thiol-disul de exchange.
The activity of the PDI protein was found to enhance the intracellular pool of S-nitrosothiols
in cultured human erythroleukemia cells [50]. The mechanism of membrane crossing of
S-nitrosothiols will be discussed later in this chapter.

The process of transnitrosation from low to high molecular weight has been demonstrated
in vivo in rabbits [51]. A collection of transnitrosation rates between various thiols has
been collected in Ref. [14]. Analogous results were obtained with transnitrosation from
S-nitrosoglutathionyl-sepharose beads [52] to free thiols in solution. The transnitrosation
to cysteine and glutathione was rapid and accelerated by an order of magnitude when pH
was raised from 5 to 9. In contrast, transnitrosation from the beads towards bovine serum
albumin was negligible.

It should be noted that reaction (7) proceeds in the presence of a competing pathway
which leads to the formation of disul de bonds and the release of some free NO. It has
recently been shown [53] that the sulfhydryl groups of certain proteins can also be modi ed
by nucleophilic attack of the protein thiolate on the sulfur of GSNO rather than on the NO+
moiety. This reaction pathway amounts to S-glutathiolation of the sulfhydryl moiety. Several
proteins underwent a combination of S-nitrosation and S-glutathiolation when exposed to
GSNO. In contrast, bovine serum albumin, actin and alcohol dehydrogenase were only
S-nitrosated by fresh GSNO. S-glutathiolation of intracellular proteins has been demonstrated
in vivo: upon incubation with exogenous CysNO, NIH-3T3 broblasts underwent combined
S-nitrosation and S-glutathiolation of the cysteine residues of H-ras protein [54]. High capac-
ity of S-glutathiolation was attributed [37] to glutathione disul de S-oxide (GS(O)SG) which
appears as one of the decomposition products of GSNO itself.

The lifetime of hours for GSNO may be shorted to minutes by addition of other thiols,
in particular SNAP and cysteine [55 57]. The effect may be inhibited by the thiol-blocking
compound N -ethylmaleimide [58]. Two different mechanisms have been identi ed for this
phenomenon: transnitrosation and formation of disul des. In the rst case, the GSNO is
depleted by the transnitrosation to the shorter lived CysNO. In the same spirit, transnitrosation
to more stable species may stabilize the pool of S-nitrosothiols up to a certain degree. The
second mechanism is mediated by the reductive nature of the thiol anions and involves the
formation of a disul de bridge under release of a nitroxyl anion [24,59]:

RSNO + GS− → RS−SG + NO− (8)

If RS represents glutathione, the reaction releases GS SG disul de at a rather slow rate
with a second order rate constant of k = 8.3 × 10−3 (Ms)−1 [24]. Given that tissues contain
GSH below mM concentrations (Table 1), this decay channel of GSNO appears insigni cant
in vivo. If on the other hand RS represents a sulfhydryl group on a protein, the reaction (8)
amounts to S-glutathiolation of the protein. It has been con rmed that the coincubation with a
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mixture of GSNO and glutathione causes S-glutathiolation of the sulhydryl groups on a wide
range of different proteins. [53,60]. More detailed studies [37] have shown that intermediate
oxides like GS(O)SG or GS(O2)SG are better S-glutathiolating agents than GSNO itself
(see below). Therefore, the process of S-glutathiolation may in fact be more complex than
suggested by Eq. (8). S-glutathiolation maybe reversed by dithiothreitol [60].

Release of NO radicals from RSNO can be caused by reductants, exogenous as well as
endogenous. Ascorbate was found to have a pronounced effect on the lifetime of RSNO [39].
Without chelation of spurious copper, small quantities of ascorbate reduced Cu2+ to Cu+
and initialized the reaction Eq. (6) with formation of disul des and the release of free NO.
After chelation of spurious copper, the true reduction of RSNO became apparent with the
release of free NO and thiols instead of disul des. The effective rate constant accounts for
the reduction pathway plus a thermal decomposition rate kT

ke = k[Asc] + kT (9)

At pH = 7.4, the value of k was 0.25, 0.015 and 0.032 (Ms)−1 for CysNO, GSNO
and SNAP, respectively. Careful observations showed that the ascorbate monoanion HA

−

and the dianion A2− have different rates of reduction. Therefore, the rate k was highly
dependent on pH and increased over four orders of magnitude when the pH was changed from
3.6 to 11 [39].

It might seem plausible to expect that the stability of nitrosothiols be inversely related
to its potency as vascular effector. More concretely, one might expect that the more rapidly
decaying nitrosothiols elicit stronger physiological responses for relative short times. When
tested for the responses of vasorelaxation and platelet aggregation, no such correlation was
found [61]. This result con rms that S-nitrosothiols are potent physiological effectors in their
own respect. In particular, they can act without having to release free NO.

STABILITY OF RSNO IN VIVO

In biological systems, additional pathways exist for removal of RSNO. The consumption of
S-nitrosogroups (S-denitrosation) by endogenous enzymes has not been often reported in the
literature. Mammalian physiology does not seem to require a dedicated system to remove
excess quantitites of RSNO. A modest capacity for S-denitrosation has been recently reported
for the protein disul de isomerase enzyme [62] and for anaerobic xanthine oxidase [63].
Cu Zn superoxide dismutase was capable to denitrosate low concentrations of GSNO in vitro,
but the signi cance of this nding is questionable since the reaction was inhibited by in-vivo
levels of GSH (Table 1). Thioredoxin reductase (TR) [64] and glutathione peroxidase [65]
will denitrosate GSNO to GSH under release of free NO. Finally, the γ-glutamyl transferase
enzyme was implicated in the stereoselective effect of l-CysNO on posthypoxic ventilation
of mice [66]. The preceding examples do not consume large quantities of LMW nitrosothiols
and are not expected to have signi cance for GSNO levels in vivo.

In contrast, S-nitrosoglutathione reductase (GSNOR) was found to have an impact on
GSNO metabolism in vivo. In the literature, this enzyme is also referred to as alcohol
dehydrogenase-3 (ADH3) or as GSH-dependent formaldehyde dehydrogenase. It can
consume large quantities of GSNO [4,67 70]. GSNOR activity is found in many different
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tissues and found highest in liver [71]. The physiological signi cance of the GSNOR path-
way was impressively demonstrated by experiments with GSNOR knockout mutant mice [4],
which showed greatly enhanced levels of RSNO and became hypotensive under anesthesia.
Human asthmatics show the combination of enhanced GSNOR levels and depressed GSNO
in the bronchial uids. It suggests that chemically incorporated NO stores are depleted
in asthmatic patients. Since the remainder of NO is exhaled, the unbalance between NO
and S-nitrosocompounds may be the reason for the observed increase of exhaled NO in
asthma [70,72]. Recent studies on the decomposition of low-molecular-weight S-nitrosothiols
in tissue homogenates of rats have provided more evidence that enzymatic pathways con-
tribute signi cantly to the process [73]. The above publications leave no doubt that signi cant
enzymatic pathways for S-denitrosation of LMW nitrosothiols operate in mammals. Their
role in the regulation of endogenous pool of S-nitrosothiols remains the subject of intense
research for the moment being.

In addition to this enzymatic pathway, GSNO may be depleted by superoxide according
to the third order reaction [74]

d

dt
[GSNO] = −k[GSNO]2g[O−

2 ] (10)

The third order reaction rate in vitro was reported as k = 6 × 108 M−2 s−1. With GSNO
concentrations in tissue below ca 50 nM (cf Table 1) and superoxide levels below micromolar
range, the loss of GSNO via this pathway is insigni cant in comparison to loss by catalytic
action of spurious metal ions. This observation supports the hypothesis that the transient
formation of RSNO may help to increase the effective lifetime of NO in biological systems
by protection against the reaction with superoxide.

The hydroxyl radical OH is a very reactive oxygen species that can be generated in
solutions when hydrogen peroxide undergoes a Fenton reaction with spurious ferrous iron.
Using pulse radiolysis for generation of the hydroxyl radicals at pH = 7, the main reaction
products were found to be disul des at nitrite. The reaction was second order with diffusion
limited reaction rates as usually found for hydroxyl. The reaction rates for CysNO, GSNO
and ACysNO were 2.27, 1.46 and 1.94 × 1010 (Ms)−1, respectively [75].

Finally, the reaction with oxy-heme proteins, in particular oxy-hemoglobin (oxyHb) and
oxy-myoglobin (oxyMb) should be considered. Oxy-hemoglobin is known as the major sink
for free NO radicals in the vascular system. The reaction products are methemoglobin and
nitrate

oxyHb + NO → metHb + NO−
3

oxyMb + NO → metMb + NO−
3 (11)

The reaction is very fast with second order reaction rates of 8.9 × 107 (Ms)−1 for oxyHb
and 4.4 × 107 (Vs)−1 for oxyMb (pH = 7, 20◦C) [76]. Therefore, one might expect a
signi cant oxidation of S-nitrosothiols by oxyHb as well. However, in-vitro experiments
show that the NO moiety of S-nitrosothiols is well protected against oxidation to nitrate
by oxy-heme. Exposure of a small quantity of CysNO to oxyHb leads to S-nitrosation of
the Cysβ93 residue of the protein but not to the formation of nitrate [77,78]. In fact, the
rates and extent of transnitrosation from CysNO were very similar for oxyHb and metHb.
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This transnitrosation reaction to oxyHb was completely inhibited by the addition of the metal
chelators neocuproine and DTPA [78]. Therefore, the transnitrosation of oxyHb seems to
require the presence of catalytic traces of copper, either in free form or in the form of Cu Zn
dismutase.

Clearly, reaction (11) is highly signi cant for free NO radicals but does not apply to
S-nitrosothiols. Phrased otherwise, a small quantity of low-molecular-weight S-nitrosothiols
can survive for a very long time in the presence of oxy-heme. This property is a very
signi cant distinction with free NO. It explains why signi cant quantities of S-nitrosothiols
can coexist with oxygenated erythrocytes and blood (Table 1), in clear contrast to free NO.
Oxidation to nitrate becomes feasible only if GSNO is supplied in excess over Cysβ93
residues [78]. This situation is very unlikely to happen in vivo.

Under anaerobic conditions, GSNO can be reduced by deoxyhemoglobin in a slow and
irreversible reaction [79]. In presence of excess deoxyHb, the half life of GSNO is about
an hour with concomitant release of equimolar quantities of GSH and nitrosylated ferric
hemoglobin. The reaction rate was dependent on the conformer state (R or T) of the Hb
tetramer. Interestingly, transnitrosation from GSNO to the Cysβ93 residue of Hb did not
occur in this assay. As with oxyHb, the reaction pathway with deoxyHb seems not relevant
for the lifetime of GSNO in vivo.

Recapitulating these various reactions, we recall that in vivo RSNO concentrations remain
below ca 100 nM (Table 1). At such low levels, the thermolytic and photolytic pathways are
negligible in comparison with the effect of trace metal ions, superoxide and the chemical
equilibria with other stores of NO. Signi cantly, S-nitrosothiols are essentially stable against
oxidation by oxyHb, whereas free NO is rapidly oxidized to nitrate.

TRANSPORT OF LMW S-NITROSOTHIOLS

Long-distance transport of S-nitrosothiols is possible via the blood ow along the vascular
tree, but the kinetics of transport on a cellular scale in tissues is still being investigated. The
transport of S-nitrosothiols across cell membranes was particularly controversial [50,80,81].
Experimental evidence suggests that molecules like GSNO or GSH cannot cross cellular
membranes, neither by passive diffusion nor by an active transport mechanism. The carboxyl
groups of glutathione are only weakly acid, so that GSNO and GSH should be a dynamic
mixture of neutral, anionic and dianionic forms. But even the neutrals are not capable of
crossing into the intracellular compartment. Studies [82] on NIH/3T3 broblasts showed that
exposure to extracellular GSNO or SNAP failed to increase intracellular S-nitrosation. Low
levels of extracellular CysNO (<0.1 mM) enhanced intracellular cysteine levels but failed
to raise S-nitrosation. Signi cant S-nitrosation was only observed at high levels (1 mM) of
extracellular CysNO. S-nitrosation of the intracellular compartment took place on a timescale
of about 10 min [82]. NMR studies [83] con rmed that no signi cant exchange of GSH
takes place over the membrane of human erythrocytes. Moreover, the extracellular glu-
tathione affected neither the intracellular GSH/GSSG ratio nor the glucose metabolism of
the erythrocytes. This indicates that extracellular GSH did not provoke intracellular release
of thiols from cleavage of disul de bonds in the interior compartment. Taken together, this
study showed that intracellular GSH cannot be raised by suppletion of extracellular GSH.
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The cellular transport of small S-nitrosothiols was extensively studied by Hogg et al. [84,85].
They showed that extracellular GSNO and SNAP did not signi cantly increase the pool
of intracellular S-nitrosothiols in RAW 264.7 macrophages. However, the coincubation
of GSNO with l-cysteine or its disul de (l-cystine) greatly enhanced the intracellular
S-nitrosation. The S-nitroso moieties were predominantly located on the cysteine residues
of proteins. Signi cant intracellular S-nitrosation was also observed after incubation with
only extracellular l-CysNO. The data suggested that l-CysNO was transported intact across
the membrane, and initiated subsequent transnitrosation towards the intracellular proteins.
The effect of l-cysteine on extracellular GSNO was plausibly explained by the following
sequence of events: First, transnitrosation from GSNO to l-CysNO. Second, active transport
of l-CysNO across the membrane into the interior compartment. Third, transnitrosation from
l-CysNO to the sulfhydryl groups of the proteins. The transport of l-CysNO was stereospe-
ci c for the l-isomer and could be blocked by inhibitors of the cellular transport system of
amino acids. The uptake of l-CysNO was speci cally attributed to the amino acid transporter
system l (l-AT) [81,85].

The amino acid transporter system of the cellular membrane is not the only factor determin-
ing entry of S-nitrosothiols into the interior compartment and the timescale of intracellular
transnitrosation. The cell membrane itself is rich in thiol-containing proteins, and each one
of these is a potential carrier for cellular entry of NO. Protein disul de isomerase (PDI)
is a membrane enzyme that normally catalyzes thiol disul de exchange reaction. This pro-
tein was found to raise the level of S-nitrosothiols inside human erythroleukemia cells [50].
Additional pathways for the entry of S-nitrosothiols will undoubtedly be recognized in the
future.

BIOLOGICAL ACTIONS OF LMW NITROSOTHIOLS

A large body of data attests to the effect of low-molecular-weight RSNOs on various physio-
logical and biochemical processes. We can roughly classify these effects in three categories.
In the rst, RSNO operate as donors of free NO and the NO subsequently acts as the true
effector, just as would NO released by NO donors or by NOS enzymes. In the second, RSNO
acts as a transnitrosator of other sulfhydryls as found on proteins, and the effects result from
the S-nitrosation of the group. Effects in this category can also be evoked by exposure to
other nitrosating agents like N2O3. In the third category, RSNO itself acts as an effector in
its own right, for example as activator of guanylate cyclase enzymes (GC). We also include
S-glutathiolation into this third category.

First category effects

The rst category contains the majority of effects mediated by the guanylate cyclase-
dependent pathway in tissues and cellular assays [86,87]. The RSNO can be of low molecular
weight like GSNO or high molecular weight like S-nitrosohemoglobin. It is now widely
accepted that the release of free NO from cleavage of the S NO bond in cells and tissues
is dominated by catalytic action of copper [88]. Recent studies [86] report that GSNO and



188 E. van Faassen and A.F. Vanin

S-nitrosated oxy-hemoglobin is vasodilating without release of free NO (cf Fig. 7). The
sensitivity of aortic tissue to GSNO is very high, and of the same order of magnitude as
the sensitivity to the physiological stimulant acetyl choline (Ach) (Fig. 8). The vasodilation
of aortic rings is considerably reduced when superoxide levels in the organ bath are arti -
cially raised by coincubation with pyrogallol [89], a generator of superoxide radicals. Seen
as NO donors various RSNOs can produce both bene cial and adverse effects on cells and
tissues. This state of affairs reminds us of the ongoing controversy surrounding the bene-
ts/disadvantages of upregulation of NOS enzymes. Many detailed studies in vitro and in vivo

suggest that raising levels of free NO be bene cial in vascular ischemia, but harmful in brain
ischemia. Accordingly, many therapeutic treatments of ischemia involve NO donors for vas-
culature, and NOS inhibitors for brain. Experiments con rm many similarities between the
effect on ischemia of LMW S-nitrosothiols and true NO donors. The similarities include
relaxation of blood vessels or bronchial smooth muscle, inhibition platelet aggregation, etc.
Just as with true NO donors, high doses of RSNO can be harmful and activate the apop-
totic chain [90 92]. The mechanism is still being investigated. A signi cant contribution is
attributed to the oxidation of excess NO to the highly noxious peroxinitrite. The latter induces
so-called nitrosative stress [93].

In many cases, moderate doses of S-nitrosothiols are seen to provide protection against
oxidative stress: Just like true NO donors, GSNO stimulated the recycling of ascorbate by
human erythrocytes [94]. The mechanism was not fully understood but did not signi cantly
depend on the presence of free transition metal ions in solution.

It is interesting to note that the iron status of cells is an important parameter in the response
of cultured cells to exogenous RSNO. NO is implicated in the activation of the apoptotic chain.
Details of this mechanism are discussed in Chapter 12. Interestingly, the apoptotic action of
NO depends on the presence of iron. Cellular apoptosis could also be abrogated in a range of
cultured human tumor cell lines by the addition of exogenous iron to the medium [91].

Fig. 7. Vasorelaxation by GSNO and S-nitrososated hemoglobin in precontracted aortic rings from rats.
The relaxation was stimulated by 100 µM GSH, followed by either 50 nM GSNO (A); SNOoxyHb (B);
SNOmetHb (C). At a later timepoint 10 µM oxyHb was added to scavenge free NO. Experiments in Krebs
buffer at 37◦C at high oxygen tension (95%O2 + 5%CO2). (From Ref. [86].)
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Fig. 8. Dose response curves for relaxation of precontracted rat aortic rings by acetylcholine (left panel) and
GSNO (right panel). The presence of 0.3 mM pyrogallol (open triangles) cancels the stimulus from Ach, and
reduces the sensitivity to GSNO by an order of magnitude. Experiments in Krebs buffer at 37◦C at high oxygen
tension (95%O2 + 5%CO2). (From Ref. [89].)

RAW264.7 macrophages contain a comparatively low amount of non-heme iron. These
macrophages proved quite susceptible to the pro-apoptotic action of RSNOs. Preincuba-
tion with exogenous iron reinforced their resistance to apoptosis and EPR spectroscopy
revealed the formation of intracellular DNIC with thiol-containing ligands [90]. These DNIC
were evidently assembled from RSNO and non-heme iron. In contrast, hepatocytes contain
fairly large amounts of endogenous iron and show much higher resistance to the pro-
apoptotic effect of NO [90]. The cellular reaction pathways for DNIC are considered in
detail in Chapter 11. Intracellular formation of DNIC was also observed after addition of
ferrous iron to cultured leukemic cells incubated with S-nitrosocysteine (Vanin, A.F., non-
published data). The incubation of cells with Cys-DNIC or GS-DNIC did not affect the cell
viability.

The mechanism of apoptotic protection was investigated in cellular assays [90]. It was
shown that apoptosis was suppressed by inhibition of caspase 3 by S-nitrosation of this
protein. The S-nitrosation could be reversed by the addition of dithiothreitol. It demonstrated
that extracellular DNIC enhanced S-nitrosation of the intracellular proteins. Details of the
mechanism remain unclear since transport of intact DNIC across cellular membranes remains
unproven at this moment.

We just noted that both RSNO and DNIC can act as NO donors in their own respect. Usu-
ally, activation of a physiological response requires higher doses of GSNO than DNIC [90,95].
As donors, they are clearly distinguished by their response to alterations in the pool of free
iron and copper in the solutions. Addition of a metal chelator like bathophenanthroline disul-
fonate (BPDS) will remove the iron from DNIC and induce instantaneous release of the
nitrosyl ligands into the solution. The effect on GSNO is exactly opposite in that its life-
time is greatly extended by chelation of the free metal ions. But the pools of RSNO and
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DNIC are always coupled in a dynamic equilibrium by the presence of free iron ([96] and
Chapter 11). It should be noted that tissues always contain a certain quantity of loosely bound
iron (experimental evidence for this iron pool in tissues is reviewed in Chapter 2).

Second category effects

Besides acting as NO donors, RSNOs can modulate physiological and biochemical processes
by transnitrosation. Certain effects were found to be stereoselective and are speci c for the
l-isomer of S-nitrosocysteine. Stereoselectivity was observed for neuronal stimulation in
brain of conscious rats [97] and in transnitrosation of the intracellular compartment [84,85].
Mounting evidence suggests that these effects are manifestations of a cascade of events
involving the exchange of S-nitrosation between exogenous or endogenous low-molecular
RSNOs and sulfhydryl moieties on intracellular proteins. [84,98]. This chemical modi cation
is reversible and, in principle, potentially useful for regulation of the enzymatic activity inside
cells.

Effects of S-nitrosation on enzymatic activity have now been con rmed for dozens of
enzymes in vitro as well as in vivo. The involvement of S-nitrosation is usually estab-
lished beyond doubt by being reversible under treatment with the denitrosating agent
dithiothreitol. S-nitrosation can inhibit glutathione reductase [99], seven members of the
caspase family [100], including the inducer of apoptosis, caspase 3 [100,101], creatine
kinase [102], glutathione-S-transferase [103], adenosyltransferase [104], transcription factor
Yin Yang [105], catepsin K [106], glyceraldehyde-3-phosphate dehydrogenase [107], alco-
hol dehydrogenase [108], c-Jun N -terminal kinase 2 [109], HIF-1α protein [110], protein
tyrosine phosphatase [111], inactivate aconitase [112], activate the ryanodine receptor for
calcium release [113], inhibit adenyl cyclase enzyme in rat thymocytes [81,114], etc. Also
S-nitrosation of crucial thiol groups by exogenous or endogenous low-molecular RSNOs
can inhibit the ligand-binding ability of glucocorticoid receptor [115], disrupt the mitochon-
drial electron-transfer chain [116], induce cytostasis or cytotoxicity [117], inhibit NF-κB
binding to DNA [118,119], inhibit papain [111] and ornithine decarboxilase [120], inhibit
Complex I from the mitochondrial respiratory chain [121], regulate the redox state and
anti-apoptotic function of thioredoxin [122]. This list is exemplary only and by no means
exhaustive. As a rule, these inhibitions are reversible, and enzymatic activity may be restored
by S-denitrosation, for example by adding excess glutathione or dithiothreitol. It should also
be noted that enzymes may interact with nitrosospecies in more than just one way. A well-
known example is Hb which undergoes nitrosylation of the heme and also S-nitrosation
of its Cysβ93 residue. Another is Complex I of the respirational chain which undergoes
nitrosylation of the catalytic Cu-B/heme-a3 site as well as multiple S-nitrosation of cysteine
residues [94].

Before concluding the effects in the second category, we recall that DNIC plays a very
important role in the process of protein S-nitrosation by LMW RSNOs. As was mentioned
earlier, the probability of transnitrosation from low-molecular RSNOs to protein thiol groups
is low and takes many minutes to establish equilibrium (Fig. 6). Spurious iron and copper help
signi cantly, but the formation of DNIC really accelerates transnitrosation. It was shown by
Boese et al. [123] that Cys-DNIC is much more effective for S-nitrosation of serum albumin
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than CysNO itself. It is conceivable that loosely bound iron and DNIC rather than spurious
copper determine the rate and extent of S-nitrosation of the proteins in cultured cells and
tissues.

Third category effects

Here we list a number of physiological responses via mechanisms other than S-nitrosation.
More precisely, processes for which S-nitrosation does not play a role or in which S-
nitrosation has not been recognized yet. S-nitrosothiols provide neuroprotection [124], protect
against amyloid β-peptide neurotoxicity [125], induce bacteriostatic effect of α1-protease
inhibitor [126], interrupt the replication of the coronavirus [127], inactivate HIV-1 pro-
tease [128], inhibit dystrophin proteolysis by Coxsackieviral protease 2A [129], promote
expression of the 5-lipoxygenase (5-LO) in several human bronchial cells types [130] and
stimulate noradrenalin release in rat brain [81]. Nitrosprusside and SNAP activate a com-
plex extracellular signal-regulated kinase (ERK) pathway via an as yet unknown mechanism
[131]. S-nitrosothiols are often found to in uence the life cycle of viruses, for example
human immunode ciency [132], Herpes Simplex [2] and Epstein-Barr [133]. In many cases
the mechanism has not been fully understood, and it is speculated that S-nitrosation of
thiols might have signi cant effect on virion maturation [2,127]. Upon incubation with S-
nitrosothiols, the cysteine residues of proteins often show a certain degree of S-glutathiolation.
The S-glutathiolation pathway is often operating simultaneously with S-nitrosation. The pro-
cess of S-glutathiolation requires the presence of oxygen and seems to be dominated by
intermediate oxides like GS(O)SG or GS(O2)SG [37]. S-glutathiolation of intracellular pro-
teins has been demonstrated in vivo: upon incubation with exogenous CysNO, NIH-3T3
broblasts underwent combined S-nitrosation and S-glutathiolation of the cysteine residues

of H-ras protein [54]. S-glutathiolation may be reversed by dithiothreitol which is an effective
reductor for disul de bonds [60]. Again, the above list is not exhaustive.

This growing body of evidence attests to the signaling role of various RSNOs. These agents
are clearly involved in the control of enzyme activity and in various intracellular messenger
pathways.

THERAPEUTIC USES OF LMW NITROSOTHIOLS

Hitherto, therapeutic application of LMW nitrosothiols was limited because they elicit a
rapid and strong vasodilatory response which exceeds the margins of safety for humans.
In short, they are too effective as vasodilators. Alternative donors like organic nitrates or
nitroglycerine are considered safer for clinical applications as they provide better control
over the vasodilation. These alternative NO donors are described in detail in Chapter 17
of this book. The risk of excessive hypotension makes that clinical studies of the effect of
GSNO in humans are very few. A clinical study into the effects of infusion of GSNO into
the bloodstream of pregnant women with severe preeclampsia [134] has shown promising
improvement in maternal blood pressure (Fig. 9) and uterine arterial resistance (Table 3).
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Fig. 9. Drop in arterial blood pressure of preeclamptic pregnancies upon infusion of increasing doses of
GSNO. (From Ref. [134].)

RSNO has been implicated in a number of respiratory diseases. In ammatory state as in
pneumonia gives higher RSNO levels in the lungs. Asthmatic patients exhale high levels of
NO but have depressed RSNO levels in the airways. The modulation of RSNO status for
clinical therapy is only now being considered [66,70,135].

Injection of modest doses of GSNO has also been found to promote wound healing in rats.
In this case, repeated intraperitoneal injection of GSNO was found to accelerate healing of
skin lesions by promoting deposition of new collagen in the affected areas [136] (Fig. 10).

External application of RSNO avoids the risk of exceedingly strong vasodilation and
life threatening loss of blood pressure. Very promising results have been recently reported
for external application of hydrogels containing GSNO to promote skin repair [137].

Table 3 Effect of venal infusion of GSNO on blood circulation parameters
of pregnant women with severe preeclampsia. PI and RI are pulsatility and
resistance index, respectively. P-selectin expression is a marker for activa-
tion of blood platelets and has a value 1.1 ± 0.2% in healthy pregnancies.
Adapted from Ref. [134]

Parameter Before infusion During infusion

Mean arterial pressure (mm Hg) 125 ± 5 104 ± 4
Pulse rate (beats/min) 74 ± 6 90 ± 4
Mean uterine artery RI 0.76 ± 0.03 0.70 ± 0.03
Umbilical artery PI 1.9 ± 0.2 1.6 ± 0.2
Fetal thoracic aorta PI 2.5 ± 0.2 2.3 ± 0.2
P-selectin expression (%) 3.0 ± 0.5 1.2 ± 0.2
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Fig. 10. Hydroxyproline content of scar tissue at two time points after dorsal incision in rats. Hydroxyproline
is the main component of collagen. After incision GSNO and GSH were injected intraperitoneally at 24 h
intervals with dose of 0.3 mg/kg. The treatment with GSNO signi cantly enhances the collagen deposition in
the affected tissue. (From Ref. [137].)

The bene cial action was attributed to a combination of factors. First, the sterilizing action
of NO radicals released from the GSNO. Second, the vasodilation and ensuing improvement
of blood supply to the affected tissues.

The older literature on potential therapeutic applications of S-nitrosothiols was reviewed
in Refs. [138 140].

Summarizing the above results, it appears surprising that such a powerful vasodilator has
found relatively few practical therapeutical applications. As mentioned before, this state of
affairs is primarily caused by the practical problems regarding the need to keep complete con-
trol over the dosage to avoid life threatening loss of systemic blood pressure. S-nitrosothiols,
whether they be of low or high molecular weight, clearly elicit strong physiological responses.
Some of these responses are acute (e.g. vasodilation) and some induced on a longer timescale
(like apoptosis). But strong that they are and since the S-nitrosothiols are endogenously
formed, these compounds deserve constant attention and consideration by researchers in the
eld of NO.
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CHAPTER 10

S-nitrosated proteins: formation,
metabolism, and function

Yi Yang and Joseph Loscalzo∗

From the Cardiovascular Division, Department of Medicine,
Brigham and Women’s Hospital, Harvard Medical School, 75 Francis Street Boston, MA 02115

INTRODUCTION

S-nitrosothiols, also known as thionitrites, are simple organic esters of nitrite and sulfhydryls.
First synthesized in 1909 [1] as nitrite esters of alcohols, these compounds have been
known to have nitrovasodilator properties for over 20 years. With the identification of
nitric oxide as endothelium-derived relaxing factor [2,3], the possibility that S-nitrosothiols
form endogenously was proposed. Ignarro and colleagues suggested that S-nitrosothiols were
the pharmacological intermediates in the thiol-dependent activation of guanylyl cyclase by
nitrosoguanidine and sodium nitroprusside [4,5]. We first showed that thiols potentiate the
action of endothelial nitric oxide [6,7] and, subsequently, that S-nitrosothiols, including
GSNO and protein S-nitrosothiols, form in vivo [8,9]. Altered blood level of S-nitrosothiols
have been associated with cardiovascular disease [10–13], and dysregulation of protein
S-nitrosation is associated with various pathobiological states [9,14,15]. S-nitrosation of
protein cysteinyl residues is reversible and rapidly gaining recognition as a major form of
post-translational modification of the proteome.

BIOLOGICAL CHEMISTRY

Synthesis

In general, S-nitrosothiols can be readily synthesized by the reaction of a thiol with acidified
nitrous acid, which generates the nitrosonium cation, NO+, or with an alkyl nitrite.

∗ Author for Correspondence. E-mail: jloscalzo@partners.org
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Both aryl and alkyl thionitrites can also be synthesized quantitatively by the reaction of
the parent thiol with dinitrogen tetroxide [16]. More details on the reaction chemistry of
S-nitrosation can be found in Chapters 1 and 9 of this book.

Transport

S-nitrosothiols may both enter cells by passive diffusion and be metabolized at the cell
surface to facilitate entry into the cell by trans-S-nitrosation, likely in the membrane
micro-environment. The stereoselective effects of S-nitrosothiols [17,18] suggest that their
bioactivity is mediated by interaction with cell-surface receptors. We have shown that cell-
surface protein disulfide isomerase (PDI) catalyzes the trans-S-nitrosative decomposition of
extracellular low-molecular-weight S-nitrosothiols [19,20], which appear to undergo denitro-
sation with subsequent reaction with molecular oxygen in the cell membrane to form the
nitrosating species, nitrous anhydride (N2O3), subsequently leading to S-nitrosation of
intracellular thiols [20].

Recent reports show that the cell membrane anion transporter can import S-nitrosocysteine
(CysNO), but not S-nitrosoglutathione (GSNO), into the cytosol. Cysteine facilitates the abil-
ity of S-nitrosothiols like GSNO or S-nitroso-N -acetyl-penicillamine to increase intracellular
S-nitrosothiols [21]. Intracellular S-nitrosothiol formation depends on trans-S-nitrosation
between GSNO and l-cysteine to form l-CysNO, with uptake of l-CysNO via the amino
acid transport system L, a process inhibited by l-leucine but not d-leucine [22–24].

Biological formation

The cellular metabolism of S-nitrosothiols is complex and has not yet been fully elucidated.
In general, the levels of S-nitrosothiols formed in vivo are determined by the NO flux,
i.e., activity of NOS and availability of substrate; rate of formation of the S-nitrosating
species; and competition of different thiols and other reactive motifs for reaction with the
nitrosating species. We found that S-nitrosated proteins can form within endothelial cells from
an exogenous S-nitrosothiol donor or from endogenous production of NO by endothelial NO
synthase activity [25]. In comparison to CysNO, NO is a relatively poor nitrosating agent
in cultured cells [22,26,27]. It is important to point out that the reaction of nitric oxide with
thiols under anaerobic conditions does not yield an S-nitrosothiol, but disulfide and nitroxyl
anion. Nitrosating intermediates are formed in the course of aerobic oxidation of NO. It is
commonly assumed that nitrosation of thiols by NO in the presence of oxygen involves
electrophilic substitution by N2O3. In contrast to NO auto-oxidation, the reaction between
NO and superoxide is first order in both reactants, occurs at near diffusion limits [28–30],
and greatly enhances protein S-nitrosation [31]. Nitrosation is maximal when the molar ratio
of superoxide to NO is near-equivalent [32].

By confocal microscopy and in situ S-nitrosothiol fluorescence labeling, we found that
S-nitrosoproteins exist mainly in the mitochondria, which is the primary superoxide source
in resting cells [25]. PseudoRho0 cells, which are essentially devoid of mitochondria, demon-
strate much less S-nitrosoprotein formation than do cells with a normal complement of
mitochondria. Cellular protein S-nitrosothiol formation is also diminished when cells are
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treated with electron transport inhibitors to decrease superoxide generation. These studies
suggest that superoxide anion reacts with endogenous NO or exogenous NO to form the
nitrosating species peroxynitrite or N2O3. In addition, physiological concentrations of CO2

modestly enhance levels of NO2 formation via formation of nitrosoperoxocarbonate from
peroxynitrite [32], thereby affecting nitrosation potential.

Other possible mechanisms for S-nitrosothiols formation include the role of metal ions
[33] and dinitrosyl iron complexes [34]. Protein thiols may donate one electron to transition
metals like copper and become thiyl radicals in the process, which then react with nitric
oxide to form S-nitrosothiols [34–37]. The S-nitrosating agent NO+ may also form in the
presence of transition metals [38]. Several proteins containing transition metals also catalyze
the formation of S-nitrosothiols. Romeo suggested that superoxide dismutase targets NO from
GSNO to Cysβ93 of oxyhemoglobin [39], and ceruloplasmin showed potent RSNO-forming
activity in cell culture [40]. S-nitrosothiols may also be formed from nitrite anion through
heme protein-mediated nitrite reductase activity [41–43]. Such enzymatic nitrite reductase
pathways are discussed in Chapters 14 and 15 of this volume. Xanthine oxidase also catalyzes
anaerobic transformation of organic nitrates to nitric oxide and S-nitrosothiols [44].

S-nitrosothiol formation is also controlled by the competition between GSH and dif-
ferent proteins. Decreased intracellular GSH concentration markedly enhances protein
S-nitrosothiol formation [25], while overexpression of metallothionein, which also exists
in a very reduced apo-form in the cell [45], protects proteins from S-nitrosation [46].

Metabolism of S-nitrosothiols

Cleavage of the S N bond in S-nitrosothiols can occur homolytically or heterolytically,
thereby yielding NO, NO+, or NO−, depending on redox conditions. Homolytic cleavage of
the S NO bond photochemically was first shown in 1966 [47]. This photolytic cleavage is
likely responsible, at least in part, for the action spectrum of vascular tissue, and supports
the importance of S-nitrosothiol formation in vivo. Furchgott and colleagues first showed
that light can induce relaxation of blood vessels [48], which is a consequence of release of
nitric oxide from a photolabile store [49] and requires adequate glutathione stores [50–52].
Homolytic cleavage of the S NO bond by thermal decomposition has also been reported
[53]. Recent data, however, suggest that this mechanism of decomposition is not relevant
under physiological conditions [54]. In plasma, NO release from S–NO–albumin and S–NO–
glutathione may be regulated by heterolytic NO+ transfer and reductive activation to NO,
rather than by homolytic decomposition of labile S-nitrosothiols [55].

GSNO is the model compound used for most studies of S-nitrosothiol metabolism. GSNO
is fairly stable under physiological conditions in plasma and buffer solutions, while other
low-molecular-weight S-nitrosothiols have tissue half-lives ranging from seconds to minutes,
much shorter than protein S-nitrosothiols [25]. More information on the relevant reaction
pathways and kinetic constants is given in Chapter 9. The ability of the tissue homogenate
supernatants to facilitate decomposition of GSNO remains unchanged after removal of pro-
teins and other high-molecular-weight compounds [56], suggesting that the decomposition
rate of GSNO is determined by low-molecular-weight compounds; other studies suggest that
enzymatic catalysis is involved in GSNO metabolism [14,19,20,57–59].
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Superoxide anion [60] and transition metal ions [33,38,61–63] were also found to accelerate
greatly S-nitrosothiol decomposition in vitro; interestingly, these factors also facilitate its
formation. Reduced metal ions (e.g., Cu+) decompose S-nitrosothiols more rapidly than
oxidized metal ions (e.g., Cu2+), indicating that reducing agents such as glutathione can
stimulate decomposition of S-nitrosothiol by chemical reduction of contaminating transition
metal ions [64,65]. CuZn-SOD, but not Mn-SOD, catalyzes the decomposition of GSNO
and the formation of NO in the presence of GSH at concentrations present in extracellular
fluids [66].

Ascorbate exists in cellular systems at relatively high concentration, and is a very impor-
tant cellular antioxidant. Decomposition rates of S-nitrosothiols in the presence of ascorbate
[67] increase drastically with increasing pH, signifying that the most highly ionized form of
ascorbate is the more reactive species [68]. The reaction is also accelerated in the presence
of trace redox-active copper [69]. Ascorbate has been shown to block S-nitrosation of pro-
teins [25,31,70–72], and in plasma and tissue, ascorbate is one of the critical determinants
of the overall S-nitrosothiol pool [55,73]. The vasodilator activity of GSNO is significantly
enhanced by ascorbic acid [69]. Ascorbate has also been shown to be necessary for trans-
formation of organic nitrates to nitric oxide by xanthine oxidase, where it releases NO from
S-nitrosothiol intermediates [44].

Despite these findings, however, there are only a few studies on the cellular metabolism of
these compounds. Cells consume GSNO at a much greater rate than the spontaneous GSNO
decomposition rate, which depends on protein thiols [74,75]. Gordge suggested that this
active decomposition of GSNO is mediated by “GSNO lyase” [59]. One candidate enzyme
for this activity is γ-glutamyltranspeptidase, which accelerates the decomposition of GSNO
by hydrolyzing the glutamyl moiety to yield S-nitrosocysteinylglycine (CG-SNO). The lat-
ter is susceptible to transition metal ion-dependent decomposition and release of NO [75].
A glutathione-dependent formaldehyde dehydrogenase has recently been identified as a major
protein responsible for GSNO-metabolism [58], viz., the S-nitrosoglutathione reductase activ-
ity [76], in eukaryotes. This protein is conserved across phyla [77], and was renamed GSNO
reductase (GSNOR). GSNOR has been shown to protect yeast cells against nitrosative stress
both in vitro [58] and in vivo [57]. In a GSNOR-deficient mouse, S-nitrosothiols were
markedly increased, and the liver, immune system, and cardiovascular system manifested
S-nitrosative stress [14] under these conditions. The effect of GSH, the substrate for GSNOR,
in the metabolism of S-nitrosothiols is still debatable. Xu and colleagues suggested that GSH
shortens GSNO half-life [69], while other studies show that buthionine sulfoximine treatment,
which decreases intracellular GSH levels, does not affect GSNO decay [59,74].

It is not yet known whether there is any enzyme that can metabolize a protein S-nitrosothiol
directly. Thioredoxin or thioredoxin reductase may be one candidate, which has been shown to
restore S-nitrosation-induced inhibition of protein kinase C activity in pulmonary endothelial
cells [78].

Physiological distribution of S-nitrosothiols

Protein S-nitrosothiols and low-molecular-weight S-nitrosothiol compounds like GSNO com-
prise two pools of intracellular S-nitrosothiols. Protein S-nitrosothiols tend to be more stable
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than low-molecular-weight S-nitrosothiols. GSNOR-deficient yeast or mice have higher pro-
tein S-nitrosothiol content, suggesting that GSNO exists in equilibrium with SNO-proteins
[14,58]. The exchange of S-nitrosothiols between proteins and GSH occurs through trans-
S-nitrosation in which a thiolate anion nucleophilically attacks the nitrogen atom of an
S-nitrosothiol, resulting in the transfer of the nitroso group to the nucleophilic thiol, providing
the exchange of S-nitrosothiols between proteins and GSH, the most abundant intracellular
free thiol.

Depending on the localization and cell type, S-nitrosothiols have different distributions
between these two pools. GSNO can accrue in extracellular fluids, e.g., airway lining
fluid [9], while albumin represents a principal S-nitrosoprotein in that same compartment
[8,79,80]. Mallis and Thomas showed that over half of the cellular glutathione pool can be
S-nitrosated in immortalized fibroblasts [21], while in other cell types, 95% of S-nitrosothiols
are S-nitrosoproteins [27] or cannot be detected readily [58,81]. This difference could be
explained by the fact that GSNO is more rapidly metabolized in some cells than others.

By confocal microscopy and in situ S-nitrosothiol fluorescence labeling, we found that
S-nitrosoproteins exist mainly in the mitochondria and peri-mitochondrial compartment [25],
which is a consequence of localization of the nitrosative reagent to the mitochondria and of
the greater oxidative potential of that compartment compared with the cytosol. Mannick
and colleagues observed that S-nitrosation of caspases is higher in mitochondria than in
cytosol [82], supporting our observations. Another report suggests that S-nitrosation also
occurs in the nucleus [83], although this observation has not yet been confirmed. Plasma
membrane-bound eNOS is more easily S-nitrosated than that in cytosolic fractions, and
VEGF-stimulated translocation of eNOS from the plasma membrane to the cytosol induces
rapid denitrosation of S-nitrosothiols [84,85].

The pattern of S-nitrosothiol distribution in tissue has also been studied. During glyceryl
trinitrate (GTN) biotransformation in vivo, the erythrocyte appears to be the predominant
site of GTN-induced S-nitrosation. In plasma, nitrosation mainly reflects RSNO formation,
whereas in the aorta, only 30% of the nitrosated pool consists of RSNOs, the remaining 70%
being RNNOs [86].

DETECTION

More than ten years after our initial report, there appears to be no consensus about the
true physiological levels of S-nitrosothiols in human plasma, which range from 10 µM
[8,87] to 10 nM [88,89]. The differences have their origin in the diverse methodologi-
cal approaches used to detect them [90]. Challenges about the physiological importance
of S-nitrosothiols [91,92] arise from the difficulties and technical limitations of detecting
them [93]. In particular, S-nitrosothiols formed under physiological conditions by either
endogenous NO production or exogenous NO donors has remained an analytical morass,
largely owing to the variable stability of the protein S N bond. S-nitrosothiols can form
from thiols in the presence of nitrite at pH less than 7.4. In the presence of ascorbate,
glutathione, and transition metals in biological fluids or buffer, S-nitrosothiols decompose
rapidly and trans-S-nitrosation between protein S-nitrosothiols and low-molecular-weight
thiols can occur. Endogenous S-nitrosothiols in biological fluid and tissue have not been
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detected directly in intact form, but only after conversion to stable derivatives [93]. An ideal
assay for S-nitrosothiols would be rapid, specific, and effective in situ, avoiding transfer or
loss of the S-nitrosothiol signal in the process.

Photolysis-chemiluminescence

Photolytic cleavage of S-nitrosothiols generates nitric oxide, which then can be detected by
the chemiluminescence of its reaction product with ozone or directly electrochemically by
a nitric oxide-selective electrode. Alternatively, NO can be released from S-nitrosothiols in
the presence of copper and cysteine [94,95] or acidic triiodide [96,97]. As low as 10−13 M
can be detected by chemiluminescence methods, compared to 10−9 M electrochemically.
Owing to the sensitivity, photolysis-chemiluminescence has been a dominant method for
studying S-nitrosothiols for many years. Unfortunately, the photolysis-chemiluminescence
technique used in these studies is too complex to facilitate widespread application. In addition,
the method has limited specificity owing to interference by nitrite, iron-nitrosyl complexes,
and O-nitroso and N -nitroso compounds [23,73,96]. Another disadvantage of the technique
is that it measures only the overall concentration of S-nitrosothiols without a preceeding
separation step.

Saville–Griess method

In the presence of mercury chloride, nitrosonium ion can be released from S-nitrosothiols,
which reacts with sulfanilamide to form diazonium ion [98]. The resulting diazonium
then reacts with aminonaphthalene to form a colored azo-complex. Alternatively, 2,3-
diaminoaphthalene is used to form a highly fluorescent product with diazonium to measure
indirectly NO derived from S-nitrosothiols with a resulting high degree of sensitivity [98].

Diaminofluorescein gels

The Saville and chemiluminescence methods described above cannot distinguish between
S-nitrosothiol signals that derive from proteins and those that derive from low-molecular-
weight species. King and colleagues developed a new gel-based system to detect S-nitrosated
proteins [99]. In this method, proteins are separated by non-reducing SDS-PAGE, after which
NO is photolytically released from S-nitrosated proteins by UV light. The released NO
is detected using the NO-sensitive fluorescent probes 4,5-diaminofluorescein and 3-amino,
4-aminomethyl-2′7′-difluorescein. This assay, however, is not sufficiently sensitive to detect
endogenous S-nitrosoproteins.

Mass spectrometry

Occasional reports have appeared in which mass spectrometry is directly used to detect
S-nitrosothiols by measuring the mass changes after S-nitrosation, beginning in 1999 [100].
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Zech and colleagues, for example, detected poly-S-nitrosation of caspase 3 with approxi-
mately two molecules of NO bound per enzyme by mass spectrometry [101].

Immunohistochemistry

A polyclonal antibody raised against an S-nitrosated glutaraldehyde conjugate of BSA and
cysteine has been used in immunoblotting and immunochemistry [102]; however, the lack of
specificity of the antibody limits its application.

Chemical labeling

Jaffrey and colleagues recently published a sensitive chemical method in which thiols are first
covalently blocked, after which S-nitrosothiols are gently reduced to thiols with ascorbate
that react with N -[6-(biotinamido)hexyl]-3-(2-pyridyldithio)-propionamide, a biotinylating
reagent specific for sulfydryl groups [103]. As straightforward as this method appears, its
success depends critically on the extent of blockade of protein thiols in the first step. Ineffi-
ciency in this reaction could lead to false-positive labeling of proteins, and, thus, inappropriate
identification of protein targets for S-nitrosation. We found that increasing the concentration
of the thiol blocking (alkylating) reagent effectively decreased false-positive background
detection in endothelial cells. Another potential problem for this method is the low con-
version rate of S-nitrosothiols to free thiols by ascorbate. We found that ascorbate is a
very inefficient reducing agent [25,104]; therefore, very high concentrations of ascorbate
should be used to facilitate this reduction. To minimize any background labeling, we use
Texas Red-2-sulfonamidoethyl methanethiosulfonate (MTSEA Texas red) fluorescent label,
which has the same reaction chemistry as the thiol blocker, methyl methanethiosulfonate
(MMTS). By optimizing this methodology, we have acquired the first image of intracel-
lular protein S-nitrosothiols [25], and showed that S-nitrosated proteins can form within
endothelial cells from an exogenous S-nitrosothiol donor or from endogenous production
of NO by endothelial NO synthase. Both MMTS and MTSEA Texas Red are electrochemi-
cally neutral, thereby improving the selectivity and efficiency of labeling the S-nitrosothiol
functionalities.

PROTEOMICS

A few studies have been published using proteomic approaches that involve chemical
labeling of S-nitrosated proteins, affinity isolation, one or two-dimensional gel electrophore-
sis, and mass spectrometry. These studies have consistently shown that a limited number
of S-nitrosoproteins exist in cells treated with NO-donors, suggesting a selectivity of
S-nitrosation [25,103–105]. In these reports, peroxiredoxin [25,105], actin [25,103,105],
and GAPDH [25,103,105] were identified as S-nitrosoproteins. The function of peroxi-
redoxin relies on an active cysteine that is critical for the decomposition of peroxide [106].
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Both GAPDH and actin are known to contain reactive cysteinyl residues [107]. Under physi-
ological conditions, S-nitrosation of one or a few cysteinyl residues changes the function
of OxyR [108], L-type calcium channels [109], NSF ATPase [110], and caspase [111].
These findings suggest that there is specificity to S-nitrosation of the cysteinyl functional-
ity that depends on its pK. Typically ∼8.4 in aqueous environments, the pK of cysteinyl
sulfhydryl functionality can become anomalously low within the constraints of the ter-
tiary structure of a protein and proximity to charged side-chains, especially histidine and
aspartate, leading to thiolate anion formation. For example, the pK of serum albumin’s
single cysteinyl group (cys34) is ∼4.5 [112], rendering it susceptible to electrophilic
attack by the partially positively charged nitric oxide moiety of a low-molecular-weight
S-nitrosothiol such as S-nitrosoglutathione [79,80,113]. These S-nitrosation-specific thiols
may also change by protein allostery [114,115], controlled by binding of metal ions or other
cofactors.

Rhee and colleagues studied the S-nitroso-proteome in Mycobacterium tuberculosis [116],
which is a target for antimicrobial endogenous reactive nitrogen species. Twenty-nine
S-nitroso proteins were identified from Mycobacterium tuberculosis that infected bone
marrow-derived primary mouse macrophages, and all are enzymes important for invasion
and replication of the bacterium.

FUNCTION OF S-NITROSOTHIOLS

The role of S-nitrosothiols in cell signaling was initially viewed principally as important
for targeting activation of guanylyl cylase via donated NO, first demonstrated in 1980 [4].
In plasma, serum albumin serves as a carrier and buffer function for the transport of nitric
oxide [8,79,80]. GSNO, which is a naturally occurring S-nitrosothiol [9], has been impli-
cated in responses ranging from airway dilation [9] and central breathing stimulation [117]
to regulation of the cystic fibrosis transmembrane regulator [118] and host defense [57].
None of the commercially available S-nitrosothiol compounds has as yet been used ther-
apeutically in animals or humans, however, mainly owing to their unpredictable rate of
decomposition [119].

During recent years, S-nitrosation has become recognized as one of the major temporal
and spatially regulated post-translational protein modifications in cell signaling. The total
list of S-nitrosoproteins that have been identified to date is extensive (see Ref. [120] for
review). Most of these proteins have been identified in targeted studies involving in vitro
S-nitrosation of purified candidate proteins or by analysis of NO release from immuno-
precipitated proteins. The latter method may allow for detection of S-nitroso-adducts in
proteins that are S-nitrosated at low levels, compared to the proteomic methods; however,
it requires pre-selection of candidate proteins. Importantly, the existence of S-nitrosation
in a protein does not necessarily indicate associated functional modulation, and one cannot
exclude post-hoc (i.e., following cell lysis) formation of S-nitrosoproteins identified by con-
ventional methodologies. To elucidate the regulatory function of S-nitrosothiols from that of
disulfides or sulfenic acid, one can utilize sensitivity to ascorbate and dithiothreitol [121].
As S-nitrosothiols undergo photolytic cleavage, light treatment is another method to validate
participation of S-nitrosothiols in cell signaling [122].
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Energy metabolism

Prolonged exposure to NO or GSNO results in a gradual and persistent inhibition of complex I
and mitochondrial respiration, which is reversible by high intensity light and reduced glu-
tathione, indicating involvement by an S-nitrosation mechanism [122–124]. This implication
is further confirmed directly by analysis of isolated complex I from hearts subjected to
ischemic preconditioning [125]. The cytochrome-c oxidase, complex IV, is well known to
be reversibly inhibited by NO, which is competitive with oxygen [126], and a recent study
shows that it is also S-nitrosated and, as a result, inhibited [127].

One group has proposed that S-nitrosation of the β chain of hemoglobin occurs in vivo
and serves to modulate allosterically oxygen release from the heme group [128]. Recent
data, however, refute this hypothesis, showing that S-nitroso-hemoglobin is unstable in the
reductive environment of erythrocytic cytosol and lacks allosteric function [129].

Protein degradation and apoptosis

Ubiquitination and proteasomal degradation represent the major protein degradation path-
way in the cell. Two classes of ubiquitin enzymes, E2 ubiquitin-conjugating enzyme UbcH7
[25] and the E3 ubiquitin ligase protein parkin [15,130] or HDM3 [131], were found to be
S-nitrosated. S-nitrosation of the target protein may also change its sensitivity to ubiquitina-
tion and proteasomal degradation [132]. By contrast, S-nitrosation of iron regulatory protein 2
promotes its ubiquitination and proteasomal degradation [133]. Interestingly, a recent study
shows that S-nitrosation of GAPDH augments its binding and stability, as well as promotes
nuclear translocation of the ubiquitin ligase Siah1, facilitating its degradation of nuclear pro-
teins [134]. Recently, nitric oxide has been shown to increase HIF-1 and p53 stability by
preventing their proteasomal degradation [135–138].

Beginning in 1997, several studies showed that one mechanism by which NO exerts its
antiapoptotic effect is by S-nitrosation of the reactive cysteine of caspases [139–141]. It has
also been shown that most of the caspases can be S-nitrosated, with the consequent inhibition
of their enzymatic activity [82]. The inhibition of S-nitrosated caspases could be reversed
by denitrosation, which is induced by two activators of apoptosis, Fas ligand and TNFα

[142,143]. In another study, thioredoxin was shown to catalyze S-nitrosation of the caspase 3
active site cysteine [144]. S-nitrosation may also inhibit the caspase-recruitment domain
(CARD) interactions between Apaf-1 and procaspase, preventing apoptosome formation and
the sequential caspase cascade [145].

Transcription factors

S-nitrosation of critical cysteines essential for DNA binding, transformation, and transcrip-
tional transactivation usually inhibit functions of transcription factors, e.g., c-Myb [146],
AP-1 [147], and heterogeneous nuclear ribonucleoprotein [148]. Many transcription factors
contain cysteine-coordinated zinc-finger domains, which are prone to S-nitrosation. The zinc-
finger domain of yeast transcription activator LAC9 [149] and the estrogen receptor [150]
are disrupted by nitric oxide. When S-nitrosated, zinc release and DNA binding ability of the
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transcription factors are inhibited. Other zinc-finger type transcription factors, glucocorticoid
receptor [151], and Yin Yang 1 [152] are also inhibited by S-nitrosation. The zinc–sulfur moi-
eties of many other proteins, including NOS, alcohol dehydrogenase, and metallothionein,
can also be S-nitrosated and bound zinc released [84,85,153–156]. SoxR has iron–sulfur cen-
ters, which are also disrupted by nitric oxide; however, protein-bound dinitrosyl-iron-dithiol
adducts form instead of S-nitrosothiols [157] as a result.

The effect of S-nitrosation on NF-κβ activation is more complicated. NF-κβ complexes
with I-κβ protein and remains in an inactive state until I-κβ is phosphorylated by I-κβ kinase,
ubiquitinated, and degraded by the 26S proteasome. Many studies show that S-nitrosation of
NF-κβ with endogenous NO inhibits DNA binding, promoter activity, and gene transcription
[158–163]. By contrast, S-nitrosation of IKKβ [164] leads to phosphorylation of I-κβ, stabi-
lizes the complex, and inhibits NF-κβ [165,166]. Additionally, S-nitrosation and consequent
activation of p21ras has been shown to be involved in NF-κβ activation [167].

HIF1α function is controlled by O2-regulated hydroxylation, rapid ubiquitination, and
proteolysis by the proteasome. The HIF1α protein accumulates under normoxic conditions
upon NOS induction or treatment with NO donors [135,136], which could be explained by the
fact that the activity of prolyl hydroxylase activity is inhibited by GSNO [168]. Additionally,
exposure to GSNO or induction of iNOS results in the S-nitrosation of Cys800 of HIF1α,
enhancing its binding to its transcriptional coactivator CREB and increasing its transcriptional
activity [31,169].

Importantly, S-nitrosation of transcription factors also control the expression of differ-
ent forms of NOS [159,170–174] and other proteins involved in S-nitrosothiol metabolism.
In E. coli, OxyR is S-nitrosated and activated when cells are exposed to S-nitrosothiols
[108,175], leading to nitrosative stress adaptation. Deletion of OxyR renders cells hypersen-
sitive to S-nitrosothiols.

Membrane ion channels

Many studies show that ion channel activities are directly modulated by NO via an unknown,
cyclic GMP-independent molecular mechanism. The neuronal NMDA receptor (NMDAR) is
critical for development, learning, and memory in the central nervous system by mediating
postsynaptic calcium influx and activation of neuronal NOS. As a negative feedback loop,
S-nitrosation of a critical cysteine residue (Cys399) under physiological conditions inhibits
its function [176,177], and attenuates overactivation of the NMDAR with consequent neu-
rotoxicity [178,179]. In cell systems expressing NMDARs with mutant NR2A subunits in
which this single cysteine is replaced by an alanine, the effect of endogenous NO is abro-
gated [177]. Nitric oxide also blocks the fast, slow, and persistent Na+ channels in C-type
DRG neurons through S-nitrosation [180].

There are also many ion channels, including cyclic nucleotide-gated (CNG) channels
[103,181], ATP-sensitive potassium channels [182], and Ca2+-activated K+ (BKCa) channels
[183], that are activated by S-nitrosation. Ryanodine receptors (RyR) mediate Ca2+ release
from intracellular stores and are essential for muscle contraction. RyR is found to bind
eNOS [184], and activation of RyR by S-nitrosation [185] occurs by different mechanisms.
NO derived from endogenous eNOS nitrosates only Cys3635 [186], which is also sensitive
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to an oxygen-induced allosteric effect [114,187], while GSNO results in S-nitrosation or
S-glutathiolation of four other thiols [187,188]. An additional set of thiols may be oxidized
in response to cellular oxidant stress [189,190]. The distinction among these sets of reactive
thiols indicates the complexity of the regulation of RyR activity.

Kinases and phosphatase

S-nitrosation of kinases usually suppresses their activity. S-nitrosation of a single thiol
inhibits JNK-mediated phosphorylation and activation of Jun [191,192], and IKKβ-mediated
TNFα-induced IKK activity [164]. The tyrosine kinase activity of EGFR and protein kinase C
[78] is also inhibited by S-nitrosation [193]. One study showed that S-nitrosation of a single
cysteinyl residue inhibits binding of ASK1 to its principal downstream substrates, MKK3
and MKK6, and, thus, inhibits apoptosis. Other kinases, MKK3, MKK6, or p38, are not
S-nitrosated [194]. Another study showed that S-nitrosation of thioredoxin induces disso-
ciation and activation of apoptosis signal-regulating kinase-1 (ASK1) [195]. Yet another
example of changes in protein function by S-nitrosation is c-Src kinase, which is activated
by S-nitrosation [196].

Protein tyrosine phosphatases (PTPase) contain reactive cysteines in their active sites,
which are prone to undergo oxidation. S-nitrosation of the cysteine by exposure of the intact
cell to an exogenous nitric oxide donor or induction of iNOS inhibits PTPase activity and
results in increased levels of phosphotyrosyl-containing proteins [196–199].

CONCLUSIONS

S-nitrosothiols as a chemical class have been known for more than one hundred years, but
their significance in biology has only been recognized over the past two decades. In the con-
text of nitric oxide biology, these nitrosated thiol derivatives serve two functions: a buffer
pool of bioactive nitric oxide which is more resistant to oxidative inactivation than nitric
oxide itself, and, more importantly, a unique mechanism of cell signaling through reversible
post-translational modification of protein thiol targets. The development of the biotin switch
method has allowed for an indirect, highly specific method for detection of S-nitrosated
proteins, which can now be visualized by microscopy or identified through proteomic meth-
ods using mass spectrometry. S-nitrosation is rapidly gaining recognition as a major form of
protein post-translational modification, and dysregulation of this biochemical process is asso-
ciated with various diseases. The total list of S-nitrosoproteins that have been identified to
date is extensive, including receptors, enzymes, and transcription factors; however, authentic-
ity and the functional consequences of S-nitrosothiols in these proteins should be rigorously
examined. The structural and biochemical determinants of cysteinyl functionalities that ren-
der them susceptible to S-nitrosation vs. thiolation remain to be defined, and enzyme catalysts
that govern protein S-nitrosothiol formation, cellular transport, and catabolism remain to be
identified. Clearly, this field offers extraordinary potential for understanding the complex
biological chemistry and molecular biology of nitric oxide, low-molecular-weight thiols, and
the thiol proteome.
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INTRODUCTION

S-nitrosothiols are ubiquitous in biological systems from cells to whole animals [1–6]. On
basis of molecular weight, they can be roughly classified as either low molecular weight
(below 1 kd), or attached to a large molecule (above 1 kd) like a protein. Resting levels
of S-thiolated proteins in cells are rather low and remain below 1% of the total protein
pool (see Chapter 9). Far higher levels of transient S-thiolation occurs in cells close to
stimulated immune cells, or in cells exposed to toxic levels of oxidants. The S-nitrosothiols are
endogenously formed by nitrosation of low-molecular-weight thiols like glutathione (GSH),
or by nitrosation of the cysteinyl side chains of proteins. It is interesting to note that the
NO radical itself is a poor nitrosating agent in biological systems. Exposure of cultured cells
to NONOate donors does not significantly increase the intracellular pool of S-nitrosothiols
[7,8], although the neutral NO radical easily crosses the cell membrane to reach the interior
compartment. However, the presence of small quantities of transition metal ions has often
been found to enhance nitrosation of the endogenous thiols after exposure to NO [3,5,9–12].
This chapter will be primarily concerned with such metal-catalyzed pathways of S-nitrosation
of thiol groups. When reading this chapter, it should be kept in mind that additional pathways
for nitrosation exist: certain metabolites of NO like nitrogen dioxide (NO2), nitrosonium
(NO+) or dinitrogen trioxide (N2O3) have strong nitrosative capacity [7] and could contribute
to the endogenous formation of S-nitrosothiols in vivo. More details on the chemistry of these
compounds are given in Chapter 1.

S-nitrosothiols participate in a range of kinetic equilibria involving transport, synthesis,
decomposition and transformation. Small S-nitrosothiols may enter viable cultured cells
via a stereoselective mechanism, as discussed in Chapter 9. Transnitrosation from small
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S-nitrosothiols to protein thiols or vice versa provides a mechanism of exchange between the
various intracellular thiol pools. Finally, it has been observed that both the decomposition
and formation of S-nitrosothiols is strongly affected by the presence of transition metal ions,
in particular iron [9,10,13–19] and copper [1,3,11,13,14,20–23]. However, it should not be
taken for granted that the differences between copper and iron may be understood from redox
activity alone. Iron is the only compound that forms dinitrosyl iron complexes (DNIC) when
exposed to free nitric oxide and thiols. These DNIC are implied in the complex chemistry of
nitrosothiols and, in fact, are found to participate in reaction equilibria between the nitrosoth-
iols and their constituents. This chapter will be primarily concerned with the role of DNIC in
the reaction equilibria of the S-nitrosothiols. The kinetics of these reactions will be studied
using in-vitro experiments, and their relevance for in-vivo situations will be discussed at
the end.

THE REDOX REACTIONS OF COPPER

Except for conditions of strong oxidative stress or high iron levels, the endogenous copper
pool in cells and tissues is considered now as the determinant for the formation and decom-
position of RS-NO in biosystems [1,3,13,20]. The redox couple Cu2+/Cu+ has a rather small
redox potential Eo = +0.15 V. Therefore, in principle, copper can catalyze the decomposition
of RS-NO by shuttling between its two redox states according to the reaction as in Scheme 1.

RS−-NO+ + Cu+ ⎯→ RS− + NO + Cu2+

Cu2+ + RS− ⎯→ Cu+ + RS•

2 RS• ⎯→  RS - SR

net reaction: RS−-NO+ ⎯→ NO + ½(RS-SR)

Cu+/2+

Scheme 1. The reductive mechanism of RS-NO decomposition catalyzed by monovalent copper [13].

One-electron reduction of RS-NO by the monovalent Cu+ ion destabilizes the RS-NO
molecule and initiates its decomposition by release of the NO moiety. Subsequent oxidation
of the RS− anion by Cu2+ ion results in the release of a thiyl radical, and regeneration of
copper to its original monovalent charge state. The thiyl radicals are not very reactive to other
species, but easily combine by forming a covalent disulfide bond. The formation of disulfides
like cysteine makes the decomposition of RS-NO irreversible. The reductive decomposition
does not involve oxygen and proceeds in oxygenated as well as anoxic solutions.

In principle, the decomposition of RS-NO may be initiated by divalent copper ions. This
reaction requires the presence of an oxidizer like oxygen and could proceed according to
Scheme 2:

RS−-NO+ + Cu2+ ⎯→ RS• + NO+ + Cu+

Cu+ + O2 ⎯→ Cu2+ + O2
−

net reaction: RS−-NO+ + O2 ⎯→ NO++ ½(RS-SR) + O2
−

Cu2+/+

Scheme 2. The oxidative mechanism of RS-NO decomposition catalyzed by divalent copper.
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This decomposition pathway is also irreversible due to the formation of disulfides and the
subsequent hydrolysis of nitrosonium NO+ to nitrite NO−

2 .
Evidently, the oxidative mechanism of RS-NO decomposition can be dominant at high

levels of oxygen in the solution. However, under normoxic physiological conditions as
encountered in tissues and biological samples, the reductive mechanism seems dominant.
Experiments have shown that GS-NO decomposition involves the release of NO in neutral
radical state rather than nitrosonium, and that the decomposition may be inhibited by scav-
enging Cu+ ions with neocuproine. Both observations provide strong experimental evidence
for the dominance of reductive decomposition according to Scheme 1.

The synthesis of RS-NO catalyzed by Cu2+ ions can proceed via two pathways shown in
Schemes 3 and 4:

 RS−+ Cu2+ ⎯→ RS• + Cu+

NO + RS• ⎯→ RS-NO 

Cu+ + O2 ⎯→ Cu2+ + O2
−

RS− + O2 + NO  ⎯→  RS-NO + O2
−

Cu2+/+
net reaction:

Scheme 3. The first pathway for RS-NO synthesis catalyzed by copper [11].

Second possible mechanism of RS-NO synthesis induced by Cu2+ ions is shown in
Scheme 4:

NO + Cu2+ ⎯→ NO+ + Cu+

NO++ RS− ⎯→ RS-NO

Cu+ + O2 ⎯→ Cu2+ + O2
−

net reaction: RS− + NO + O2 ⎯→ RS-NO + O2
−

Cu

Scheme 4. The second pathway for RS-NO synthesis catalyzed by copper [5,11].

Thus, the oxidative mechanisms are characteristic of RS-NO synthesis for both path-
ways. However, two arguments suggest that the oxidative mechanisms are not significant
under physiological conditions. First, thiyl radicals as formed in Scheme 3 will react not
only with free NO, but with each other (disulfide formation) as well as with other com-
pounds. Second, in the presence of water, free nitrosonium ions as released in Scheme 4
rapidly hydrolyzed to nitrite. Therefore, nitrosonium could S-nitrosate thiol moieties only
at high thiol concentrations or if strong binding with copper ions protects it against the
hydrolysis.

DECOMPOSITION AND SYNTHESIS OF S-NITROSOTHIOLS BY IRON

In principle, the same oxidative pathways of RS-NO synthesis and decomposition similar to
shown in Schemes 2, 3 and 4 could also be catalyzed by iron. Just like Cu2+ ions, ferric iron
could initiate the reactions. However, high redox potential of Fe3+/Fe2+ pair (Eo = +0.77 V)
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makes improbable that the reductive mechanism of RS-NO decomposition as in Scheme 1
actually works for iron as well. This redoxpotential is the value for aqueous solution and
quoted in many textbooks. However, the redoxcouple of iron is notoriously sensitive to the
ligand field around the iron as caused by ligands like thiols, solvent molecules like H2O or
OH−, or small solutes like phosphate or Cl−. The wide variation in redoxpotentials found
in iron enzymes is a good illustration of this sensitivity. In addition, even when thermody-
namically allowed by the redoxpotential, the actual transfer of electrons for certain redox
reactions might be inhibited by geometrical constraints imposed by the ligands. Therefore,
the presence of iron in an aqueous solution should be regarded as a superposition of iron
pools spanning a considerable range of redoxpotentials.

Actual experiments demonstrate that ferrous iron catalyzes both decomposition and syn-
thesis of RS-NO [10,15–19]. In both cases, ferrous iron does not change its redox state.
It acts only as a complex-forming metal capable of binding NO, RS− or RS-NO ligands. The
d-electrons of the iron provide electronic coupling between the reactants necessary for the
S-nitrosation/denitrosation reactions to proceed. Invariably, the combination of iron, thiols
and free NO leads to the formation of paramagnetic dinitrosyl iron complexes (DNIC) with
thiol-containing ligands [thiol-DNIC with formula {(RS−)2Fe+(NO+)2}+ were considered
in Chapter 2]. The pathways of DNIC formation were investigated mainly by our groups
[10,19,24], other investigators have not devoted extensive attention to these reactions. Since
endogenous NO levels usually remain far below the micromolar range, the formation of a
significant pool of a dinitrosyl species was expected to be highly improbable. However, our
investigations have shown that such dinitrosyl complexes play an important role in the iron-
catalyzed reactions between the pools of thiols and S-nitrosothiols. Up to our knowledge,
there are only a few investigations devoting to the role of ferrous iron in the processes of
RS-NO decomposition or synthesis [9,14–16]. The main objective of this chapter is to review
the evidence that not only copper but also iron, particularly ferrous iron, determine the status
of S-nitrosothiols in cells and tissues.

THE EXPERIMENTS WITH NEOCUPROINE SHOW THAT
DECOMPOSITION AND SYNTHESIS OF RS-NO ARE CATALYZED
BY COPPER AS WELL AS IRON

Experiments have shown that neocuproine (2,9-dimethyl phenanthroline) blocks the decom-
position of RS-NO in cells and tissues. Neocuproine which is often considered to be a
selective chelating agent for Cu+ and its effect is often interpreted as proof that the pres-
ence of monovalent Cu+ dominates the decomposition of nitrosothiols [20,22]. However, as
discussed in Chapter 2, neocuproine interacts with the pool of loosely bound iron as well.
EPR spectroscopy has demonstrated that the combination of nitric oxide, ferrous iron and
neocuproine results in the formation of dinitrosyl iron complexes (DNIC) with neocuproine
ligands. In fact, the presence of NO initiates the binding of neocuproine to ferrous iron.
Depending on the pH, two species of DNIC could be distinguished with EPR [25]. The EPR
spectra of these species are presented in Chapter 2. It was proved that neocuproine can com-
pete with cysteine for Fe+(NO+)2 moiety in DNIC: The addition of 12.5 mM neocuproine
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Fig. 1. Kinetics of the decomposition of 2 mM Cys-NO at ambient temperature as monitored by the opti-
cal absorption at 548 nm. (Curve 1) Without any additives, (Curve 2) With 2 mM cysteine and (Curve 3)
With 2 mM neocuproine. The arrows indicate time points at which 0.5 mM Fe2+ was added. (From
Ref. [25].)

to the 1.8 mM solution of DNIC with cysteine containing 7.2 mM cysteine at pH = 7.4 led
to practically full transformation of Cys-DNIC into neocuproine-DNIC [25].

Interestingly, neocuproine is capable of protecting Cys-NO against the catalytic decom-
position by ferrous iron (Fig. 1) [25]: The experiments were performed on 20 mM solutions
of Cys-NO in 10 mM HEPES buffer, pH 7.4. The addition of 2 mM cysteine to the solution
prevented rapid (for 10 min) decomposition of Cys-NO (Fig. 1, curves 1,2).

The decomposition was initiated at this condition by bolus addition of 0.5 mM ferrous iron
and could be followed by optical absorption. The decomposition was quite fast and completed
after ca 5 min (Fig. 1, curve 2). The decomposition could be inhibited if 2 mM neocuproine
was added prior to ferrous iron (Fig. 1, curve 3). In presence of Cys-NO and neocuproine, the
addition of ferrous iron induces formation of significant quantities of DNIC. Aliquots frozen
immediately after the addition of iron showed intense EPR absorption by neocuproine-DNIC,
observable at g = 2.02 (Fig. 2, curve b). The nature of this complex was unambiguously
identified by the broadening of the EPR spectrum when ferrous 57Fe iron was added to the
solution. This broadening is characteristic for the hyperfine structure (HFS) from this iron
isotope (Fig. 2, curve a).

These EPR experiments have revealed two important properties of neocuproine: First and
foremost, that neocuproine is capable of chelating ferrous Fe2+ as well as Cu+. Second,
that the presence of free NO or nitrosothiols results in the formation of neocuproine-DNIC.
The paramagnetism of the neocuproine-DNIC shows that the complex has an electronic
configuration where the unpaired electrons of the nitrosyl ligands are largely transferred
towards the iron. In Enemark–Feltham notation, the electronic state of the complex is written
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a
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Fig. 2. The shape of the EPR spectra from 57Fe-(or 56Fe)–DNIC neocuproine (A,B). Doublet spectra above
spectra A is low-field part of the latter recorded at higher amplification. The spectra were recorded at 77 K.
(From Ref. [25].)

as {3d}7 and the iron center acquires the character of Fe+. In the absence of NO, the Fe2+
ions are not chelated by neocuproine because of rapid formation of water insoluble iron
hydroxide complexes [25].

Bathocuproine disulfonate (BCS) is a highly soluble cuproine derivative. Vasodilatory
studies of Cys-NO have shown that exogenous copper and iron inhibit the relaxation of
precontracted endothelium-denuded rat aorta rings by Cys-NO, and that the inhibitory action
of both metal ions is cancelled by BCS [17,18]. The addition of this chelator enhanced the
duration of the vessel relaxation induced by Cys-NO in the presence of ascorbate, copper or
iron (Fig. 3, curves f,g) [17].

Bathophenanthroline disulfonate (BPDS) is a potent chelator of transition metal ions and
optical absorption experiments confirmed that it binds both iron and copper. Nevertheless,
BPDS imparted significant protection of Cys-NO against iron only. It showed that chelation by
BPDS inhibits the pathway for iron-catalyzed decomposition of Cys-NO thereby enhancing
the duration of vessel relaxation (Fig. 3, curve d). In contrast, the copper-catalyzed pathway
proceeded practically unimpaired (Fig. 3, curve e) [17].

The stability of Cys-NO was also studied in vitro in solutions containing ascorbate, copper
or iron. In vitro, BCS protected Cys-NO effectively against catalytic decomposition by both
metals but strong iron chelator bathophenanthroline disulfonate (BPDS) protected against
ferrous iron only (Fig. 4) [17]. The observations were attributed to full saturation of the
coordination sphere in the Fe2+–BPDS complexes (i.e. the binding of three BPDS ligands
to each iron) and preventing the iron from participating in redox reactions with Cys-NO
[17,18]. In contrast, the monovalent copper ions bind only two BPDS ligands, and leaving
the copper atom accessible to small molecules in the solution [26]. The experimental obser-
vations suggest that Cys-NO can penetrate into Cu(BPDS)2 complexes and be decomposed
via reduction by Cu+ (Fig. 4) [17].

The catalytic decomposition of Cys-NO by copper–BPDS in the presence of BPDS and
ascorbate was noticeable down to very low copper concentrations of about 2 µM (Fig. 4)
[17,18]. This makes it questionable to attribute the protection of Cys-NO by cuproine
derivatives to their sequestration of intrinsic Cu+. For example, Fig. 5 (curve b) [17]
shows that BPDS gives significant protection of Cys-NO in vasodilation experiments in
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Fig. 3. Representative traces of the relaxant effect of Cys-NO (30 nM) in endothelium-denuded rat aor-
tic rings precontracted with noradrenaline (0.1 µM). (Curve a) with 0.5 mM ascorbate only, (curve b)
With 0.1 mM bathophenanthroline disulfonate (BPDS) and 0.5 mM ascorbate, (curve c) With 0.1 mM
bathocuproine sulfonate (BCS) and 0.5 mM ascorbate, (curve d) BPDS + ascorbate + 250 nM Fe2+,
(curve e) BPDS + ascorbate + 250 nM Cu2+, (curve f) BCS + ascorbate + 250 nM Fe2+ and, (curve g)
BCS + ascorbate + 250 nM Cu2+. (From Ref. [17].)

Krebs buffers. It means that intrinsic copper did not form the main pathway for the decom-
position of Cys-NO in these experiments. We estimate the intrinsic copper content to be
lower than 2 µM. Instead, the protection of Cys-NO was attributed to the sequestration and
inactivation of intrinsic iron in the solutions. Phrased otherwise, intrinsic ferrous iron rather
than intrinsic copper was seen to dominate the decomposition of Cys-NO.

In experiments with nitrosothiols, the presence of spurious quantities of reduced iron and
copper is often found to be significant. Sheu et al. [27] investigated the iron and copper
levels of sample solutions containing cysteine, glutathione (1–2 mM) or phosphate buffer
(100 mM) and reported values of [Fe] ∼ 1.8 µM and [Cu] ∼ 0.05 µM. Therefore, spurious
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Fig. 4. Influence of subsequent additions (shown by arrows) of ascorbate, copper and iron on the stability of
Cys-NO in the presence of 1 mM bathophenanthroline disulfonate (top) or bathocuproine sulfonate (bottom).
Results are expressed as mean ± SE of three experiments [17].

iron comfortably exceeded copper (Fig. 4). Under these conditions, only the addition of
BPDS would bind the intrinsic iron, extend the lifetime of Cys-NO and thereby make the
vessel relaxation last longer.

The addition of BCS also prolongs the vasodilatory action of Cys-NO significantly (Fig. 5,
curve c) [17], but the mechanism is very different. As remarked before, the combination of
iron, Cys-NO and BCS leads to the formation of BCS–DNIC. This BCS–DNIC is quite stable
and long-lived and was shown to induce a long-lasting vasodilation in aortic rings from
which the endothelium had been removed. The vasorelaxation observed with BCS–DNIC
was sustained significantly longer than that induced by DNIC with phosphate ligands (Fig. 6,
curves a,b) [17].
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Fig. 5. Representative traces of the relaxant effect of Cys-NO (30 nM) in endothelium-denuded rat aortic rings
precontracted with noradrenaline (0.1 µM). (Curve a) Effect of Cys-NO alone, (Curve b) Effect of Cys-NO
in the presence of 0.1 mM BPDS and (Curve c) Effect of Cys-NO in the presence of 0.1 mM BCS. (From
Ref. [17].)

a

b

c

Fig. 6. Representative traces of the vasorelaxant effect of DNIC complexes in endothelium-denuded aortic
rings from rats. The rings had been precontracted with 0.1 µM noradrenaline. (Curve a) 100 nM DNIC with
phosphate ligands, (Curve b) 100 nM DNIC with BCS ligands and (Curve c) Dose response curve for maximal
relaxation by DNIC with phosphate (diamonds) or BCS ligands (squares). (From Ref. [17].)

THE MECHANISM OF CATALYTIC DECOMPOSITION OF RS-NO
BY FERROUS IRON

The pathway for copper-catalyzed decomposition of RS-NO was shown in Scheme 1. The
pathway for catalytic decomposition by ferrous iron must be considerably more complex.
This is clear from the appearance of paramagnetic dinitrosyl iron complexes (DNIC) in the
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A B

Fig. 7. (A) Kinetics of optical absorption at 340 nm (curve I) and 470 nm (curve II) in a solution of 40 µM
Fe2+, 125 µM S-nitrosocysteine and 1 mM cysteine in 100 mM HEPES (100 mM, pH = 7.4). (B) The same
kinetics expressed in concentrations of Cys-NO (curve I) and Cys-DNIC (curve II). (From Ref. [19].)

mixtures of ferrous iron and nitrosothiols [17–19]. The amount of oxygen is always found to
be a determining factor in the reaction chemistry. A typical experiment [19] involves the addi-
tion of 40 µM ferrous iron to an anaerobic solution of 125 µM Cys-NO + 1 mM cysteine in
strong HEPES buffer (150 mM, pH 7.4). The optical absorption demonstrated rapid decom-
position of Cys-NO within ca 2 min, with simultaneous formation of Cys-DNIC (Fig. 7). The
decomposition of Cys-NO was followed by optical absorption at 340 nm (ε340 = 778 Mcm−1)
and the formation of DNIC was followed at 470 nm (ε470 = 990 Mcm−1, cf Chapter 2). The
optical absorption at 340 nm appears as a mixture of several species during the initial stages
in time scale ca 50 ms (Fig. 7A). This first rapid step was attributed to a transient quantity of
ferrous mononitrosyl complexes (Cys-MNIC, formula {(Cys−)4Fe+NO+}2− [28,29]), that
subsequently transformed into Cys-DNIC.

As mentioned in Chapter 2, the stability of Cys-MNIC complexes depends on the
ratio between NO and ferrous iron. With substoichiometric quantities of NO and Fe, the
Cys-MNIC is fairly stable and long-lived. At ambient temperature in liquid solution,
the complex gives an isotropic EPR signal at g = 2.04 with resolved triplet HFS from
the NO ligand [19]. Precisely this EPR lineshape was observed in aliquots drawn 10 min
after adding Cys-NO (0.4 mM final) to a solution of 0.5 mM Fe2+ and 10 mM cysteine
in HEPES buffer (100 mM, pH 7.4) (Fig. 8A). The intensity of this EPR signal decreased
during the time that was accompanied with the increase of the EPR signal from Cys-DNIC
(Fig. 8B).

When Cys-NO was present in sufficient excess with respect to ferrous iron, formation
of Cys-DNIC was nearly quantitative (Fig. 9A). Quantitative incorporation of all iron into
Cys-DNIC was also observed when Cys-NO was replaced with 0.2 mM NO-proline (Fig. 9B).
This NO donor releases two free NO molecules within seconds.

Addition of deoxy-Hb, an effective scavenger of free NO, did not influence the formation
of DNIC from Cys-NO in presence of ferrous iron and cysteine but completely inhibited the
formation of DNIC from NO-proline (Fig. 10D,B, respectively).

This proves that Cys-NO promotes DNIC formation by direct transfer of the NO moiety
to the iron. This transfer proceeds by direct contact and not via release of free NO as an
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Fig. 8. EPR spectra at room temperature of aliquots of 500 µM Fe2+, 10 mM cysteine, and 400 µM Cys-NO
in HEPES (100 mM, pH 7.4). Panel A: 10 min after mixing. Panel B: 20 min after mixing. The triplet signal
at g = 2.04 is ferrous Cys-MNIC. The singlet at g = 2.03 is Cys-DNIC. (From Ref. [19].)

intermediate step. Once Cys-DNIC had been formed, its lifetime was significantly shortened
to a few minutes by the presence of deoxy-Hb (Fig. 10C,D). We attribute the decay of
Cys-DNIC to scavenging of NO ligands from the DNIC by deoxy-Hb. This interpretation
is compatible with the concept of a kinetic equilibrium between DNIC and its constituents
as given in Scheme 5. This equilibrium implies the presence of a small quantity of free NO
molecules in the solution:

The kinetics of Fig. 10D show that the destruction of Cys-DNIC by deoxy-Hb does not
start immediately, but start after an “induction period” of about 3 min. We attribute this
“induction period” to the presence of excess Cys-NO. The latter provides a pool of NO to
regenerate Cys-DNIC, thereby maintaining Cys-DNIC at a stationary level until the Cys-NO
is exhausted.

It is remarkable that the presence of a NO scavenger like deoxy-Hb does not influence
the formation of DNIC from Cys-NO and ferrous iron. In particular, the yields of Cys-DNIC
yields are unaffected (Fig. 10D). It proves that the mechanism of formation does not require
free NO radicals, and does not involve the equilibrium reaction of Scheme 5. The reaction
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Fig. 9. Kinetics of the formation of Cys-DNIC in HEPES buffer (100 mM, pH = 7.4) as detected by EPR.
(A) Mixture of 20 mM cysteine, 400 µM Cys-NO, 100 µM Fe2+ and 500 µM sodium citrate. (B) Mixture
of 20 mM cysteine, 200 µM NO-proline, 100 µM Fe2+ and 500 µM sodium citrate. (C) Mixture of 10 mM
cysteine, 400 µM Cys-NO, 50 µM Fe2+ and 250 µM sodium citrate and (D) Complete EPR spectrum of the
solution (A). (From Ref. [19].)

kinetics was studied with EPR and optical stopped-flow techniques. The analysis showed that
formation of Cys-DNIC was first order in ferrous iron and second order in Cys-NO

d

dt
[DNIC] = k[Fe][Cys-NO]2

The calculation of the third-order rate of formation gave k = (1.0 ± 0.2) × 105 M−2s−1

(estimated by EPR method) or (2.0 ± 0.1)× 105 M−2s−1 (estimated by optical method). The
possible reason for the small discrepancy was considered in [19]. It should be noted that
DNIC is formed from Cys-NO at a fourfold faster rate than from free NO molecules [19].
This is significant because free NO has a far higher diffusive mobility than Cys-NO due to
its smaller size.

Once formed, the Cys-DNIC is not rigorously stable, but has a finite lifetime that depends
on the levels of its reaction partners in the chemical equilibria. The excess concentration of
free thiol ligands is a particularly important parameter: At lower concentration of free cysteine,
the lifetime of paramagnetic Cys-DNIC forming from Cys-NO and iron notably diminished
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Fig. 10. Kinetics of Cys-DNIC as detected with EPR in HEPES (100 mM, pH 7.4). (A) With 20 mM cysteine,
200 µM NO-proline, 50 µM Fe2+ and 250 µM sodium citrate. (B) With 20 mM cysteine, 200 µM NO-
proline, 100 µM Hb, 50 µM Fe2+ and 250 µM sodium citrate. (C) With 20 mM cysteine, 400 µM Cys-
NO, 50 µM Fe2+ and 250 µM sodium citrate. At the arrow, 100 µM Hb is added to scavenge NO and
(D) With 20 mM cysteine, 400 µM Cys-NO, 100 µM Hb, 50 µM Fe2+ and 250 µM sodium citrate. (From
Ref. [19].)

{(RS−)2Fe+(NO+)2}+       Fe2+ + NO + (RS− + NO+) + RS−

RS-NO

Scheme 5. The kinetic equilibrium between thiol-DNIC and its constituents [19].

(Fig. 11A,B). However, subsequent addition of 20 mM cysteine completely recovered the
EPR signal from Cys-DNIC (Fig. 11C).

The excess free cysteine was consumed during the regeneration of Cys-DNIC from
Cys-NO. As described in Chapter 2, the drop in the free cysteine must shift the equilib-
rium between monomeric and dimeric Cys-DNIC towards the dimeric diamagnetic form.
Phrased otherwise, the equilibrium of Scheme 6 is shifted towards left-hand side.

For glutathione, the same reaction equilibria apply as for the cysteine discussed
above, albeit with slower reaction rates and lower yields. The yields of GS-DNIC from
S-nitrosoglutathione (GS-NO) and ferrous iron in the presence of glutathione were an order



236 A.F. Vanin and E. van Faassen

C

BA

Fig. 11. Formation of Cys-DNIC as detected with EPR in HEPES (100 mM, pH 7.4) at room temperature.
(A) Kinetics of Cys-DNIC formation in the mixture of 1 mM cysteine, 400 µM Cys-NO, 50 µM Fe2+ and
250 µM sodium citrate. (B) The EPR spectrum of the solution at the end of reaction at 1500 s and (C) EPR
spectrum of sample (B) after addition of 20 mM cysteine. (From Ref. [19].)

−RS−

2  {(RS−)2Fe+(NO+)2}+ {(RS−)2Fe+(NO+)2}2
2+

+RS−

Scheme 6. The equilibrium between monomeric and dimeric forms of thiol-DNIC is determined by the
quantity of excess free thiol.

of magnitude lower: EPR showed that only a small fraction of GS-DNIC was of paramagnetic
monomeric form, whereas the majority was dimeric diamagnetic DNIC. This finding is in
line with Chapter 2, where the monomeric/dimeric ratio at neutral pH was found to depend
on the Fe2+/thiol ratio, and on the thiol used. For our conditions, cysteine preferably forms
monomeric DNIC, whereas other thiols like glutathione preferably form dimeric DNIC.

The experimental data could be explained by the following mechanism for the formation
of Cys-DNIC from Cys-NO and iron (Scheme 7):
First rapid step is the formation of intermediate paramagnetic Cys-MNIC:

(RS−)nFe2+ + NO-RS• ⇐⇒ (RS−)nFe2+....NO-RS•

⇐⇒ (RS−)4Fe+-NO+ + RS• + (RS−)n−4
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Second step is the formation of DNIC by transfer of a nitrosonium from the nitrosothiol to
the iron:

(RS−)4Fe+-NO+ + NO+-RS− ⇐⇒ (RS−)4Fe+-NO+(NO+-RS−)

−→ (RS−)2Fe+(NO+)2 + RS−

Taken together, the net reaction can be presented as:

RS−
NO+RS− RS− NO+….RS• RS− NO+

Fe2+ e− Fe2+ Fe+ +   RS− +   RS•

RS− NO+RS− RS− NO….RS− RS− NO+

Scheme 7. The formation of DNIC with cysteine from Cys-NO and ferrous iron.

Taken into account the quasi-equilibrium between DNIC and its constituents (Scheme 5), the
net process can be presented as follows:

RS-NO −−→
Fe2+

NO + ½(RS-SR)

In this form, the result resembles the reductive degradation of RS-NO catalyzed by copper
ions (Scheme 1). However, copper acts by true redox cycling, whereas iron acts by cycling
through a DNIC intermediate.

It is significant that the upgrade from MNIC to DNIC is achieved by transfer of a nitroso-
nium moiety from an S-nitrosothiol rather than by a free NO. Therefore, the formation of
DNIC does not require successive capture of two free NO molecules, which would be diffi-
cult to achieve at the nanomolar NO concentrations under normal physiological conditions.
Instead, the second nitrosyl moiety is taken as a nitrosonium from an S-nitrosothiol, which
is found at far higher concentrations in the low micromolar range (cf Chapters 9 and 10).

For cysteine ligands, all steps in the process of Cys-DNIC formation could be studied
in vitro. We propose that the same reaction equilibria also apply to mixtures of iron with
other thiols and their S-nitrosothiols.

A less stable DNIC with phosphate appeared when the solutions of Fe2+-citrate in 100 mM
phosphate buffer (pH 7.4) were mixed with Cys-NO (Fig. 12A). The EPR signal of the
complex recorded at ambient temperature had a singlet shape at g = 2.032 with septet
hyperfine structure from nitrogen atoms of two NO ligands and phosphorus atoms of two
phospate ligands (Fig. 12D). The rapid formation of DNIC with phosphate was followed by
its rapid decay.

Similar kinetics was observed if NO-proline was added instead of Cys-NO (Fig. 12C).
Low stability of DNIC with phosphate could be due to hydrolysis of NO+ groups in the
complex as shown in Scheme 8:

Thiol-DNIC has far higher stability and longer lifetime in aqueous solution. We attribute
this to electrostatic binding of thiol anions with NO+ moieties and formation of coordinated
RS-NOs. However, due to electron migration from Fe+ to one NO+, one RS-NO ligand can
be decomposed resulting in the chemical equilibrium (Scheme 9) similar to that shown in
Scheme 5:

The mechanism of RS-NO decomposition catalyzed by iron and presented in Scheme 7 can
be true for the proteins containing thiol ligands. Evidently due to high affinity of protein-bound
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Fig. 12. Formation of the DNIC-phosphate complex as detected by EPR at room temperature in HEPES.
(A) Kinetics of the DNIC-phosphate complex in a solution with 100 mM phosphate, 400 µM Cys-NO, 50 µM
Fe2+ and 250 µM sodium citrate. (B) Idem with 20 mM cysteine. (C) 100 mM phosphate, 400 µM NO-proline,
50 µM Fe2+ and 250 µM sodium citrate and (D) The EPR signal of the solution (C). (From Ref. [19].)

H2PO4
− NO+------OH−

Fe+ Fe2+ + NO + NO2
− + 2 H2PO4

−

H2PO4
− NO+------OH−

Scheme 8. The proposed mechanism of the decomposition of DNIC with phosphate [18,19].

RS− NO+------RS−

Fe+ Fe2+ + NO + RS-NO + 3RS−

RS− NO+------RS−

Scheme 9. The structure of DNIC with thiol-containing ligands in equilibrium with its constituents.

thiol ligands to Fe+(NO+)2 groups [30], forming DNICs could be bound mainly with pro-
tein globula. The studies showed that really the addition of Cys-NO alone to the animal
tissue preparations resulted in the formation of protein-bound DNIC [31]. However, if
excess cysteine or other low-molecular thiols are added to the protein-bound RS-NO, the
EPR spectra showed that low-molecular DNIC became predominant. The transformation to
the low-molecular form was evident from the motional narrowing of the EPR signal with
g = 2.03 when the spectra were recorded at room temperature [30].

The above reactions proceeded in deoxygenated solutions. The admission of oxygen signif-
icantly changes the kinetics of the reactions [32]. Figs. 13 and 14 document the decomposition
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Fig. 13. Effect of desferal and cysteine on the decomposition of Cys-NO as monitored by the optical absorption
at 340 nm. The kinetics was studied at room temperature in HEPES open to ambient air (15 mM, pH 7.4).
Panel A: (1) decomposition of 2 mM Cys-NO without additives; (2) decomposition of 1.5 mM Cys-NO in
presence of 0.5 mM cysteine; (3) 2 mM Cys-NO in presence of 1 mM desferal; (4) 2 mM Cys-NO in presence
of 1 mM cysteine. Panel B: (1) 2 mM Cys-NO in presence of 0.1 mM cysteine; (2) 2 mM Cys-NO in presence
of 0.25 mM cysteine. (From Ref. [32].)

Fig. 14. Kinetics of O2 consumption by 1 ml solutions of Cys-NO in HEPES (15 mM, pH 7.4). (Curve 1)
2 mM Cys-NO gives rapid consumption of oxygen and (curve 2) 5 mM cysteine does not consume oxygen
until Cys-NO is added at 8 min ([Cys-NO] = 2 mM final) or 15 min (4 mM final). (From Ref. [32].)

of 2 mM Cys-NO in HEPES buffer (15 mM, pH 7.4) open to ambient air and at room
temperature.

At these conditions, the oxygen concentration is ca 0.25 mM, and the decomposition of
Cys-NO was completed within several minutes (Fig. 13, Panel A curves 1,2). The decompo-
sition was inhibited by 1 mM iron chelator desferal or by 2 mM cysteine (Fig. 13, Panel A
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curves 3,4). Cysteine was found to inhibit only at concentrations significantly higher than
the oxygen concentration of 0.25 mM. At lower doses, Cys-NO was stabilized only for
a short period of time after which rapid decomposition took place (Fig. 13, Panel B
curves 1,2).

In the absence of excess free cysteine, the decomposition of 2 mM Cys-NO caused the
loss of oxygen from the solution (Fig. 14, curve 1). This consumption of oxygen was halted
if the decomposition of Cys-NO was inhibited by either desferal or excess cysteine (Fig. 14,
curve 2). Cysteine by itself did not detectably affect the oxygen concentration in HEPES
buffer. In the presence of Cys-NO and excess cysteine ligand, a small quantity of ca 1 µM
Cys-DNIC was detected by EPR on frozen aliquots of the buffer solution. Since no iron had
been added, the DNIC was attributed to the pool of spurious iron in the solutions and reaction
vessels. The chelation experiment with desferal shows that this pool of spurious iron was
responsible for the observed decomposition of Cys-NO.

The observations are interpreted by the following hypothesis [32]: In oxygenated solutions,
the spurious iron is largely ferric. In the absence of free cysteine, the decomposition of
Cys-NO is initiated by oxidation by ferric iron as shown in Scheme 10. This scheme is
similar to Scheme 2 for the oxidative mechanism of RS-NO decomposition catalyzed by
copper. The oxygen rapidly restores the iron to ferric state by oxidation

Fe3+ + RS-NO Fe2+ + RS• + NO+

Fe2+ + O2 Fe3+ + 2O2
− 

----------------------------------------------------------
net reaction:  O2+ RS-NO ½(RS-SR) +  NO+ + O2

−
Fe

Scheme 10. The oxidative mechanism of RS-NO decomposition catalyzed by iron [32].

The reaction is made irreversible by combination of the thiyl radicals to disulfide and rapid
hydrolysis of NO+ to nitrite.

THE MECHANISM OF RS-NO SYNTHESIS CATALYZED BY IRON

In principle, one could expect that ferric iron catalyzes the synthesis of RS-NO from
thiols and NO through the oxidative pathways similar to those shown for Cu2+ ions in
Schemes 3 and 4. However, cells and tissues contain mM levels of glutathione. With
[GSH]/[GS-SG] ∼ 100 firmly on the reduced side, one would expect that endogenous iron
be kept dominantly ferrous state. In buffered solutions, the redox state of iron is easily deter-
mined but the situation in biological systems is not clear, and the existence of an endogenous
pool of ferrous iron in cells and tissues is still a matter of debate. EPR spectroscopy of frozen
tissues usually shows a significant quantity of ferric iron complexes in high-spin state (Fe3+
with S = 5/2 is observable with EPR at the characteristic position g ∼ 4.3. cf Chapters 2 and
5). But there is consensus that ferrous irons provide at least a large or dominant fraction of the
loosely bound iron pool. In recent years, EPR spectroscopy has provided strong experimental
support for the catalytic action of ferrous iron in the synthesis of endogenous RS-NO, but
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the reaction mechanism is very different from that of monovalent Cu+ in that EPR always
shows the formation of some quantities of dinitrosyl–iron complexes. Chapter 2 discussed the
properties of DNICs with thiol-containing ligands and noted the possibility that the iron atom
mediate the disproportionation of the nitrosyl ligands into nitrosonium cation and nitroxyl
anion, respectively. Nitrosonium has known capability to S-nitrosate thiols. We propose that
the DNIC contribute significantly to the catalytic S-nitrosation of thiols. The disproportion
is an important intermediate step in this catalytic cycle and was demonstrated in DNIC with
thiol ligands as well as with ligands of the non-thiol class (Chapter 2).

We demonstrated [33,10] that the formation of Cys-NO and GS-NO from thiols and free
NO is catalytically accelerated by the presence of ferrous iron. These experiments were
carried out in anaerobic aqueous solutions. The first investigation [33] found that exposure
of 1–3 mM cysteine or glutathione in HEPES buffer (15 mM, pH 7.0) caused formation of
Cys-NO or GS-NO. The S-nitrosothiols were detected by their optical absorption at 340 nm.
The yield of RS-NO calculated on a thiol basis reached 30–40%. The formation of RS-
NO was enhanced 1.5–2 times by the addition of ferrous salt (to 20 µM) and completely
suppressed by the selective iron chelator o-phenanthroline (250 µM). These results prove
that ferrous iron, whether from spurious contaminations or exogenously added, contributes
to the process.

The effects of pH and oxygen were studied in a subsequent investigation [10]. The yields
of Cys-NO or GS-NO are higher at low pH (Fig. 15, curve a). The experiments were per-
formed with 50 mM solutions of cysteine or glutathione in 2 ml deoxygenated HEPES
buffer (15 mM) in an evacuated Thunberg vial with 100 ml volume. With an NO gas pres-
sure of 125 mm Hg, the quantity of gaseous NO in the head space of the solution was
1.00 ± 0.05 mmol. No exogenous iron was added. Under exclusion of oxygen, only 4–6%
of the thiol was converted to nitrosothiol. The conversion increased to 25% when 8 µmol
of O2 was added together with 1 mmol NO in acid and neutral thiol solutions (Fig. 15,
curve b). The pH remained stable, showing that quantities of NO2, if formed at all, remained
far below the buffering capacity of the HEPES. The conversion ratio was larger if the initial
thiol concentration was decreased. Table 1 quotes the conversion ratios for glutathione in
HEPES.

In solutions with higher thiol concentration the conversion was incomplete, but could be
enhanced by repeated treatment of these solutions with the NO + O2 mixture. The conversion
has a clear maximum as a function of the NO dose. At a dose of 8 µmol O2, the RS-NO
yield was highest at NO pressures of 60–150 mm Hg (0.5–1.2 mmol NO in total). At still
higher pressures the RS-NO yield decreased, finally approaching zero at a NO pressure of
600–700 mm Hg.

The addition of selective Fe2+ chelator, o-phenanthroline (250 µM) prior to addition
of NO or O2 completely inhibited the formation of RS-NO. The effect is illustrated in
Fig. 16. It shows the effect of o-phenanthroline on the optical absorption of a solution with
50 mM glutathione. The formation of GS-NO is completely inhibited by the presence of o-
phenanthroline. It shows that NO itself is not a good S-nitrosating agent by itself. Rather, the
catalytic action of ferrous iron is needed to achieve the S-nitrosation of glutathione. Further
evidence is the enhancement of RS-NO yields by the addition of extra Fe2+ to thiol solutions.
GS-NO yields were enhanced by a factor 1.5 if 20–200 µM Fe2+ was added to the solutions
prior to the exposure to the mixture of NO and O2. These remarks apply to pH < 7 (Fig. 15).
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Fig. 15. The pH dependence of the yields of Cys-NO (top) and GS-NO (bottom) in 2 ml HEPES after exposure
to nitric oxide. The thiol concentration was 50 mM. (Curve a) Low yields after exposure to 1 mmol NO in
absence of oxygen and (Curve b) Much higher yields after exposure to a mixture of 1 mmol NO + 8 µmol
O2. The triangles in the lower panel show the yields if 50 µmol FeSO4 was added prior to the treatment with
NO or NO + O2, respectively. (From Ref. [10].)

Table 1 Ratios of conversion of glutathione to GS-NO by spurious iron in 2 ml HEPES
(15 mM, pH = 8.0) by gaseous NO in presence of oxygen. The NO and O2 doses
are 0.65 mmol and 8 µmol, respectively. The conversion ratios were determined
with optical absorption spectroscopy. The reaction proceeded at room temperature for
10 min. The conversion could be inhibited by 250 µM o-phenanthroline

Starting [GSH] (mM) 1 5 10 50
Conversion of GSH (%) 100 80 60 10

Addition of extra 20–200 µM Cu2+ did not significantly affect the GS-NO yields. More
details of the S-nitrosation of thiols are given in Chapter 9 of this book.

Evidently, if ferrous iron catalyzes the formation of RS-NO, it is unavoidable that a certain
quantity of DNIC is formed from spurious iron and free NO molecules. When liganded to iron,
the electronic coupling between the nitrosyl ligands induces a certain degree of dismutation,
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Fig. 16. UV/Vis spectra from 50 mM glutathione in HEPES (15 mM, pH 7.4). 2 ml of the solution was
exposed for 5 min to a gas mixture of NO (1 mmol) and air (8 µmol O2 administered with air). (Curve a)
In absence of phenanthroline and (Curve b) In presence of 250 µM o-phenanthroline.

and imparts the character of nitrosonium to one of the nitrosyl ligands in the DNICs (the non-
equivalence of the two nitrosyl ligands in DNIC was discussed in Chapter 2). Nitrosonium
itself is known as a powerful nitrosating agent [7], and may react readily with cysteine to form
Cys-NO. It is important to note the stoichiometry of the reactions. In [31], the formation of
Cys-NO from Cys-DNIC was shown to be reversible as well as quantitative. It was induced
by rapid acidification of the Cys-DNIC solution from pH 7 to 1. Initially, the solution had
green color characteristic of Cys-DNIC. This color changed rapidly to pink and a new optical
absorption band at 340 nm demonstrated the formation of free Cys-NO. EPR spectroscopy
confirmed that the DNIC signal at g = 2.03 had vanished. Within the experimental accuracy
of ca 10%, the yield of Cys-NO was equimolar to that of the original Cys-DNIC. The reverse
transformation to Cys-DNIC was induced by raising the pH from 1 to 7. The pink color
reverted to green and EPR showed that some 50% of the original Cys-DNIC was recovered.
We attribute the recovery of Cys-DNIC to the reaction of two Cys-NO molecules with ferrous
iron as illustrated above by Scheme 7. The formation of equimolar Cys-NO was attributed to
S-nitrosation of one free cysteine molecule by the nitrosonium ligand in Cys-DNIC as shown
in Scheme 9.

S-nitrosation of GSH can also be induced by exposing DNIC to citrate, a good chelator for
iron [32]. The reaction was demonstrated in the solution of 0.4 mM dimeric Cys-DNIC. As
described in Chapter 2, dimeric Cys-DNIC is obtained by bubbling purified NO gas through a
solution of ferrous iron and cysteine (Fe: Cys = 1:2). The vial was subsequently evacuated to
remove dissolved free NO from the solution. The formation of dimeric DNIC was confirmed
by the optical absorbance at 310 and 360 nm (cf Chapter 2). At this stage, nearly all NO is
sequestered in the form of dimeric DNIC.

In absence of free NO, the dimeric DNIC will slowly decompose according to the equilib-
rium in Scheme 5, releasing 2NO and 2NO+ moieties from one dimer. Strong quantitative
support for Scheme 5 came from experiments where the decomposition was accelerated by the
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addition of an iron chelator, in this case citrate. Subsequently, the complexes were incubated
with 1.6 M sodium citrate for 90 min. one mM of glutathione was also added to scavenge
nitrosonium (NO+) ions released from the DNIC. This scavenging reaction has the end prod-
uct GS-NO. The optical absorbance at 310 and 360 nm confirmed that citrate completely
decomposed the dimeric Cys-DNIC. A new band at 340 nm showed the formation of the
Fe3+–citrate complex (ε340 = 1800 M−1cm−1), and the optical absorption also confirmed
the formation of ca 0.80 ± 0.05 mM S-nitrosothiols. This concentration confirms that at this
stage, all available NO+ has been incorporated into the pool of S-nitrosothiols, probably as
a mixture of Cys-NO and GS-NO. As before, the NO ligands are believed to be lost as NO
gas into the headspace of the reaction vessel.

After subsequent addition of 20 mM cysteine and 0.5 mM Fe2+, the solution took the
green color of monomeric DNIC. EPR spectroscopy on a frozen aliquot confirmed the for-
mation of ca 0.40 ± 0.04 mM of monomeric DNIC. Clearly, all available NO in the pool of
S-nitrosothiols had been incorporated into the monomeric DNIC. The formation of the DNIC
was evidently due to the reaction of cysteine and iron ions with the GS-NO and Cys-NO
formed during the decomposition of the initial DNIC 1:2.

The preceding experiments document the reversible S-nitrosation of low-molecular-weight
thiols like GSH or cysteine. However, the same reaction pathways also apply to thiol groups
in proteins like bovine serum albumin (BSA) or horse hemoglobin (Hb) [10]. Exposure
of 1 mM protein-bound DNICs to a combination of NO + O2 causes loss of DNIC and
S-nitrosation of the protein [10]. The complexes were obtained by addition of 1 mM DNIC

Fig. 17. The left panel shows the EPR spectra from 1 mM solutions or bovine serum albumin (a) or horse
hemoglobin (b) after addition of 1.0 mM DNIC with phosphate ligands. The spectra were recorded at ambient
temperature. The right panel shows the optical absorptions of BSA (d) and horse Hb (d) after exposure for
5 min to a gas mixture of NO + air. The optical spectra were recorded with the reference cell filled with 1 mM
albumin or hemoglobin solutions pretreatred with the same gas mixture but avoiding the preliminary contact
of protein with DNIC. (From Ref. [10].)
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Fig. 18. EPR spectra from 1 mM solutions of bovine serum albumin (left column) and horse hemoglobin
(right column). (Samples a,d) After addition of 1 mM phosphate-DNIC. (Samples b,e) Samples a and d after
exposure to NO + air gas mixture (as described in the legend to Fig. 17) and (Samples c,f) Samples b and e
after addition of 50 mM cysteine +1 mM FeSO4. The EPR spectra were taken at ambient temperature.
Multiplication factors are shown on the right side. (From Ref. [10].)

with phosphate to the solutions of 1 mM BSA (Hb) at neutral pH. The disappearance of
DNICs was associated with a broadband at 340–360 nm in the optical absorption spectra of
the BSA or Hb solutions (Fig. 17).

Given the above in-vitro reaction equilibria, we attribute disintegration of DNIC to a desta-
bilizing influence of NO + O2 on the complex leading to the shift of the quasi-equilibrium
between DNIC and its constituents to the right as shown in Schemes 5 and 9.

The transformation of protein-bound DNIC into RS-NO was reversible. The band of optical
absorption at 340–360 nm disappeared with the addition of 50 mM cysteine and 1 mM Fe2+.
Furthermore, in the EPR spectrum of the solutions recorded at ambient temperature, a narrow
signal appeared at g = 2.03 (Fig. 18), which was characteristic of Cys-DNIC.

It is interesting that incubation of proteins with DNIC does not cause significant
S-nitrosation of the proteins. We conclude that DNIC alone is a poor nitrosating agent,
just like NO itself. The S-nitrosation of proteins is started only after addition of extra NO
and O2 [10].

THE EQUILIBRIA BETWEEN THIOL-DNIC AND RS-NO

The considered data demonstrate that the ferrous iron ions are capable of catalyzing both the
degradation and the synthesis of RS-NO. The advent of DNIC with thiol-containing ligands
precedes the formation of RS-NO in the reaction of NO with ferrous irons in the presence of
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thiols and accompanies the degradation of RS-NO catalyzed by the same ions. Scheme 11
summarizes the system of coupled reactions:

Fe2+ + 3NO + 2RS−

v1
(I)

½(N2O)

RS− NO+ v4

Fe+
Fe2++ NO + RS•  +  NO+ + RS−

RS− NO+ v3

v2

1/2(RS-SR) (II) RS-NO

Fe2+ + 2RS-NO + 2RS−

Scheme 11. System of coupled reactions involving mutual transformations of DNIC and RS-NO.

Note that thiol-DNIC is formed as an intermediate in both synthesis (v1) as well as decompo-
sition (v2) of RS-NO. Both processes are irreversible under normal physiological conditions
due to formation of N2O or disulfides, respectively (see Chapter 2). The equilibrium v3−v4

between DNIC and its constituents is considered as a reversible reaction.
The balance between free thiols and free NO molecules is an important factor in this

chemical system. The coupling between the NO and thiol pool is largely determined by
the presence of free iron, and involves the formation of intermediate DNIC. As a result,
the reaction system reaches a steady-state equilibrium. However, two irreversible processes
destroy the stationary state of the reaction system after all. Such irreversible steps include
formation of disulfide and dinitrogen monoxide (N2O), respectively. It means that finally the
system ensures reduction of NO to N2O under consumption of thiols, i.e. the thiols function
as a “fuel” of the system. Evidently, oxygen addition to the system could influence it by
decreasing the amount of thiols due to their oxidation.

Numerical simulation [19] of the coupled reaction equations described by Scheme 11
showed that reaction conditions can be chosen such that the DNIC concentration starts to
oscillate with time. Such oscillations are well-known from other chemical systems and are
caused by the nonlinear concentration dependence of higher order reaction rates. Fig. 19
shows the result of such a simulation.

Oscillatory time dependence of the DNIC concentration was experimentally observed with
real-time EPR spectroscopy of 50 µl aliquots of reaction volume (Fig. 19). These experi-
ments involved the anaerobic decomposition of Cys-NO by ferrous iron in HEPES-buffered
solutions at room temperature. We expect that similar oscillatory reaction kinetics will be
observed in vitro for RS-NO synthesis in anaerobic mixtures of ferrous iron, free NO radicals
and other thiols. The onset, frequency and amplitude of such oscillations depends sensitively
on the choice of initial concentrations. It would be very interesting to investigate whether
such conditions are within the physiological range as found in cells and tissues.
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Fig. 19. Simulated kinetics curves of DNIC formation in mixtures of Fe2+, S-nitrosothiol and free thiol
at various initial concentrations and rate constants. For certain starting concentrations of the reagents, the
simulations predict oscillatory time dependence of the DNIC concentration. (From Ref. [19].)

NITROSOTHIOLS ARE NITRIC OXIDE DONORS THROUGH THEIR
TRANSFORMATION INTO DNICS

It is well-known that RS-NO can act as NO donors in the presence of spurious metal ions.
The phenomenon is usually attributed to redox activity of the metal ions. As discussed above,
this viewpoint is valid for copper, but does not apply to iron. Experimental data, in particular
EPR, showed that RS-NO in the presence of ferrous iron forms a quantity of DNIC rather
than release NO. Instead, free NO is released upon the disintegration of DNIC according
to the equilibrium of Scheme 5. The preceding in-vitro data showed that DNIC is a crucial
transient agent in the iron-catalyzed release of NO from RS-NO. We hypothize that the same
situation applies to biological systems. Phrased otherwise, under the action of spurious iron,
the true NO donor might not be RS-NO itself, but the RS-DNIC intermediate that is formed
from RS-NO under the action of ferrous iron. Experimental support for this hypothesis will
be given in this section.

The activation of soluble guanylate cyclase (sGC) is a well-known test for NO donors.
We studied the activation of sGC from human platelets by GS-NO or dimeric GS-DNIC [34].
The dependence of sGC activation from the amount of these compounds (dose-response
dependence) is shown in Fig. 20. The highest enzymatic activity was achieved at donor
concentrations around 10−6 M for both donors. When concentrations of both NO donors
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Fig. 20. Activation of soluble guanylate cyclase activation by GS-DNIC or S-nitrosoglutathione. The activa-
tion is studied in absence (black columns) or in presence of bathophenanthroline disulfonate (shaded columns).
(From Ref. [34].)

were further increased, the specific sGC activity is even reduced, supposedly due to enzyme
redox deactivation by NO and oxygen [35]. However, the dose-response dependence for
both NO donors changed sharply when enzyme preparations were treated with GS-DNIC or
GS-NO, 3–4 min after supplementation of the potent iron chelator bathophenatrolin disul-
fonate (BPDS, 10−4 M). At this condition, the optimal enzyme activation was achieved at
concentration of GS-DNIC = 10−8 M (Fig. 20).

This value was around two orders of magnitude smaller than that observed in enzyme
preparation without BPDS. For GS-NO, BPDS addition had an opposite effect: optimal
enzymatic activity was achieved at concentration of GS-NO = 10−4 M (Fig. 20), that was
two orders of magnitude higher than that found in the absence of BPDS. These changes can
be explained by the following way. The iron chelator BPDS extracted iron from the DNIC
complex, thereby destroying latter and releasing the NO ligands. This rapid forced NO release
made enzyme activation by much lower DNIC concentration. As to BPDS effect on GS-NO
activity, it can be rationalized by the capacity of ferrous iron from admixture to transform
GS-NO to DNIC. BPDS could suppress the intrinsic iron-mediated destruction of GS-NO.
The chelation of iron clearly prevented the formation of DNIC and increased the activation
threshold of sGC by GS-NO by massive two orders of magnitude. Clearly GS-DNIC is a
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much better activator of sGC than GS-NO. We also note that the presence of some free iron
greatly enhances the potency of GS-NO to activate sGC.

In principle, intrinsic copper could also contribute to NO release from RS-NO according
to Scheme 1. However, the data reported in [17,18] demonstrated that BPDS did not inhibit
the activation of sGC by RS-NO. Taken together, these data indicate that GS-NO activates
sGC via a sequence of successive steps. The first step involves the formation of intermediate
GS-DNIC according to Scheme 7. In the second step, GS-DNIC acts as the true activator of
the enzyme.

Other examples can be given where GS-NO, RS-NOs and low-molecular DNIC induce
similar “NO-like” responses. It is striking to note that DNIC always appears to be far more
effective, with responses triggered at DNIC concentrations of orders of magnitude lower than
with GS-NO.

sGC is not the only enzyme to have such sensitivity to DNIC. A similar situation was
noted for the enzymatic inhibition of brain and kidney Na/K-ATPase when comparing
GS-NO with Cys-DNIC and GS-DNIC [36]. Inhibition of this enzyme activity by both
types of nitroso compounds was accompanied by a decrease in amount of free thiol groups
on the protein and changed its sensitivity to the substrate concentration. Incubation with
100 µM GS-NO suppressed activity of Na/K-ATPase by 12%, whereas 50 µM GS-DNIC
or Cys-DNIC inhibited by 45 or 70%, respectively. The low effectiveness of GS-NO shows
that it does not get transformed into DNIC to any significant measure, presumably because
the level of spurious iron was too small (1–2 µM). This changed drastically when exogenous
iron was added: The inhibitory activity of the GS-NO preparations sharply increased when
50 µM ferrous-citrate was added to the solution. The effect cannot be attributed to some
iron-catalyzed release of free NO, as the latter is a poor S-nitrosator. We attribute the effect
to the formation of a significant quantity of DNIC. The formation of DNIC in these solutions
was confirmed with EPR [36].

The key role of non-heme iron in RS-NO function as a NO donor was demonstrated in the
paper with the characteristic title: “Cellular non-heme iron content is a determinant of nitric
oxide-mediated apoptosis, necrosis, and caspase inhibition” [37]. This paper compares the
apoptotic response of RAW264.7 macrophage cell line with low endogenuos non-heme iron,
and hepatocytes with high endogenous non-heme iron. The apoptotic stimulus is given with
NO donor S-nitroso-acetyl-dl-penicillamine (SNAP). The hepatocytes have much higher
resistance to the apoptotic stimulus by SNAP. Preincubation of the RAW264.7 cells with
exogenous iron reinforced their resistance to apoptosis by SNAP. The resistance could be
raised to the hepatocyte level by reinforcing iron. Concomitant with apoptotic resistance,
high iron status led to the formation of DNIC in both cell lines. The authors attribute the
formation of DNIC to the scavenging of free NO released by SNAP. This interpretation sits
uneasily with our conclusion that DNIC formation is dominated by the direct reaction of
iron with nitrosothiols. Therefore, we propose that the decomposition of SNAP degradation
depends on the level of non-heme iron: In macrophages with low non-heme iron, SNAP could
release free NO under catalytic activity of copper and the free NO triggered the apoptotic
chain. The apoptotic chain was not triggered in hepatocytes and iron loaded macrophages.
It suggests that the NO levels on these cells remain low throughout the experiment. In these
cells, a prominent quantity of DNIC could be formed by the equilibrium reactions between
non-heme iron and the nitrosothiol (SNAP or GS-NO), without the involvement of free NO.
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Other studies of apoptotic processes in cultured cells have provided further support for the
significance of the reaction equilibria between S-nitrosothiols, iron and DNIC. NO, GS-NO or
SNAP-mediated apoptosis are well-established models in various tumor cultured cells. It has
been often reported that the activation of the apoptotic chain by NO donors could be inhibited
by coadministration of iron [38,39]. Closely related, exogenous iron also reversed NO- or
SNAP-mediated inhibition of cell growth and caspase activation. The authors have interpreted
the effects of iron without considering the possibility that DNIC might be involved. However,
it is highly likely that significant quantities of DNIC were formed in these cell cultures. After
all, DNIC formation is routinely observed with EPR in cultured cells after exposure to RS-NO
or other NO donors [31,37,40–42].

Nitric oxide is known to stimulate the expression of the soxRS- or SOS regulons in
Escherichia coli. Alternatively, the expression may be stimulated by exposure to NO donors or
GS-NO [41,43]. The main functions of these regulons are to protect bacteria against oxidative
stress or to provide DNA repair, respectively. EPR spectroscopy confirmed that the exposure
to NO or GS-NO induced the formation of intracellular protein-bound DNIC. In all cases,
prior addition of strong iron chelator, o-phenanthroline to cell suspension blocked completely
both the formation of DNIC in cells and the expression of the soxRS- and SOS-regulons.
Interestingly, regulon expressions were also activated if the bacteria were exposed to an extra-
cellular dose of Cys-DNIC or GS-DNIC. The activity was also inhibited by o-phenanthroline.
It confirms the crucial role of iron in expression of these genes as induced by DNIC, GS-NO
or free NO also. Given the reaction equilibria of Scheme 11, it seems conceivable that many
physiological effects of NO or GS-NO are potentiated by the formation of endogenous DNIC
from intracellular spurious iron.

Thus, the data presented above emphasize that NO, RS-NO and DNIC cannot be con-
sidered separately from each other. Instead, the pools of these compounds are coupled via
the pool of spurious iron. The reaction equilibria were investigated in-vitro studies, but a
multitude of experiments in cultured cells, tissue extracts and live animals suggests that the
same equilibria be significant in vivo as well. Moreover, it is not to be excluded that RS-NO
function via a mechanism involving the transformation of RS-NOs into DNICs as a NO and
NO+ donors. However, the interest to the DNICs is low up to now. Most of the investigators
consider the RS-NOs as a most important endogenous nitroso compounds which determine
the NO function in cells and tissues. Moreover, it is suggested that the RS-NOs can ensure
the basis for designing of the medicines using NO biological activity. Endowing the DNICs
by this role seems to be disputable. There is an opinion that iron releasing from DNICs can
initiate the formation of hydroxyl radicals via the Fenton reaction. Really, that is a serious
argument against using the DNICs as a new type of the medicines. So, the intensive inves-
tigations are needed to test the proposed adverse action of DNICs on the organisms. A sole
contra-argument against this feature of DNICs is as follows. The investigations demonstrated
that free iron incorporation into DNICs significantly attenuates Fenton’s activity of iron
ions [42,44].
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CHAPTER 12

Cellular non-heme iron modulates
apoptosis and caspase 3 activity

Detcho A. Stoyanovsky and Timothy R. Billiar

Department of Surgery, University of Pittsburgh, Pittsburgh, PA 15213

INTRODUCTION

Caspases are a family of cysteine proteases that play an essential role in the signaling cascade
leading to apoptosis. Apoptosis, or programmed cell death, is distinguished from lytic or
necrotic cell death by speci c biochemical and structural events. Apogenic signals trigger
speci c signaling pathways, including activation of proteases, which are followed by the
appearance of speci c morphologic changes such as condensation of nuclei and cytoplasm,
blebbing of cytoplasmic membranes, and nally fragmentation into apoptotic bodies that
are phagocytosed by neighboring cells [1]. Apoptosis is important to physiologic processes
such as cell selection in development and immunologic responses [2], control of organ size
in maturation and regeneration [3], and normal cell turnover throughout the organism [4].
Dysregulated apoptosis may contribute to pathologic states such as autoimmune disease [5]
and malignancy [6]. Upon exposure to a proapoptotic signal, zymogen forms of caspases
constitutively present in cells are proteolytically cleaved and activated. Initiator caspases
such as caspase 8, 9, and 10 can cleave other caspases, while executioner caspases, including
caspase 3, 6, and 7, cleave death substrates [7,8].

There is a considerable body of literature indicating that NO, produced either extracel-
lularly by low-molecular-weight S-nitrosothiols (LMW RSNOs) or endogenously by nitric
oxide synthase (NOS) prevents caspase 3-dependent apoptosis in various cell types. These
effects were suggested to re ect the S-nitrosation of caspase 3 and procaspase 9, respectively
[9 13]. However, the nature of the nitrosating species that may selectively interact with
caspases remains poorly understood. The lack of a mechanism that correlates the chemical
properties of NO and its derivatives (e.g. iron- and copper-nitrosyl complexes, N2O3, and per-
oxynitrite) with substrate-selective reactions of S-nitrosation has proven to be a major obstacle
in studies aimed at elucidating the role of NO as a signaling molecule. The basic chemistry
of S-nitrosation reactions was discussed in Chapters 1 and 9 of this volume. Measurements
of NO−

2 , a stable end product of NO oxidation, have demonstrated that cells produce consid-
erable amounts of this species. Primary mouse macrophages stimulated with in ammatory
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agents produce NO−
2 at a rate of 70 nmol/mg protein/hour, limited only by l-arginine avail-

ability [14]. Similarly, vascular smooth muscle cells treated with the peptide hormone relaxin
generate NO−

2 at a rate of 50 nmol/mg protein/hour for a period of 24 h [15]. In the presence of
oxygen, NO undergoes oxidation to N2O3, which is a nitrosating species with poor substrate
selectivity. In parallel, NO forms metal-nitrosyl complexes that can also act as S-nitrosating
agents [16,17]. Since GSH is the most abundant cellular thiol (15 30 nmol/mg protein), for-
mation of GSNO is expected to parallel the activity of NOS. In fact, several studies have
con rmed the formation of GSNO in biological systems: GSNO has been detected in rat
brain (15 pmol of GSNO/mg protein) [18], rat liver cytosol and mitochondria (in Refs. [19]
and [20]; ∼3 nM GSNO and 34 pmol of GSNO/mg protein, respectively). However, GSNO
accounts for only a small fraction of the endogenously generated NO−

2 . Furthermore, GSNO
levels appear to be insuf cient to induce trans-S-nitrosation of protein thiols. Often, a con-
centration of at least 100 µM of GSNO is required for the in vitro trans-S-nitrosation of
proteins. This suggests that the nitrosation of critical thiols on enzymes may be GSNO-
independent, unless there exist cellular catalytic pathways for transfer of NO from GSNO
and/or other LMW RSNOs to protein thiols. The transport of S-nitrosothiols across mem-
branes is discussed in Chapter 9. One plausible pathway for modulation of the redox
properties of NO includes the interaction of this radical species with metal ions. To verify the
hypothesis that iron-nitrosyl complexes modulate the activity of thiol-containing enzymes,
we studied the effects of NO on the activity of caspase 3 in control and iron-preloaded
RAW264.7 cells.

SUMMARY OF OBSERVATIONS

Formation of iron-nitrosyl complexes parallels the inhibition of caspase 3 in
NO-treated RAW264.7 cells

The effects of FeSO4 and NO exposure on the formation of intracellular RSNOs, iron-nitrosyl
complexes and activation of caspase 3 were assessed in RAW264.7 cells, a murine
macrophage cell line that is susceptible to NO-induced apoptosis. Incubation of cells with
FeSO4 resulted in a marked increase in the levels of non-heme iron (Fig. 1A), while expo-
sure of control and iron-preloaded RAW264.7 cells to NO led to the formation of RSNOs
and iron-nitrosyl complexes that was more robust in iron-treated cells (Fig. 1B,C). The ESR
spectra presented in Panel B indicate that exogenous NO led to the formation of intracellular
iron-nitrosyl complexes, presumably via the interaction of NO with bis(cysteinato)Fe2+ and
bis(glutathionato)Fe2+ complexes [21].

It could be further speculated that the increased content of RSNOs in iron-loaded cells
re ected the nitrosation of cellular thiols by iron-nitrosyl complexes. In cell-free systems, the
bis(cysteinato)dinitrosyliron2+ complex (DNIC) impeded the activity of puri ed caspase 3
in a dose dependent manner [16]. Treatment of RAW264.7 cells with S-nitroso-N -acetyl
penicillamine (SNAP) led to caspase 3 activation (Fig. 1D) and apoptosis [16]. Control
RAW264.7 cells exhibited higher caspase 3 activity (Fig. 1D) and, as DTT did not change
the activity of caspase 3 to any signi cant extent, we concluded that the protease was present
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Fig. 1. Relationship between non-heme iron, iron-nitrosyl complexes, RSNOs and caspase 3 activity in
RAW264.7 cells. Cells were precultured with 80 µM FeSO4 for 24 h, washed with fresh medium and there-
after treated with 0.75 mM SNAP. Cellular levels of iron (A), thiolato-nitrosyl-iron(2+) complexes (B), and
RSNOs (C) were measured as described in Ref. [16]. (B) Spectrum (1) control cells; (2) control cells plus
SNAP; (3) iron-loaded cells plus SNAP. (D) RAW264.7 cells were preincubated with FeSO4, washed with
fresh medium, and then treated with SNAP. After 15 and 21 h, caspase 3 activity was determined by colorimet-
ric assay using the peptide-based substrate Ac-DEVD-p-nitroanilide in the absence and the presence of DTT
(10 mM). Results are given as means ± S.D.

in a reduced, SH-state. In contrast, the activity of caspase 3 in iron-pretreated cells was
lower but markedly increased by DTT, indicating that the ratio between SH and SS (or SNO)
functions on this protein was shifted in favor of the latter. Importantly, elevation of non-heme
iron in RAW264.7 cells delayed the cell death, which then appeared to occur via necrosis
instead of apoptosis [16]. The delay in cell death could be associated with the inhibition of
caspase 3 thus suggesting that the level of non-heme iron is an important factor in determining
the consequence of NO exposure on cell viability.

MECHANISTIC CONSIDERATIONS

Redox regulation of caspase 3 activity

Release of cytochrome c from mitochondria into cytosol [22] activates the initiator procas-
pase 9 [23]. In the presence of cytochrome c and dATP [24], the apoptotic protease-activating
factor 1 (Apaf-1) binds to procaspase 9 to form the apoptosome complex [24]. In the apopto-
some, caspase 9 is activated to process other downstream caspases, including caspase 3 [25].
Active executioner caspase 3 can further cleave downstream substrates involved in apoptotic
changes [26].

Caspase 3 is a relatively small protein that consists of 2 subunits, a 12- and 17-kDa subunit
that contains 3 and 5 thiol functions, respectively. Activation of caspase 3 is dependent on
its dimerization to a heterotetramer, where the histidine-activated Cys-285 in the active site
of the p17 subunit is conserved in the caspase superfamily and is required for enzymatic
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activity [27]. Caspase 3 proteinase activity is lost in the presence of thiol-oxidizing agents
such as diamide, oxidized glutathione, and dithiocarbamate disul de [28 30]. Furthermore,
caspase 3 spontaneously loses its enzymatic activity [31], even in chelex-100-treated buffers
containing chelators of metal ions (data not shown), suggesting that low pKa thiol(s) that are
deprotonated at physiological pH auto-oxidize with concomitant generation of superoxide
anion radical [32,33]. In contrast, thiol-containing compounds such as GSH, thioredoxin
(Trxn), albumin, and DTT fully restore caspase 3 activity, presumably via reduction of
disul de functions on the protein [34].

Several research groups have reported that LMW RSNOs impede caspase 3 activity
via reactions of trans-S-nitrosation [9,10,12,13,31,35,36]. Detailed mechanistic studies by
Zech et al. have established that caspase 3 can undergo poly-S-nitrosation, whereby all
S-nitroso functions in the p12 subunit are cleaved with the release of NO and partial for-
mation of protein-mixed disul des with GSH; however, a single SNO function in the p17
subunit remained stable [31]. Since this SNO function was not observed in a mutant form
of caspase 3 lacking the active site cysteine, the authors concluded that NO nitrosates the
active site cysteine of caspase 3 to form S-nitrosocaspase 3 that is inert to reduction by
GSH. In a follow-up study, Zech et al. have found that NO donors block Fas- and etoposide-
induced caspase activation and apoptosis in Jurkat cells [35]. However, caspase activity
was not restored by DTT, as predicted for S-nitrosation reactions. Rather, the processing of
procaspases 9, 3, and 8 has been found to be decreased due to ineffective formation of the
Apaf 1/caspase 9 apoptosome [35]. Recently, Kim and Tannenbaum applied the biotin-switch
assay to directly detect endogenous S-nitroso(pro)caspases in apoptotic HT-29 human colon
carcinoma cells [37]. The authors have acquired experimental proof for the formation of
S-nitrosoprocaspase 9 but not S-nitrosocaspase 3, thus suggesting that NO may impede the
caspase 9-catalyzed release of caspase 3 (Scheme 1). These observations are in agreement
with the data presented in Fig. 1 and Ref. [16]. In control RAW264.7 cells, SNAP-activated
caspase 3 in a threo-1,4-dimercapto-2,3-butanediol (DTT)-independent manner. On the other
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hand, the activity of caspase 3 in iron-loaded cells was less pronounced, perhaps due to
the formation of S-nitrosoprocaspase 9; however, the activity of caspase 3 was markedly
increased by DTT.

NO inhibits apoptosis by preventing increases in caspase 3-like activity via
two distinct mechanisms

Kim et al. have reported that when lysates from apoptotic hepatocytes stimulated to express
iNOS or hepatocytes exposed to NO donors were incubated with DTT, caspase 3 activity
increased to about 55% of cells not exposed to a source of NO. TNF-alpha-induced apoptosis
and caspase 3-like activity were also reduced in cultured hepatocytes exposed to 8-bromo-
cGMP, and both effects were inhibited by the cGMP-dependent kinase inhibitor KT5823. The
suppression in caspase 3-like activity in hepatocytes exposed to an NO donor was partially
blocked by inhibitors of soluble guanylyl cyclase, while the incubation of these lysates with
DT T almost completely restored caspase 3 activity to the level of TNF-alpha-treated controls.
These data suggests that NO prevents apoptosis in hepatocytes by either directly or indirectly
inhibiting caspase 3 via a cGMP-dependent mechanism and by direct inhibition of caspase 3
activity through protein S-nitrosation [13].

Enzymatic denitrosation of caspase 3

While virtually all enzymes contain critical cysteine residues whose S-nitrosation acts as an
activity-switch, S-nitrosation and denitrosation of cellular thiols have been suggested to be a
fundamental post-translational protein modi cation that is similar to protein phosphorylation
and dephosphorylation, respectively [38]. However, the identi cation of speci c reaction
pathways of S-nitrosation has proven to be dif cult in part because most RSNOs are unstable
metabolites with a half-life of minutes to hours [19,39]. Three enzymatic systems are known
thus far to catabolize LMW RSNOs: Trxn [40], protein disul de isomerase (PDI) [41] and
alcohol dehydrogenase class III (ADH) [42] have been shown to catalyze the denitrosation
of S-nitrosoglutathione (GSNO) but not that of S-nitrosocysteine, S-nitrosohomocysteine
and S-nitrosoalbumin. Recently, we reported that Trxn catalyzes the denitrosation of a series
of S-nitrosoproteins, including that of poly-S-nitrosocaspase 3.

Trxn is a ubiquitous protein whose activity has been linked to cell growth, transcription
factor regulation, DNA synthesis, protein binding [43 45], detoxi cation of free radicals [33],
and regeneration of antioxidant compounds (ascorbic acid, selenium-containing substances,
and ubiquinones) [46]. Trxn isozymes of all organisms contain a conserved Cys-Gly-Pro-
Cys- active site that is essential for the function of this class of proteins as general protein
disul de reductases [43,44], Trxn-(SH)2 regulates the activity of thiol-containing proteins via
reduction of their S S bonds to protein-(SH)2 at the expense of its own oxidation to Trxn-(S)2.
Trxn is maintained in its active, reduced form by thioredoxin reductase (TrxnR) that uses
NADPH to reduce its S S bridge between Cysteines 32 and 35, respectively. Haendeler et al.
reported that overexpression of Trxn in endothelial cells activates eNOS, increases basal lev-
els of endogenous S-nitrosothiols, and inhibits TNF-α-induced apoptosis [47]. Experiments
with genetically manipulated cells that express cysteine 69-lacking Trxn have suggested that
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Fig. 2. Trxn denitrosates caspase 3. Experiments were carried out in 0.1 M phosphate buffer containing 0.1
mM desferrioxamine. S-nitrosation of caspase 3 (5 µM) by GSNO (0.1 mM; A) and denitrosation by Trxn
(10 µM)/TrxnR (15 U/mL)/NADPH (0.2 mM; B) were carried out as described in Ref. [49]. Caspase activity
was determined by using Enzcheck Caspase 3 assay kit (Molecular Probes, OR). Data are presented as mean
values ± SE (n = 3).

these effects may re ect Trxn nitrosation in its redox inactive cysteine 69 to ONS-Cys(69)-
Trxn-S2, which, in turn, inhibited activators of apoptosis by delivering NO to their active
sites [47].

However, direct experiments with Trxn and caspases that support this mechanism have
not been presented. This hypothesis was challenged by model experiments of Mitchell
and Marletta who reported that GSNO preferentially nitrosates oxidized Trxn (Trxn-S2) in
cysteine 73 without affecting cysteine 69. The authors proposed that ONS-Cys(73)-Trxn-S2

may act as an inhibitor of caspase 3 via trans-S-nitrosation of this protease to ONS-Cys(163)-
caspase 3 [48]. Given these controversial data, it is important to elucidate whether (a) other
nitrosating species (e.g. metal-nitrosyl complexes and S-nitroso(homo)cysteine) interact pref-
erentially with Trxn-cysteine 69, and (b) ONS-Cys-Trxn-S2 undergoes auto-denitrosation
to HS-Cys-Trxn-(SH)2 in physiologically relevant conditions that include the presence of
TrxnR and NADPH. In our studies, the complete Trxn/TrxnR/NADPH system was able to
fully reconstitute the activity of a puri ed poly-S-nitrosated caspase 3 (Fig. 2A,B; Ref. [49]).
These observations may be extended to the studies of Zhang et al. who reported that exposure
of lung endothelial cells (LEC) to NO results in diminished eNOS activity and decreased
expression of Trxn and TrxnR, whereas overexpression of Trxn prevents eNOS inhibition in
intact cells [50]. Interestingly, resistance to LPS-induced apoptosis in LEC is manifested by
inhibition of caspase 3 but is not apparent until 96 h of endogenous NO generation [51,52].
Hence, it could be speculated that exhaustion of TrxnR activity may be required for the
nitrosation of caspase 3 (Scheme 1).

Chelation of metal ions by caspase 3

Recently, Perry et al. have reported that caspase 3 could be inhibited by submicromolar
concentrations of Zn2+, which suggests a regulatory role for Zn2+ in modulating the upstream
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apoptotic machinery; mechanistically, Zn2+ has been proposed to form a complex with
caspase 3 [53]. This hypothesis is in agreement with the studies of Tang et al. and Kondo et al.
who have demonstrated that the release of Zn2+ from metallothioneins leads to inhibition of
caspase 3 in mouse embryonic cells and cultured sheep pulmonary artery endothelial cells,
respectively [54,55]. More recently, Sliskovic and Mutus have demonstrated that caspase 3
chelates iron ions with concomitant loss of activity, whereby both EDTA and DTT could
reverse this effect [56]. The latter indicates that the chelation of iron ions by caspase 3 was
not followed by oxidation of its thiol functions.

Iron complexes containing thiyl and NO ligands

Interactions between iron complexes and NO have been the focus of much research that dates
back to the studies of Priestley [57 62]. Recently, Dobry-Duclaux has shown that submicro-
molar concentrations of the black Roussin’s salt (K[Fe4S3(NO)7]) impede the enzyme alcohol
dehydrogenase [63,64], while Gordy and Rexroad demonstrated that complexes of nitric oxide
with hemoglobin and cytochrome c exhibit ESR spectra that re ect the electronic structures
of the iron atoms in these biologically important molecules [65]. Despite their notorious insta-
bility, numerous iron-nitrosyl complexes have been isolated in crystal form and characterized
by x-ray analysis and IR, NMR, ESR, and MS spectrometry. Experimental proof has been
provided for the formation of iron-nitrosyl complexes in neutral aqueous solutions of Fe2+
containing anionic ligands such as pyrophosphate, adenosine triphosphate (ATP), creatine
phosphate, carbonate, maleate, and mercaptans (2-mercaptoethanol, thiourea, dithiols, and
cysteine). However, it is noteworthy that most studies have focused on the geometrical and
electronic structures of iron-nitrosyl complexes, whereas the (bio)chemical properties of this
class of compounds have not been well-characterized.

In recent years, the formation and interactions of iron-nitrosyl complexes in biological
matrices have been of particular interest with respect to the transduction of NO signals
[16,17,66 69]. In weakly alkaline milieu, cysteine interacts with ferrous ions to form a
bis(cysteinato)iron2+ complex [59]. The formation of this complex is paralleled by the
appearance of a violet color that gradually fades with the consumption of O2. Simulta-
neously, cysteine is partially transformed to cystine, but, as long as there remains any thiol
acid, the color may be regenerated by O2. This catalytic process has been proposed to occur
via three steps: rst, formation of bis(cysteinato)iron2+ complex; second, oxidation of this
complex by O2 to a Fe3+ complex, which is the cause of the violet color observed in the
catalytic process; and third, an autoreduction of the ferric complex in which the iron is
reduced to a divalent state while the thiol sulfur of cysteine is oxidized to thiyl radical cation
(LS+ ) with simultaneous breakdown of the complex and fading of the color. In cellular
systems, non-heme iron is expected to form complexes with GSH and to exhibit even higher
af nity for compounds containing vicinal thiol functions. Bonomi et al. have characterized
a series of ferric and ferrous complexes of 6,8-dimercapto-octanoic acid (dihydrolipoic acid;
DHLA) and dihydrolipoamide as potential substrates for enzymatic synthesis of iron sulfur
clusters, whereas Kijima et al. have reported that these complexes are strong reductants that
can convert aromatic NO2 functions to NH2 and N,O-dialkylhydroxylamines to alkylamines
and alcohols [70].
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Fig. 3. ESR spectra of selected DNIC. Spectra were recorded in 0.1 M phosphate buffer saturated with
N2 (20◦C). A stock solution of 0.1 M phosphate buffer (pH 7.20) saturated with NO gas (∼1.8 mM) was
prepared by rst deoxygenating the medium with N2 for 20 min and then gassing with NO gas that was passed
through a gas trap containing KOH. NO was produced by dropping sulfuric acid to sodium nitrite. Spectra
1 Fe(NH4)2(SO4)2 (0.2 mM) in the presence of cysteine (1 mM), DTT (5 mM), or N -methyl-d-glucamine
dithio-carbamate (MGD) 0.5 mM. 2 Fe(NH4)2(SO4)2, cysteine, and NO (0.2 mM). 3 Fe(NH4)2(SO4)2,
MGD, and NO in the absence (dashed lines) and the presence (solid lines) of cysteine. 4 Fe(NH4)2(SO4)2,
DTT, and NO in the absence (a) and the presence (b) of cysteine. With dashed line is presented spectrum 2.

Thiolato-nitrosyl-iron complexes are formed spontaneously in solutions of a thiol, Fe2+,
and NO (Fig. 3). In the case of cysteine (Fig. 3, spectrum 2), the unstable bis(cysteinato)
dinitrosyliron(2+) complex is formed, which is then converted to cystinatodinitrosyl-
iron(2+) [59]. Similarly, compounds with vicinal thiol functions form iron-nitrosyl complexes
[60,61], even in the presence of equimolar concentrations of cysteine (Fig. 3, spectra 3 and
4, respectively) or GSH (data not shown).

In iron-nitrosyl complexes, the charge on the nitrogen atom is presumed to be a major
determinant in the reactivity of the ligated NO. The principal bonding scheme of Fe2+ NO
complexes has been described by Enemark and Fetham [71]. These complexes were classi-
ed as [FeNO] [72], and it has been proposed that they show bent Fe NO units with radical
character on the nitrosyl ligand. However, this description leaves room for a large variation
of the electronic structure mediated by metal-ligand covalency. A charge transfer between
NO and Fe may lead to the formation of either NO+ or NO− as a ligand, where NO+ is
expected to interact with thiols to form RSNOs; in contrast, NO− oxidizes thiols to disul des
[17,49,73]. The charge transfer in transition metal-nitrosyl complexes are often classi ed
on the basis of their NO stretching frequencies in the infra red spectrum as coordination
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compounds containing either the NO+(νNO+ = 1500 2000 cm−1) or the NO− ligand
(νNO− = 1080 1500 cm−1) [74]. However, concerns have been raised that this classi -
cation may be misleading, as a series of iron-nitrosyl complexes with stretching frequencies
between 1080 and 1500 cm−1 have been shown to contain hyponitrite, nitrito, or nitro
function, rather than NO ([62] and the references therein). If the assumption that stretch-
ing frequencies of 1600 1640 cm−1 are associated with double bonds, then the presence of
NO− as a ligand in many iron-nitrosyl complexes cannot be ruled out [75,76]. In support of
the latter hypothesis, Pearsall and Bonner have reported that Fe2+ reduces NO to nitroxyl
(HNO) and forms iron-dinitrosyl complexes bearing both NO+ and NO− as cis positioned
ligands [77]. Granozzi et al. have provided quantum mechanical calculations indicating that
in the bis-cyclopentadienyl-bis(µ-nitrosyl)iron2+ complex, a considerable amount of charge
is withdrawn from the cyclopentadienyl ion; a small part of this charge is retained by the
metal ion while the remaining charge is channeled through the metal to the bridging NO
ligand [78]. Hence, iron-nitrosyl complexes may either trans-S-nitrosate cellular thiols via
transfer of NO+ [17,79] or cause oxidation of SH functions via the intermediate formation
of S-derived hydroxylamines [73]. An alternative mechanism is suggested by the studies of
Kijima et al. [70], whereby the oxidation of thiols by Fe2+ and NO could be envisaged
without the intermediate formation of S-nitrosothiols (Scheme 2). This mechanism is similar
to the oxidation of the bis(cysteinato)Fe2+ complex by O2, except that NO plays the role of
an oxidant (2 → 3); in turn, Fe3+ could be reduced by one of the ligated SH functions, which
would set the stage for an intramolecular disul de ring closure (3 → 4). In the presence of
oxygen, 5 readily undergoes oxidation to 6 with release of superoxide anion radical [32,33].
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Copper-nitrosyl complexes

The interactions of copper complexes with NO and RSNOs have both synthetic and biological
implications. Copper nitrosyls of the type CuX2 · NO (X = halide) have been shown to
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interact with primary amines [80] and alcohols to form dihalides and nitrosooxyalkanes
(RONO) [81,82], respectively, whereby both reactions have been proposed to occur via
the intermediate formation of NO+. Similarly, the (CH3)3CSNO/CuCl2 system converts
aromatic amines to the corresponding halides, presumably via a copper-catalyzed breakdown
of (CH3)3CSNO to CuX2 · NO and (CH3)3 CS [83].

The biological relevance of copper-catalyzed decomposition of RSNOs has been addressed
by several research groups [84 87]. While it has been established that reduction of Cu2+ to
Cu+ is required for the breakdown of RSNOs to NO, the exact mechanism of this reaction
is not fully understood. In the presence of Cu+, the SNO function can undergo a reduc-
tive homolysis (RSNO + Cu+ → RS− + Cu2+ + NO), where a catalytic cycle could be
closed via RS−-dependent reduction of Cu2+ back to Cu+ (RS− + Cu2+ → RS + Cu+)

[87]. Alternatively, the decomposition of RSNOs may proceed via the intermediate chela-
tion of Cu+ by the S and N atoms of the SNO function [88,89]. In biological systems,
however, the existence of free (aquated) Cu+ can be ruled out. Depending on the nature of
the ligand in Cun+ Lm, the breakdown of RSNOs is either partially or completely impeded
[87,90,91].

Recently, Inoue et al. have reported that 0.1−1µM Cu2+ (but not Fe2+, Fe3+, Co2+, and
Mn2+) and/or ceruloplasmin (CP) catalyze the S-nitrosation of biological thiols by NO with
yields ranging from 60 to 80% [92]. Similarly, copper ions catalyze the S-(de)nitrosation of
albumin [93]. In CP, a blue copper-containing protein, three different types of copper can be
distinguished: type 1 with a characteristic absorption maximum at 610 nm and ESR signal
with a small hyper ne splitting, and type 2 with a larger hyper ne splitting and most likely
anti-ferromagnetic spin-paired Cu2+ couples [94]. NO forms a diamagnetic charge-transfer
complex with type 1 copper whereas type 2 is unaffected [95]. Depending on the redox state
of type 1 copper, NO binding to CP leads to a charge transfer with concomitant formation
of either Cu2+ NO− or Cu+ NO+ [95,96]. Notably, Inoue et al. have found that HepG2
cells produce and release CP in amounts that are suf cient to catalyze the S-nitrosation
of extracellular GSH. The concentrations of CP and GSH used in these experiments, as
well as the amounts of GSNO generated, are physiologically conceivable. For example, the
concentration of CP in the bronchoalveolar lavage uid of adult respiratory distress syndrome
patients increases up to 1 µM [97]. It is also known that a high concentration of GSH (∼0.5
mM) exists in the alveolar spaces of the lung [98,99], although it is signi cantly lower (30
µM) in adult respiratory distress syndrome [98]. On the other hand, Zhang and Hogg have
demonstrated that l-cystine enhances GSNO-dependent LMW RSNOs uptake into cells, thus
increasing intracellular RSNOs levels from ∼ 60 pmol/mg of protein to ∼3 nmol/mg of
protein. The latter process depends on the reduction of cystine to cysteine, which involves
the xc-amino acid transport system, followed by formation and uptake of S-nitrosocysteine
via amino acid transport system L [100,101]. Hence, it is tempting to speculate that these
processes are intrinsic steps of a catalytic pathway for biosynthesis and transport of RSNOs.

CONCLUSIONS

Current research on caspases includes attempts to impede the action of these proteases in
order to better understand the apoptotic pathways, as well as to develop drugs that can
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regulate apoptosis. Observations that NO impedes caspases and apoptosis provided a foun-
dation for the synthesis of prodrugs that could be used for liver-speci c delivery of NO.
Saavedra et al. have synthesized a series of prodrugs with structural motifs that mimic speci c
cytochrome P450 substrates. Upon cytochrome P450 metabolism, these compounds release
NO and block TNF-α-induced apoptosis and toxicity in liver, presumably via inhibition of
caspases [102].
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Scheme 3.

Another mechanism for regulation of apoptosis is suggested by the data presented in Fig. 1
and Ref. [16]. Elevation of non-heme iron in RAW264.7 cells delayed NO-induced cell death,
which then appeared to occur via necrosis instead of apoptosis. The delay in cell death could
be associated with S-nitrosation and inhibition of caspase 3, thus suggesting that the level of
non-heme iron is an important factor in determining the consequence of NO exposure on cell
viability. Notably, the capacity of non-heme iron and NO to impede caspases could dictate
whether cells will undergo apoptosis vs. necrosis. However, it should be pointed out that the
mechanism whereby metal-nitrosyl complexes trans-S-nitrosate critical cellular thiols is not
deprived of intrinsic limitations: rst, it is dif cult to assess the distribution of ferric and
ferrous ions among cellular ligands; second, thiolato-iron complexes have been shown to
catalyze both the synthesis and the decomposition of RSNOs; and third, ferric and copper
ions can catalyze the oxidation of thiol functions in the absence of NO. It is noteworthy that
the ESR spectra presented in Fig. 3 could be observed after addition of either NO or SNAP
to thiolato-iron complexes (data not shown). Nevertheless, it is interesting to speculate that
LMW ligands that modulate the properties of iron- and/or copper-nitrosyl complexes may be
used to control apoptotic processes.
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CHAPTER 13

Nitrite and nitrosospecies in blood
and tissue: approaching the gap

between bench and bedside

Tienush Rassaf ∗ and Malte Kelm

University Hospital Aachen, Medical Clinic I, Department of Medicine,
Division of Cardiology and Pulmonary Diseases, Germany

The continuous production and release of endothelium-derived nitric oxide (NO) plays an
important role in vascular homeostasis and cardiac function [1]. For a long time, the signaling
actions of NO in the vasculature have been thought to be short-lived as a result of its rapid
reaction with oxy-hemoglobin and the immense concentration of the latter in blood. However,
a series of studies within the last years have unraveled mechanisms by which NO bioactiv-
ity in blood might be sustained. Nitrite [2], S-nitrosothiols (RSNO) [3–5], N-nitrosamines
(RNNO) [6], nitrosylhemoglobin (NOHb) [7], and S-nitrosohemoglobin (SNOHb) [8] have
all been described to preserve bioactivity of NO in blood and in tissue. The mechanisms by
which these agents affect the NO status of the vasculature have been discussed in other chap-
ters of this book (nitrite in Chapters 14–16; RSNO in 9–10; RNNO in 17; the hemoglobins in
9–10). Therefore, it has been suggested that NO itself may remain active in the blood stream
for longer than originally assumed [4]. Whatever mechanisms may turn out to best describe
how the effects of NO are conserved in the circulation, it is clear that besides the local actions
it elicits NO can also be transported throughout the body to function in a paracrine fashion,
much like a hormone [9]. Although under physiological conditions this process is likely to
be limited, it may well occur at pharmacological levels of NO as well as during pathological
states such as in sepsis, a condition associated with high NO synthase (NOS) activity. Such
mechanisms of NO conservation may explain some, if not all, of the systemic effects of NO
that occur distal to the site of delivery following its administration by inhalation or infusion.
Experimentally, inhaled NO has been shown to prevent lung injury from hemodialysis [10],
endotoxemia [11], and ischemia/reperfusion injury [10]. Moreover, inhaled NO has been
reported to reduce systemic vascular resistance [12], increase glomerular filtration rates [13]
and aortic cGMP levels [14], and improve blood flow during NOS inhibition in the intes-
tine [15] as well as in the human forearm circulation [16]. In the following, the major routes
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of NO metabolism and transport in the mammalian circulation and in tissue will be described
considering the plasmatic compartment and the red blood cells (RBCs) separately. A focus
is laid on the role of the respective species in physiology and the opportunities they open for
future diagnostic and therapeutic approaches.

NITRIC OXIDE AND RED BLOOD CELLS

By regulating blood vessel tone, inhibiting smooth muscle cell proliferation, blood cell adhe-
sion and lipid oxidation, NO becomes fundamental for vascular homeostasis. Since NO is
not only released abluminally to exert its effects on cells of the vascular wall, but also into
the vessel lumen, a significant part of the NO produced by the endothelium is believed to
come into direct contact with blood. Given the extremely short half-life of NO in blood
and its rapid reaction with hemoglobin in vitro, the fate of this fraction of NO is thought
to be dictated largely by its interaction with red blood cells. RBCs are believed to be a
major sink for NO by virtue of the rapid co-oxidation reaction of NO with oxyhemoglobin
to form methemoglobin and nitrate, the second-order rate constant of which approaches
3–4 × 107 M−1s−1 [17]. Although this reaction has appreciated widespread recognition as
the major inactivation pathway of NO in vivo, recent results obtained in humans had sug-
gested that this may not be the predominant route under all conditions [18]. Alternatively,
NO may bind to the heme group of deoxyhemoglobin to form NOHb [19]. NOHb has been
detected in the blood of patients receiving nitroglycerin or inhaled NO [7,16]. A third pos-
sibility is the reaction of NO, or a higher oxidation product such as NO2 or N2O3, with
cysteine-93 of the β-globin chains (β-Cys93) of hemoglobin, leading to the formation of an
S-nitrosated derivative of oxyhemoglobin (SNOHb). SNOHb has been suggested to partici-
pate in the regulation of blood flow [20] and platelet aggregability [21,22]. According to this
theory, hemoglobin in RBCs undergoes S-nitrosation during passage through the lungs and
subsequently releases part of its bound NO during arterial–venous transit in order to enhance
blood flow and aid in the delivery of oxygen in the microcirculation. In the venous circula-
tion, deoxygenated hemoglobin preferentially binds NO at the heme group to form NOHb.
This proposed dynamic cycle has had a profound impact on the way we see NO today,
ascribing it a most important new regulatory role in the circulation. The central observations
supporting this “SNOHb hypothesis” were two reports showing arterial–venous gradients of
micromolar concentrations of SNOHb and NOHb in RBCs of rats and humans [8,23]. How-
ever, numerous reports from different groups on the basal levels of intracellular SNOHb in
arterial and venous blood have cast serious doubt as to the existence of such a dynamic cycle
[2,24–27]. This discrepancy may have its origin in the different methodological approaches
used to determine NO adducts in RBCs and the technical difficulties inherent to trace level
analysis of nitroso compounds, including artifactual SNOHb/NOHb formation during sample
processing.

Of particular importance in this context is the finding that the reaction rate of NO with
oxyhemoglobin within erythrocytes is limited by its diffusion into the cell and occurs ∼650
times slower compared to the reaction with free oxyhemoglobin [28]. Consumption of plasma
NO by RBCs is reduced by increased flow, an unstirred plasma layer surrounding the RBCs,
the cell-free zone near the vascular wall, and a reduced diffusion rate over the cellular
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Fig. 1. Barriers of NO consumption. Consumption of plasma NO by RBCs is reduced by (1) the cell-free
zone near the vascular wall, (2) an unstirred plasma layer surrounding the RBCs, (3) a reduced diffusion rate
over the cellular membrane, and (4) the reaction rate with hemoglobin.

membrane [29–31]. This makes clear that at some stage endothelial NO has to react with
components other than RBCs (Fig. 1).

RBC: A NOVEL SOURCE FOR NITRIC OXIDE

As shown above, RBC not only inactivate but also preserve NO bioactivity. We broaden this
view by demonstrating that RBC constitutively synthesize NO [32]. This NO-formation is
modulated by supplementation of eNOS-substrate in RBC. Preliminary data pointed towards
the possibility that RBC might carry NOS protein. The origin of NO-syntheses within the
blood compartment could not yet be reliably differentiated between the blood cell fractions
due to the respective purity of preparation [33–35]. Other groups postulated either a basal
or total inactive NOS isoform [36–38] or a origin by a non-enzymatic NO-syntheses [39]
within RBC. Using biochemical analyses of NO and bioassays for NOS activity, we pro-
vided unequivocal evidence that RBC constitutively carry an active NOS. The specificity
of RBC NOS being an eNOS isoform is supported by the lack of NO-formation in RBC
from eNOS−/− mice. Thus RBC not simply scavenge NO but instead represent an important
source of vascular NO-formation.

RBC NOS resembles a variety of specific regulatory pathways of eNOS, in that it is stereo-
specifically stimulated by the substrate l-arginine, it is sensitive to common NOS inhibitors,
and its regulation depends on the intracellular calcium level and the phosphorylation at serine
1177 regulated by the PI3K [40–42]. Further studies are warranted to investigate the potential
role of shear stress, pH, pO2, and pCO2 in the regulation of RBC NOS activity. In contrast
to the vascular endothelium, the kininergic and muscarinergic receptors are quiescent in
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RBC [43], readily explaining the lack of increases in NOS activity after exposure to acetyl-
choline, carbachol, metacholine, or bradykinin. The lack of NOS protein and activity in
RBC from eNOS−/− mice—in contrast to those from wild-type (WT) mice—further support
the notion that RBC carry an active eNOS isoform. Erythrocytes carry important enzymes
of l-arginine metabolism, such as arginase degrading the eNOS substrate, dimethylarginine
dimethylaminohydrolase (DDAH), an enzyme metabolizing endogenous NOS inhibitors [44],
and cationic amino acid transporters [45]. Although admittedly speculative, RBC might fine
tune their NO production via control of substrate availability.

The RBC NOS may substantially increase the local NO concentration at the immediate
vicinity of the outer membrane thus contributing to an intrinsic barrier preventing con-
sumption of NO derived from other sources than RBC themselves. Alternatively, intrinsic
NO-formation may alter the electromechanical properties of the RBC membrane such as
proteins and lipoproteins preventing consumption of NO by RBC [46].

NITRIC OXIDE AND PLASMA

Blood constitutes approximately 60% of plasma. The latter thus represents a potentially sig-
nificant compartment for NO metabolism [47]. The major immediate breakdown product of
NO in human plasma is nitrite. A physiologically important component of the metabolism of
NO involves the generation of thionitrite esters with cysteine (Cys), leading to the formation
of S-nitrosocysteine [48]. RSNOs may be generated by reaction with NO2 or N2O3 produced
during the oxidation of NO with dissolved oxygen [49], by reaction with nitrosonium ions
(NO+) formed from dinitrosyl-iron complexes [11] or peroxynitrite (ONOO−) derived from
the reaction of NO with O−

2 [50]. Alternatively, under anaerobic conditions RSNOs may be
formed by direct interaction of NO with thiols in the presence of electron acceptors [51] or by
reaction with nitrite [52]. The biological relevance of covalent attachement of an NO moiety to
the sulfhydryl group of a plasma protein is exemplified by the occurrence of S-nitrosoalbumin
(SNOAlb) in human plasma. SNOAlb is thought to represent the major reaction product of
NO with plasma thiols. Albumin is the principle plasma protein and fulfills a plethora of dif-
ferent functions, including the maintenance of colloid osmotic pressure, acid/base buffering,
and antioxidative actions, as well as binding and transport of bilirubin, hormones, fatty acids,
and other endogenous ligands [53]. Human albumin contains a single free sulfhydryl group
in Cys34, which is responsible for many of its properties. Apart from a change in its binding
characteristics following reaction with NO [54], little is known about whether or not other
physiological functions of albumin are altered upon nitrosation of its free SH-group. What
is clear, however, is that nitrosation of albumin confers NO+ and NO-donating properties
to the molecule. Transnitrosation reactions, i.e. the transfer of an NO+-equivalent from one
molecule to another, are a common feature of all RSNOs and may account for the inhi-
bition of cysteine-dependent enzymes by SNOAlb. Whereas reaction with glutathione and
ascorbate stimulates NO release from SNOAlb [55], spontaneous decomposition to NO is
rather slow, which is compatible with the notion that SNOAlb acts as a buffer and transport
system for NO [5]. In spite of the fact that the physiological concentration of this circulating
NO-adduct is the subject of much debate [56,57], a number of recent clinical investiga-
tions have indirectly implicated the involvement of RSNOs in disease processes [58–60].
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However, whether these species represent reporter molecules suitable to monitor the progres-
sion of illnesses associated with an increased or decreased NO production, play a protective
role in vivo, or rather represent bioinactive detoxification products that is far from being clear.

NITROSOSPECIES OTHER THAN RSNOS IN PLASMA

RSNOs have been the major focus of most recent studies, and many pathways have been
proposed to be under regulatory control by S-nitrosation [61]. However, little is known
about reaction sites of NO other than thiols. Recently, it has been shown that under phys-
iological conditions, human plasma contains an approximately 5-fold higher concentration
of RNNOs than RSNOs [6]. It has been known that RNNOs are generated endogenously
during infections and inflammatory processes [62] either via NO-mediated nitrosation, inter-
mediate formation of peroxynitrite, or bacterial action. In the acidic environment of the
stomach, RNNOs are formed as a result of the reaction of nitrite with amino groups of food
constituents [63]. Irrespective of whether they are taken up during occupational exposure
or CONTACT with rubber products, ingested with the diet, or formed endogenously, low-
molecular-weight RNNOs are potentially mutagenic and have traditionally been associated
with an increased risk for cancer.

Due to the association of both the S- and N-nitroso components to serum albumin, we
hypothesized that the major nitroso species in human plasma is a S-nitrosothiol /N-nitrosamine
derivative of albumin. Whether such a species originates from competing S- and N-nitrosation
reactions or is a result of S → N transnitrosation remains to be investigated. What makes this
finding particularly intriguing is that it demonstrates that endogenous RNNOs are present
already under non-inflammatory conditions, suggesting that they either serve a physiological
role or are the result of the body’s response to the continuous exposure to foreign material.
The finding that the basal concentration of RNNOs exceeds that of RSNOs is important and
may suggest a novel storage and /or delivery form of NO that is differentially regulated from
RSNOs. However, further studies are required to elucidate whether RNNOs play a role in
cardiovascular physiology and /or pathology.

NITRIC OXIDE SOLUTIONS

Intravenous application of an NO-saturated saline solution exerts systemic hemodynamic
effects, as judged by a significant dilation of resistance and conduit arteries in the contralat-
eral arm and a transient and modest decrease in arterial blood pressure. The formation of
RSNO and the dilatory response lasted several orders of magnitude longer than the previously
suggested half-life of NO in vivo, thus ruling out that the transport of free NO contributes
significantly to the sustained dilation seen in both conduit and resistance vessels. In sup-
port of the conclusion that plasma RSNOs are involved in the systemic vascular effects of
intravenously applied aqueous NO solution, its hemodynamic response was mimicked by
intravenous application of S-nitrosoglutathione [3].

In the future, systemic application of authentic NO may substitute NO deficiency as seen
in various cardiovascular diseases associated with endothelial dysfunction. The route of
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administration and the chosen dose may critically determine NO transport and biological
effects. This includes uptake, transport, and liberation of NO along the vascular tree by phys-
iological blood-borne carriers, the intercellular contact of blood cells during passage through
the microvasculature, and the interaction of plasmatic NO stores with the endothelium and
vascular smooth muscle. The metabolism and distribution of NO and thus its range of action
may exhibit significant spatial heterogeneity in vivo, depending on vessel size, hematocrit,
flow velocity, and shear rates [64] as well as oxygen saturation and tissue pO2. These vari-
ables are expected to affect NO consumption in the RBC-free plasma zone near the vascular
wall, and within RBCs [65,66]. Matters are further complicated by the fact that the RBC
membrane represents a heterogenous sink [30,67], which may critically determine the effects
of NO on the microcirculation [68]. These denominators might be affected differently by
intraarterial, intravenous, or inhalative NO substitution therapy. Whether the application
of aqueous NO solution may offer therapeutic advantages over existing NO-related thera-
pies and furthermore be suitable to exert systemic biological effects in vivo remains to be
investigated.

NITRIC OXIDE CAN BE TRANSPORTED IN ITS FREE FORM ALONG
THE VASCULAR TREE

Beside the reactions of NO with thiols and amines, a third route has been proposed for the
transport of NO in plasma. In-vivo investigations with authentic NO shed light on the capa-
bility of plasma to transport NO in its free form along the vascular tree. Infusions of NO
solutions into the brachial artery of human volunteers led to an increase in the diameter of
the downstream artery and to an increase in forearm blood flow [4]. In these experiments,
the immediate effects appeared to be mediated by bioactive NO itself and the delayed effects
by plasma RSNOs. The effective lifetime of NO in blood is thought to be limited by numer-
ous reactions in plasma and, importantly, with intraerythrocytic hemoglobin (see above).
However, in flowing blood, these degradative reactions are markedly attenuated for several
reasons: because of the properties of the RBC membrane, entry of NO into RBCs occurs at
a rate up to three orders of magnitude slower than would be expected from simple diffusion
[30,31]. Moreover, in a perfused blood vessel, the endothelial surface is in contact with an
RBC-free plasma zone, which has been estimated to reach up to 25% of the luminal diameter
in thickness [29]. Within this RBC-free zone of laminar flowing blood, NO has a surprisingly
long half-life. Considering the concentration of dissolved oxygen in blood (∼150–250 µM)
and assuming that physiological NO concentrations are in the nanomolar range, the bio-
chemical lifetime of NO in such a plasma layer has been calculated to reach 100–500 s [69],
provided reactions with other plasma constituents are negligible. Such a long half-life would
allow NO to be transported as such from its site of synthesis to many other tissues.

PLASMA RSNOS AS POTENTIAL DISEASE MARKERS

A number of recent clinical investigations have indirectly implicated the involvement of
plasma RSNOs in disease processes [58,60]. Whether these species represent markers
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suitable to monitor the progression of illnesses associated with an increased or decreased
NO production, play a protective role in vivo, or rather represent bio-inactive products is
not clear. In this context, many attempts have been made to quantify plasma RSNOs in
humans. However, nearly 15 years after the initial report [5] there seems to be no consen-
sus about the true physiological levels of RSNOs in human plasma. Whereas the initially
proposed concentration of 7 µM RSNOs was confirmed in a study by Tyurin et al. [60],
who measured 9.2 ± 1.6 µM in plasma of non-pregnant women, other studies suggested that
basal RSNO levels in plasma are considerably lower, and in fact in the low nanomolar range
[3,6,16,70–72]. As pointed out by others [56,57], these differences may have their origin
in the different analytical approaches used to detect RSNOs and the technical difficulties
associated with trace level analysis, including artifactual RSNO formation.

The question arises whether knowledge of the true plasma concentration would actually
be of significance and help further our understanding of the physiological role of RSNOs.
Arguably more interesting to know is to what extent RSNO concentrations change under
various physiological conditions (e.g. compare physical exercise with rest, levels after food
intake to fasting conditions, etc.) and in disease states such as heart failure, septic shock,
hypertension, or arteriosclerosis. All this will still not help much without a clear idea about
the mechanisms of bio-activation and -degradation, which are critical in determining the
flux rate of NO that can be released from a given concentration of RSNO, and hence its
biological effect. These mechanisms may be quite complex and under control of a number of
different factors some of which are presently unknown. Thus, one may argue that knowledge
of absolute concentrations is less important than that of relative changes in concentration
experienced under specific conditions. Such RSNO determinations could well be carried out
using different analytical methods, even if they produced different absolute concentrations, as
long as their results were proportional to the true plasma concentration. However, this is true
only if the technique is specific and not influenced by changes in concentration of other nitroso
species, nitrite, or nitrate. Otherwise, it would invite misinterpretations about the involvement
of plasma RSNOs by falsely attributing these differences to changes in RSNO levels.

ANALYSIS OF NITRIC OXIDE SPECIES: FINDING THE
RIGHT APPROACH

A major obstacle in assessing the significance of formation of oxidative and nitrosative NO
species in vivo is the limited reliability of available techniques for measurements in com-
plex biological matrices. Investigations into the validity of the emerging hypotheses about
the physiological or pathophysiological role of specific nitros(yl)ated biomolecules are often
hampered by the availability of analytical methods suited for reliable quantification of the
extremely low levels of such species in vivo. Although RSNOs have been detected in various
samples and are the focus of most recent studies, NO does interact either directly or indi-
rectly with other biological targets, including amines and heme moieties. Older colorimetric
methods for nitrite and RSNO determination are subject to various interferences by pro-
teins, suspended materials, and colored species, often lack sensitivity and require elaborate
clean-up procedures when working with biological media. EPR spectroscopy for determina-
tion of NO in metal complexes or hemeproteins has the advantage to be applicable in vivo.
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However, its sensitivity appears to be insufficient for nitrosyl detection under basal condi-
tions [19]. Several analytical techniques for the determination of RSNOs and RNNOs have
been described. Though it has been demonstrated that NO can be released from RSNOs and
RNNOs by high-intensity UV-light, most analytical methods are based on a chemical deni-
trosation step. This procedure leads to reductive cleavage of the nitroso compounds by e.g.
hydrogen bromide, iodine/triiodide mixtures, or vanadium chloride, and the released NO is
subsequently detected by gas-phase chemiluminescence reaction with ozone. As the reduc-
ing properties of these solutions vary greatly, so do efficiency of reduction and selectivity.
To complicate matters further, some sampling processing techniques may even produce the
species under investigation, leading to false positive results.

For the determination of nitrite levels in biological samples, we favor the use of either
one of the following analytical techniques: (1) flow injection analysis (FIA) [73], (2) reduc-
tive gas-phase chemiluminescence (CLD; e.g. CLD 77am sp or model 88am, Eco Physics;
Duernten, Switzerland) [27], and (3) a dedicated HPLC system employing ion chromatog-
raphy with post-column derivatization (e.g. ENO-20, EiCom, Kyoto, Japan) [26]. All three
methods offer detection of nitrite (and nitrate, either directly or after reduction) in biological
samples in the low nanomolar range with a high linearity, recovery, and a low coefficient of
variation, and do not require complicated sample processing procedures.

For the determination of RSNOs, RNNOs, NO-heme compounds in plasma, RBCs, and
tissues, we suggest to employ reductive cleavage by an iodine/triiodide-containing reac-
tion mixture and subsequent determination of the released NO by chemiluminescence [27].
With larger injection volumina, this method can quantify as little as 100 fmol bound NO
and has been validated extensively for use in different biological matrices. To differenti-
ate between compound classes without having to change reaction solutions or conditions,
samples can be pretreated with group-specific reagents before analysis. In detail, biologi-
cal samples are typically divided into three aliquots: one used for direct injection (nitrite +
nitroso compounds), one for preincubation with sulfanilamide, which efficiently removes
nitrite (total nitroso species), and a third one for preincubation with HgCl2/sulfanilamide
(mercury-resistant nitroso compounds).

Not less important than the use of the appropriate analytical technique is the actual sam-
ple processing: blood should be collected in (chilled) tubes containing N -ethylmaleimide
(NEM)/ethylenediaminetetraacetic acid (EDTA) (10/2 mmol/l) in order to block SH-groups
and inhibit transnitrosation reactions, preventing artificial nitrosation, as well as thiolate-
and ascorbate-mediated RSNO degradation. Plasma is readily obtained by centrifugation for
10 min at 800xg and 4◦C; RBCs are lysed 1:4 in water containing NEM/EDTA (10/2 mmol/l)
and kept on ice in the dark for <15 min. Cells and organs have to be homogenized in the dark
on ice, using PBS with the addition of NEM/EDTA (10/2 mmol/l). We caution that many
commercially available chemicals and solutions are contaminated with varying amounts of
nitrite, which may result into artifactual nitrosation and therefore lead to false positive results.

PLASMA NITROSOSPECIES AND CARDIOVASCULAR DISEASE

In order to examine the role of nitrosospecies in relation to cardiovascular risk factors, we
determined RXNO levels (the sum of all nitrosospecies) of plasma in patients with one or more
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cardiovascular risk factors [74]. Levels of RXNOs were lower in such individuals compared
to controls. It can therefore be concluded that endothelial dysfunction is associated with a
depletion of circulating nitroso/nitrosyl species in plasma, which is likely to contribute to the
increased risk for major cardiovascular events in individuals with endothelial dysfunction.
Measuring circulating nitroso/nitrosyl species may help identifying individuals at risk and
serve as a therapeutic surrogate marker in the future. Further studies are needed to establish
whether the plasmatic RXNO pool represents a valuable parameter that allows optimal dose
titration of therapeutic agents aimed at targeting endothelial dysfunction.

EFFECTS OF NITRIC OXIDE AND RSNOS ON LEFT
VENTRICULAR FUNCTION

In contrast to its well-defined vasodilator effect, the role of NO on myocardial function is
still a subject of significant controversy, and experimental studies suggest both positive and
negative effects on left ventricular function. Thus, the fundamental question as to whether NO
contributes to the maintenance of myocardial function in humans still remains unanswered.

Initial in-vitro experiments in isolated ventricular myocytes as well as in the isolated
guinea pig heart suggested a negative contractile effect of NO [75–77]. A bimodal effect
of NO [78], with a positive contractile effect at low concentrations but a negative one at
higher concentrations was postulated. In humans, the results are limited and partly diver-
gent [79–81]. The direct impact of NO levels on left ventricular function has never been
determined in humans. We therefore applied the S-nitrosothiol S-nitrosoglutathione (GSNO)
on top of inhibited NO-synthase (NOS)-activity [by infusion of NG-monomethyl-l-arginine
(l-NMMA)], and the mean arterial blood pressure at the beginning of the experiments served
as the target value. This led to an increase in stroke volume index (SVI), which was measured
by MRI-technology, and was accompanied by a decrease in arterial blood pressure compared
to l-NMMA. To investigate whether the decrease in afterload and /or a sympathetic activation
is responsible for the increase in SVI, we applied the vasodilator dihydralazine (a vasodilator
not influencing the NO-pathway) to decrease arterial pressure to a level comparable to that
resulting from GSNO. We observed no significant change in SVI after dihydralazine, suggest-
ing that the effect of GSNO on cardiac function cannot be explained solely by the decrease
in arterial blood pressure. The lack of a significant difference in plasma noradrenaline after
application of GSNO or hydralazine ruled out a major sympathetic influence of either sub-
stance on SVI. Therefore, NO (at low concentration) improves left ventricular function even
after matching for afterload and sympathetic tone pointing towards a direct NO-related effect
on the myocardium [82]. Because of the bimodal effects of NO [78], with a positive effect
on LV function at low amounts and a negative one at high amounts, the threshold level for
the switch from a positive to a negative effect of NO seems to be of importance.

PLASMA NITRITE AND ENOS-ACTIVITY

The majority of intravascular NO is inactivated by its reaction with hemoglobin to form
nitrate [17] (Fig. 2). Nitrate concentrations are influenced by a variety of NO-synthase (NOS)



278 T. Rassaf and M. Kelm

NO-plasma-pool

HbO2 NOHb SNOHb

NOS III

Function of RBC Vascular tonus

NO RXNO

O2
SH
RX

NO3
− NO

NO

bioactive

ErythrocyteEndothelium

inactive inactive

NO2
− NO3

−

Fig. 2. Constitutive NO synthesis and vascular homeostasis. The eNOS constitutively synthesizes NO in RBC
and endothelial cells. Endothelium-derived NO may act in an autocrine fashion within the vascular wall and
may then be inactivated to nitrate

(
NO−

3

)
representing a potential salvage pool for NO or oxidized to nitrite(

NO−
2

)
. Alternatively, it may undergo nitros(yl)ation thus contributing to circulating plasma pool of conserved

NO bioactivity yielding S-nitrosothiols and nitrosoamines (RXNO). Within RBC, NO may be inactivated via
the co-oxidation with oxyhemoglobin (HbO2) forming nitrate and methemoglobin. Alternatively, its bioactivity
may be conserved through nitros(yl)ation of Hb yielding nitrosylhemoglobin (NOHb) and S-nitrosohemoglobin
(SNOHb). Enzymatic NO-formation in RBC contributes also to plasma NO pool. Both, RBC and endothelium,
export bioactive NO exerting an array of functions important for vascular homeostasis.

independent factors, including dietary nitrate intake, formation of saliva, bacterial nitrate
synthesis within the bowel, denitrifying liver enzymes, inhalation of atmospheric gaseous
nitrogen oxides, and renal function [47,83]. Due to these factors and the high background
level, small changes in plasma nitrate concentrations may not sensitively reflect acute changes
in NOS-activity [84]. Stimulation of eNOS has been shown to result in an acute change in
plasma nitrite concentration in the human forearm vasculature [84]. The reported basal nitrite
concentrations in plasma of mammals range from “non-detectable” [85] over nanomolar
(450 nmol /l) [86] to micromolar (26 µmol /l) [87] levels. These enormous differences in
nitrite levels can be rationalized considering the emerging confounding factors and variations
in blood sampling and sample processing as well as the methodological problems inherent
to the analytical procedures used. Some methods simply do not possess the sensitivity to
allow a precise measurement of nitrite in the proposed physiological concentration range.
In addition, the analysis might be affected by proteins, varying redox conditions, and trace
contamination with nitrite during sample processing [73].

Using multiple distinct analytical methods, the uniform occurrence of nanomolar levels
of plasma nitrite in different mammalian species has been demonstrated, indicative
of comparable constitutive NOS-activity. Nitrite was measurable in plasma samples of



Nitrite and nitrosospecies in blood and tissue 279

humans (305 ± 23 nmol /l), monkeys (367 ± 62 nmol /l), minipigs (319 ± 24 nmol /l),
dogs (305 ± 50 nmol /l), rabbits (502 ± 21 nmol /l), guinea pigs (412 ± 44 nmol /l), rats
(191 ± 43 nmol /l), and mice (457 ± 51 nmol /l). Nitrite levels were in the nanomolar range
(100–600 nmol /l) in spite of subtle differences in sample preparation and analytical methods
used [88]. Gas-phase chemiluminescence, a method that depends on the reductive conver-
sion of nitrite to NO and subsequent detection of the liberated NO by its reaction with
ozone [27], an HPLC technique which employs ion chromatography to separate nitrite and
nitrate from other plasma constituents, online reduction and subsequent postcolumn deriva-
tization with the Griess reagent [6], and a flow injection analysis in combination with the
Griess reagent, a method that employs colorimetric reaction with nitrite without prior sepa-
ration [73] from other plasma constituents were applied. The accuracy of the reported ranges
of plasma nitrite concentrations is supported by the fact that these different and independent
analytical approaches revealed very similar absolute levels of plasma nitrite.

Experiments with NOS-inhibitors showed that the majority of the basal nitrite concen-
tration in all tested mammals was derived from NOS-activity, corroborating earlier results
by Rhodes et al. [89]. In contrast to nitrite, plasma nitrate did not change significantly dur-
ing acute NOS inhibition. However, changes in nitrate concentration due to a diminished
NO:oxyHb interaction during NOS-inhibition would be expected to be in the nanomolar
range which would represent only a very small fraction of total plasma nitrate concentration
[47,90]. The detection of such small changes in plasma nitrate might be hampered by the
analytical difficulty to discriminate concentration differences in the nanomolar range against
a micromolar background concentration of nitrate. In addition, nitrate levels are influenced
by a variety of NOS-independent factors such as the dietary nitrate intake, saliva formation,
bacterial synthesis in the bowl, denitrifying liver enzymes, inhalation of atmospheric gaseous
nitrogen compounds, and the renal function. Thus, nitrate is a less sensitive marker for acute
changes of NOS-activity. Plasma nitrate, which is eliminated via the kidneys, has a signif-
icant longer half-life than nitrite, and therefore requires more time to decrease in response
to changes of NOS-activity. Only long-lasting (5 days) and chronic changes in NOS-activity
in mice caused a significant reduction of plasma nitrate concentration. If NOS-independent
factors which influence plasma nitrate are controlled, nitrate may have the potential for
clinical balancing studies of the l-arginine/NO-pathway reflecting chronic changes of
NOS-activity.

Mice deficient in eNOS showed similar plasma nitrite levels under basal conditions as
WT mice during NOS inhibition. Two-thirds of basal plasma nitrite are derived from basal
eNOS activity. These observations highlight the uniformity of constitutive NOS-activity
across mammalian species and the significance of eNOS for the generation of plasma nitrite.
The remaining plasma nitrite in the eNOS(−/−) mice did not diminish significantly under
NOS-inhibition. Major compensatory upregulation of nNOS-isoform seems unlikely but
iNOS upregulation cannot be excluded. The remaining nitrite in eNOS(−/−) mice may be
of alimentary origin, inhalation of gaseous N-oxides, be derived from nitrate reduction by
xanthine oxidase [91], result from the decay of bound NO in the mammalian circulation or
be due to an upregulation of the iNOS-isoform.

These findings may have important implications for future in-vitro or in-vivo investigations
and the potential development of a diagnostic marker for atherosclerosis. The latter is asso-
ciated with a diminished bioavailability of NO due to secondary endothelial dysfunction
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to reduced NOS-activity [92–94]. Further investigations are required to clarify whether
plasma nitrite may be a useful index of regional NOS-activity in such pathological disease
processes.

ORIGIN OF PLASMA NITRITE

The net concentration of nitrite in plasma is a result of its formation and consumption.
Several routes of formation of nitrite exist in mammals. Nitrite is an oxidation product of
endothelium-derived NO. Moreover, nitrite is present in food, especially in processed meat,
in which nitrite is used to prevent botulism [95]. Furthermore, plasma nitrite increases after
ingestion of large amounts of inorganic nitrate. This increase is entirely due to enterosali-
vary circulation of nitrate (as much as 25% is actively taken up by the salivary glands)
and reduction to nitrite by commensal bacteria [95]. This nitrite enters the circulation when
saliva is swallowed [96]. The formation of nitrite is counterbalanced by several pathways
of elimination. Nitrite can be oxidized to nitrate by oxyhemoglobin [97] in a reaction that
is by far slower than the oxidation of NO to nitrite. In addition, nitrite can be reduced to
NO under acidic conditions [98–101]. However, this will only occur at a pH less than 7,
which is seen in tissues during ischemia [102]. Moreover, it has been shown that xanthine
oxidase may reduce nitrite to NO [103]. Nitrite reduction by xanthine oxidase is greatly
enhanced at low oxygen tensions and acidic conditions such as those seen during ischemia.
Furthermore, nitrite is recycled back into bioactive NO via reduction by desoxyhemoglobin
[98]. It is suggested that this mechanism ensures an autoregulated NO generation in regions
of poor oxygenation where desoxyhemoglobin predominates [104]. The different routes of
formation and metabolism result into a biological relevant steady-state concentration of
nitrite.

NITRITE SIGNALING

In an experimental study, the capacity of nitrite to modulate multiple signaling pathways
known to be mediated by nitrosylation and /or S-nitrosation was demonstrated [52]. Nitrite can
nitrosylate hemes and nitrosate thiols even at low doses; in rats, physiological levels of nitrite
account for basal levels of heme nitrosylation and S-nitrosation. Thus nitrite, not NO, may
turn out to be the substance that determines the level of these products under physiological
conditions. The results further show several aspects of heme nitrosylation and S-nitrosation
from nitrite that indicate these signaling mechanisms follows a chemical path distinct from
that of NO. This leads to the conclusion that nitrite must perform a unique signaling role in
mammalian tissues. The nitrite-based signaling pathway must serve a crucial function that the
seemingly more sophisticated formation of NO cannot fulfill. It has been hypothesized that
nitrite plays a role not only as a back-up system for NO production under hypoxic conditions
(which are incompatible with oxygen-dependent NO production from NOS), but that it serves
important but yet unrecognized co-ordinating/synchronizing functions already under normal
physiological conditions. This assumption is based on the following observations: by virtue
of its radical nature, NO readily reacts with a number of reactive biological species, which on
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the one hand offers plenty of opportunities to interact with multiple regulatory and signaling
pathways, but on the other hand makes it suited only for local /regional control of cellular
functions. As a result, NO acts largely in a paracrine fashion. In contrast, nitrite is considerably
less reactive, which translates into a much longer lifetime, allowing nitrite to reach targets
that locally produced NO would not be able to interact with. Since conversion of nitrite into
nitroso/nitrosyl species does not rely on the presence of oxygen, nitrite is ideally suited to
serve as an endocrine messenger.

NITRITE AND DIAGNOSTICS

Taking into account that endothelial dysfunction is at least in part reversible [105], an early
diagnosis of this disorder by assessing eNOS activity may have prognostic and therapeutic
consequences. While direct biochemical evidence for an impaired eNOS activity has been
obtained in experimental models, this approach is difficult in humans so far. It has recently
been shown that plasma nitrite levels decrease with increasing numbers of cardiovascular
risk factors [106]. In order to improve sensitivity and to get a higher discriminatory power,
in the next step stimulation of eNOS activity has been chosen.

An increase in shear stress, i.e. the tangential force exerted by the flow of blood over the
surface of the endothelium, is the strongest physiological stimulus of eNOS activity and leads
to increases in NO formation. Shear stress induced NO-dependent dilation of the brachial
artery can be measured non-invasively as flow-mediated dilation (FMD) using high-resolution
ultrasound and is commonly used to characterize endothelial function [107]. This ultrasono-
graphic method quantifies the dilation of conduit arteries, e.g. brachial artery, in response to
physiologically relevant increases in laminar shear stress induced by ischemic dilation of the
downstream microvasculature. Increases in shear stress lead to a rapid activation of endothe-
lial NO-synthase with consecutive increases in NO formation. Accordingly, FMD is largely
abolished following NOS inhibition [105], and therefore provides a valuable “read-out” of
local vascular NO availability. A biochemical approach to determine eNOS activity is still
missing. In order to attempt to establish an index to assess eNOS capacity biochemically
in humans, the functional reserve of eNOS activity was determined and local plasma nitrite
concentrations in the antecubital vein at baseline as well as during reactive hyperemia fol-
lowing 5 min of forearm ischemia in young healthy subjects were measured. Plasma nitrite
increased by factor 2 and the time course of nitrite mirrored the increase in brachial artery
diameter. Individuals with endothelial dysfunction, as defined by reduced flow-mediated
dilation, did not exhibit an increase in nitrite [108]. The correlation between local nitrite
increase and the degree of vasodilation suggest that nitrite changes may reflect endothelial
function.

TISSUE STORES OF NITRIC OXIDE

Most literature on the transport and metabolism of NO focused almost exclusively on the
reaction of NO with proteins circulating in blood. However, with the abundance of hemepro-
teins such as cytochrome P450, cyclooxygenase, and peroxidases in tissues and their known
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high affinity for NO, heme moieties in tissue appears to be obvious acceptors for endogenous
NO in vivo. It has been shown that endothelial NO production results in local formation
of NO-adducts that may act as storage forms of NO. Biochemical analyses revealed that
rat aortic tissue contains equimolar concentrations of S- and N-nitroso compounds as well
as nitrite and nitrate [109]. Using a functional approach, RSNOs and nitrite showed the
capability to release NO upon illumination with light and dilate blood vessels (photorelax-
ation). Whether these stores can be bioactivated in vivo to the extent they are optically, what
activation mechanisms are involved and whether circulating NO does exchange with tissue
acceptors at the level of the microcirculation is not clear at present and requires further inves-
tigation. Similarly, the major targets of cellular nitrosation are unclear. Whereas nitrosation is
expected to occur predominantly in hydrophobic over hydrophilic compartments of the cell
[110], one target of obvious relevance is the mitochondrion.

NO reacts with free radicals, hemeproteins, and—following reaction with molecular
oxygen—thiols, all of which are abundant at high concentration in mitochondria. Therefore,
it comes as no surprise that NO interaction with mitochondria would have significance for cell
function [111,112]. The discovery of mitochondrial NO formation in 1997 [113] suggested
the existence of a highly localized source of NO in the mitochondrial inner membrane [114].
The basal formation of NO in mitochondria seems to be one of the main regulators of cellular
respiration, mitochondrial transmembrane potential, and transmembrane pH gradient [115].
Moreover, mitochondrially derived NO plays an important role as an antioxidant by reacting
with potential harmful ROS. However, an overproduction of NO may result in the gener-
ation of RNOS (reactive oxygen and nitrogen species) that cannot be neutralized by the
mitochondrial barriers, which results in oxidative stress and cell death.

SUMMARY

Nitric Oxide activity in blood and tissue can be preserved for much longer than originally
believed over the formation of SNOHb, NOHb, RXNO, nitrite, and free NO. The sum of all
these, the NO pool can be characterized and offers an important diagnostic and therapeutic
tool. Together with the discovery that nitrite can be recycled into bioactive NO again in vivo,
these new insights may stimulate the development of new approaches in the diagnosis and
treatment of NO deficiency states inherent to many vascular diseases. This may help closing
the gap between bench and bedside.
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Nitrite anions (NO−
2 ) appear as metastable intermediates in the oxidation cascade [1] leading

from nitric oxide (NO) radicals to the stable metabolite nitrate (NO−
3 ). The occurrence of

nitrite in living tissues reflects the metabolic fate of oxidized nitrogen species in organisms.
Nitrite anions share some characteristics of free NO but lack others. They have low molecular
weight and show rapid diffusive transport in water but cannot cross lipid cell membranes.
They may induce relaxation of precontracted vessel rings [2] but fail to prevent platelet
aggregation [3]. Although excessive nitrite concentrations are known to elicit vasodilatory
response [3–5], nitrite as such was considered for a long time biologically inert at the physi-
ological concentrations found in plasma or tissues. However, recent observations in animals
and humans have greatly increased the interest in possible biological functions of nitrite,
especially with respect to blood flow in the vascular system. The observation that nitrite may
be converted to NO under conditions of hypoxia attracted special interest. As such, nitrite is
now considered to act as a hypoxic buffer and assist in maintaining vasodilation and mito-
chondrial respiration under hypoxia. Its importance stems from the abundance of nitrite in
tissues and the blood circulation. Typical nitrite levels [1,6–9]. are 0.1–1.0 µM in plasma,
0.5–2 µM in normoxic tissues, with still higher levels of up to 20 µM reported in vascular
tissue. These quantities should be compared with levels of other NO-related compounds.
Table 1 lists various concentrations as determined in rats. For aortic rat tissue, comparable
numbers were reported in Ref. [10,11]. It should be noted that significantly higher levels of
metabolites arise in human plasma [12].

These nitrite concentrations are at 2–3 orders of magnitude higher than the basal con-
centrations of nitrosothiols found in tissues. Therefore, nitrite represents the largest pool of
nitrogen oxides in humans from which the NO radicals may be recovered.

In humans, three dominant sources contribute to this endogenous nitrite pool: (1) Dietary
intake of nitrite from food like cured meat or certain vegetables. These dietary sources of
nitrite are discussed in detail in Chapter 16. (2) Endogenous reduction of dietary nitrate to
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Table 1 Magnitude of various pools of NO-metabolites in Wistar rats (adapted from Ref [9]). Basal levels of
O-Nitroso compounds [10] and DNIC remain below detection limits. The [GSH]/[GSSG] ratio is a marker
for the redox state of the tissue. The rightmost column gives NO-metabolite values from human plasma for
Ref. [12]

NO-metabolite Aorta Brain Heart Plasma Erythrocytes Human plasma¶

Nitrite
(µM)

23 ± 9 1.7 ± 0.3 0.80 ± 0.08 0.29±0.05 0.68 ± 0.06 0.20 ± 0.02

Nitrate
(µM)

49 ± 7 6.1 ± 1.1 5.9 ± 1.7 5.7 ± 0.6 10.2 ± 1.2 14.4 ± 1.7

S-nitroso moieties
(nM)

96 ± 24 22 ± 6 13 ± 2 1.4 ± 0.5 246 ± 32 7.2 ± 1.1

N-nitroso moieties
(nM)

19 ± 11 61 ± 8 14 ± 2 3.5 ± 0.4 95 ± 14 32.3 ± 5.0

Nitrosyl-heme
(nM)

Below
detection∗

160 ± 30 15 ± 1 Below
detection∗

10.8 ± 1.8 n.d.

GSH (mM) 0.34±0.08 1.28 ± 0.06 0.93 ± 0.12 0.02† 0.8 mM †

(whole blood)
n.d.

[GSH]/[GSSG] 6.8 24 14 5† > 10†

(whole blood)
n.d

∗ Detection limit 1 nM.
†[13].
¶[12].

nitrite by certain bacterial strains in the gastrointestinal tract. (3) Finally, the oxidation of
endogenous NO to nitrite. Some additional nitrite may also originate from exogenous sources
like NO donors, organic nitrates or nitrites (cf Chapter 17).

Nitrite levels in the vascular system are clearly strongly affected by the enzymatic activity
of endothelial nitric oxide synthase (eNOS) [1,5]. Plasma nitrite levels were reduced from
1.6 µM in wild-type mice to 0.74 µM in eNOS knockout mutants [14] and it was verified
that almost all circulating nitrite in the blood of fasting humans derives from the l-arginine-
NO pathway [15]. Studies of human vascular flow have suggested that a significant fraction
of infused NO is rapidly oxidized to nitrite and transported in this form for considerable
distances along the vascular tree [16]. Such convective transport is facilitated by nitrite
having a fairly long lifetime of several minutes in human blood [1]. Interestingly, the nitrite
concentrations in oxygen-rich arterial blood were found to be higher than in venous blood
[6,17]. This arterial–venous gradient was interpreted as a manifestation of nitrite delivery to
the perivascular tissues and suggested that nitrite actually plays an active physiological role
in control of the vascular flow. However, infusion studies did not show vasodilatory capacity
of nitrite as such in humans under normoxia [5]. Rather, low oxygen tension appeared to be
a crucial aspect of in vivo studies of vasodilation by direct infusion of nitrite [18].

The physiological effects of nitrite can be roughly classified into four categories: First, as
a potential contributor to methemoglobinemia [19] by reacting rapidly with oxy-hemoglobin
to nitrate and methemoglobin which hinders to transport oxygen. Second, a direct signal-
ing function of nitrite itself in normoxic vasodilation [3,4]. This phenomenon will not be
discussed further as the dilatory threshold of ca 10–15 µM plasma nitrite exceeds physiolog-
ical nitrite levels. Third, an indirect regulatory role by coupling to the pool of nitrosylated
or nitrosated compounds circulating in the body. Specific examples are the S-nitrosothiols
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(Chapters 9 and 10) and the dinitrosyl iron complexes (Chapters 2 and 3). There is increasing
evidence from mammalian tissues that nitrite couples to these nitrosylated and nitrosated com-
pounds via an equilibrium with a timescale of several minutes and which does not involve the
formation of freely diffusing NO intermediates [2,3,9,20]. This balance depends on oxygen
status, since application of hypoxia enhanced the nitrosylated Hb and nitrosothiols in tissues of
rats [9]. Although S-nitrosothiols themselves are inefficient as vasodilators, they may poten-
tially have high significance for the vasculature as intermediates for the subsequent formation
of long-lived and very potent vasodilators like dinitrosothiol iron complexes (DNIC). This
might seem paradoxical at first, because the formation of significant quantities of DNIC from
free NO is possible in vitro, but improbable in vivo because second order NO has low physi-
ological concentration. However, in the presence of non-transferrin-bound iron (NTBI), such
S-nitrosothiols are known to establish a reversible equilibrium with DNIC. The micromolar
nitrosothiol concentrations could provide a more efficient reaction pathway for the in vivo
formation of DNIC. A detailed discussion of this pathway was given in Chapters 2 and 3. As
the fourth category, a rapidly increasing body of clinical data attests to the protective action
of nitrite against ischemic damage to vascular and other tissues [8,21–23]. In this case, the
beneficial effect of nitrite seems mediated by the release of free-NO radicals or NO-like
species under hypoxia.

Apart from the above physiological functions, it should be mentioned that irradiation
with intense blue light will photolyze nitrite and release NO radicals. It shares this property
with the photo-labile nitrosothiols, and it has been demonstrated [10] that endogenous nitrite
contributes significantly to the photo-induced NO release from aortic tissues of rats.

The first three mechanisms have been discussed in previous chapters, whereas the fourth
will be the topic of this chapter. It concentrates on the mechanism behind the intriguing
beneficial effects of nitrite when living tissue is subjected to conditions of low oxygen tension
as may arise in ischemia, hypoxia or anoxia.

When discussing the physiological relevance of nitrite under low oxygen tension, we
should clearly distinguish three states of oxygenation for vascular tissues: Normoxia, hypoxia
and real anoxia. Normoxic blood has a pO2 ∼ 80–100 Torr. The boundary between the
hypoxic and anoxic regimes is taken as the critical oxygen concentration below which NOS
ceases to consume arginine. From Fig. 11 of Ref. [24], we define anoxia as [O2] < 15 µM,
corresponding to pO2 ∼ 12 Torr. Hypoxia refers to the interval 12–80 Torr.

Hypoxia affects tissue cells in a variety of ways. Chronic hypoxia can affect cellular pro-
liferation and induce adaptation to the conditions of low oxygen, for example, by promoting
the expression of NOS enzyme in a variety of tissues [25]. Endothelial cells react to oxygen
deficiency by release of hypoxia-inducible factors (HIFs) [26] that initiate the transcription of
a range of genes and by vascular endothelial growth factors (VEGFs) [27] that promote neo-
vascularization and homeostasis. On shorter timescales, hypoxia elicits acute responses from
cells that affect the bioavailability of NO. For example, it was reported before [28–30] that
imposition of hypoxia enhances NO release from endothelial cultures. The hypoxic enhance-
ment was attributed to upregulation of the arginine pathway by increases in the cytosolic
calcium levels. Under the conditions chosen in these studies, the oxygen levels remained
comfortable above the critical level of 15 µM, and the arginine pathway unimpeded. In this
chapter, we consider the role of nitrite in the truly anoxic regime where oxygen is care-
fully excluded from the reaction vessels, culture media and atmospheres in the head space.
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Our study shows that NO release from eNOS is enhanced even under true anoxia where
arginine pathway is blocked by the absence of oxygen. The enzyme starts to function as a
nitrite reductase.

The undisputed beneficial effects of nitrite under ischemia are attributed to the reduction
of nitrite back to NO, but the dominant mechanism for this reduction has been controversial.
The loss of vasodilation upon removal of the endothelial monolayer has localized the agent
for the nitrite reduction in the endothelium [2]. Direct uncatalyzed reduction is very slow
[31] except at extreme acidic conditions as may arise in the stomach [32], urine [33] or
during acidosis [34]. Therefore enzymatic mediators for the reduction have been proposed.
Dedicated nitrite reductases are known in plants, algae and cyanobacteria [35] but are lacking
in mammals. However, certain mammalian enzymes show some nitrite reductase capacity
supplementary to their normal physiological function, such as glutathione-S-transferase [36],
xanthine oxidoreductase (XOR) [37,38], deoxy-hemoglobin [8,39–41] and cytochrome P-
450 [42]. Finally, a mitochondrial mechanism was reported [43–45] involving ubiquinol and
complex III of the respiratory chain. So far, most attention in the literature has been devoted
to deoxy-hemoglobin and XOR as mediators of anoxic nitrite reduction. Both pathways are
discussed in detail in Chapter 15. In addition, we recently discovered that endothelial nitric
oxide synthase (eNOS) also has the capacity to reduce nitrite to NO under anoxia [46]. The
remaining part of this chapter will be devoted to the possible role of endothelial NOS as the
enzymatic mediator for anoxic reduction of nitrite.

AQUEOUS REDUCTION PATHWAYS OF NITRITE

At physiological pH ∼7.0–7.4, nitrite anions are fairly stable in the absence of compounds
like oxy-hemoglobin. In view of this stability, nitrite is often taken as an indirect measure
for NO. Nitrite easily binds to many transition metal ions and decelerates their participation
in redox reactions. This property is often used to cure meats or sausages by addition of
nitrite. However, the presumed stability of nitrite should be approached with caution. As
mentioned above, nitrite rapidly reacts with oxy-hemoglobin to methemoglobin which is
unable to bind and transport oxygen. Therefore, excessive nitrite levels may contribute to
methemoglobinemia, and excessive consumption of nitrite from canned spinach has been
known to cause death in this way.

At acidic pH, nitrite is protonized to nitrous acid (HNO2, pK = 3.37) which is very
unstable and prone to spontaneous decay via secondary reactions. In the dark, acidic nitrite
solutions are in equilibrium with a very small quantity of nitrosonium cations by heterolytic
fission of the bond

NO−
2 + H+ ↔ HO NO ↔ HO− . . . N+ ≡ O ↔ OH− + NO+ (1)

In water, this reaction requires [47] a Gibbs energy of �G = +94 kJ/mol = −RT ln K with
K = [NO+]/[NO−

2 ] ∼ 4 · 10−17 at pH ∼7.0.
Therefore, the release of free nitrosonium from nitrite may be considered insignificant in

water at physiological pH.
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Nitrite anions have a single broad absorption peak at 354 nm (ε354 ∼ 24 Mcm−1) which
changes into a well-resolved multiplet upon protonation to nitrous acid HNO2 (cf Fig. 2
of Chapter 1). Nitrous acid is rather unstable by itself and its decomposition depends on
its concentration. At low concentrations, illumination with blue light may induce homolytic
fission of nitrous acid into hydroxyl radicals and nitric oxide radicals:

ON OH
hν−→ NO · + OH· (2)

Atmospheric research has shown that photolytic release of OH· affects the ozone budget in the
troposphere and is one of the negative effects of the nitrous smog gases in the atmosphere. In
aqueous environment also, photolysis was demonstrated. Endogenous nitrite was found to be
the major source of nitric oxide radicals that are released when aortic tissue was illuminated
with UV light [10].

At higher concentrations, nitrous acid dismutates into nitric oxide, nitrogen dioxide and
water

2HNO2 →← N2O3 + H2O →← NO · +NO2 · + H2O

with NO2· subsequently dimerizing into N2O4 and reacting irreversibly with water to nitrite,
nitrate and protons [for this reaction cf Chapter 1, Eq. (8)].

IN VITRO EXPERIMENTS ON eNOS IN BUFFERED SOLUTION

eNOS is the endothelial enzyme that catalyzes the synthesis of NO from l-arginine via an
oxygen-consuming pathway. This arginine pathway is regulated in a complicated way by
a combination of local calcium concentration, phosphorylation of serine moieties and the
redox state of intrinsic protein thiols [48]. eNOS is unique among the NOS isoforms to
show irreversible myristoylation of the glycine residue at its N terminus as a prerequisite
for subsequent reversible palmitoylation and localization at the cell membrane [49,50]. The
arginine pathway is blocked upon depletion of the substrate but also if local oxygen levels
fall below a threshold value of ca 15 µM [24]. In our experiments we studied the anoxic
reduction of nitrite by buffered eNOS solutions. The anoxia was induced by removing oxygen
from the solutions by bubbling with argon and conducting the experiments under an argon
atmosphere.

The anoxic activity of eNOS was studied in buffered solution in an optical quartz cuvette
that was sealed by a teflon stopper with three holes for the NO electrode, an inflow argon
purge and an outflow exhaust, respectively. The setup allows simultaneous monitoring of the
optical absorption spectrum of the enzyme and the local NO concentration inside the cuvette.
Additionally, the NO content of the exhaust gas flow was determined by feeding the exhaust
into a vial containing a solution of NO traps like iron-dithiocarbamate complexes. The protein
was either full-length eNOS holoenzyme or only its oxygenase subdomain (eNOSoxy) and
obtained by overexpression in E. coli [51]. The enzymatic reaction was started by injecting
reductants into the cuvette via the inflow argon purge. The full-length protein contains the
flavins of the reductase domain and was started by adding NADPH. The eNOSoxy domain
does not contain any flavins and the electron flow was initiated with dithionite. In the presence
of oxygen, calmodulin, BH4, l-arginine and NADPH, the holoenzyme produced copious
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amounts of NO as detected by the electrode. As expected, the electrode failed to detect NO
release in the absence of both oxygen and nitrite.

Interestingly, the electrode showed release of significant quantities of NO under anoxic
conditions if nitrite anions were present in the solution (cf Fig. 1). This formation of NO
could be confirmed by two other independent methods: First, the optical absorbance showed
the appearance of a shoulder near 440 nm and a resolved red-shifted band at 560 nm
(cf Fig. 2). These bands indicate the formation of nitrosylated ferrous heme [52]. Second,
NO radicals could also be detected in the exhaust gas flow after NO-trapping with Fe–DETC
(Fe-diethyldithiocarbamate) complexes and detection of the paramagnetic NO Fe2+–DETC
adducts with EPR (cf Chapter 18). Monitoring the NADPH concentration at 340 nm showed
that NO was released from nitrite under consumption of NADPH. This new nitrite reduction
pathway of eNOS proceeded in Tris buffer (50 mM, pH = 7.5).

Three aspects distinguish the nitrite reduction pathway from the regular NO release via
the arginine pathway: First, the nitrite reduction proceeds in the absence of oxygen. Second,
the reduction is slowed but not blocked by the removal of BH4. And finally, using 15N-
labeled nitrite proved that the NO was generated from nitrite anions rather than the unlabeled
arginine. The 15N and 14N isotopes carry nuclear spin ½ and 1, respectively. As explained in
Chapter 18, the difference in nuclear spin determines the multiplicity of the hyperfine splitting
observed in the EPR spectra of the paramagnetic NO Fe2+–DETC complexes formed upon
NO trapping (Fig. 3).

Fig. 1. Left panel: Electrode traces obtained after injection of 70 µM NADPH into a solution containing
500 µM nitrite in the absence (bottom) or presence of 2 µM eNOS (intermediate), and eNOS with 100 µM
nitrite (upper trace), 50 mM Tris buffer at pH = 7.6, 1 mM arginine, 12 µM BH4, 8 µM calmodulin.
An electrode current of 195 ± 20 pA corresponds to 1 µM NO; Right panel: Correlation between the NO
concentration (black squares, electrode current) and the nitrite consumption (crossed circles, Griess reaction)
from eNOS catalyzed nitrite reduction as a function of the initial nitrite concentration; the data have been
normalized to 4–5 µM eNOS; same conditions as in the left panel.
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Fig. 2. Absorption spectra of eNOS (4.0 µM) in the presence of nitrite (500 µM). Thin solid line: before
injection of NADPH. Dotted line: t = 30 s after injection of 100 µM of NADPH. Dashed line: t = 2 min.
Dash-dotted line: t = 5 min. Fine dots: t = 11 min. Thick solid line: t = 25 min. The arrows indicate the
direction of time. The reaction proceeded at room temperature in 50 mM Tris buffer (pH = 7.5) containing
150 mM NaCl and 5% glycerol, 1 mM arginine, 40 µM BH4, 10 µM calmodulin and 1 mM Ca2+.

40 G

g=2.035

b:

77 K

a:

c:

Fig. 3. EPR spectra at 77 K from trapping of traces of 15NO carried by the argon purge of the reaction cuvette.
This cuvette contained 15N-labeled nitrite anions (500 µM) and eNOS = 5 µM. The hyperfine doublet near
g = 2.035 is the 15N-labeled ferrous MNIC adduct. Trapping was for 15 min. Curve a: Reference EPR
spectrum from 2.7 nmol 15NO–Fe2+–(MGD)2 in frozen solution. The intensity is scaled down by a factor
of 20. Curve b: 130 ± 13 pmol 15N-MNIC adducts after trapping of 15NO carried by the argon purge of the
cuvette containing reduced full-length eNOS. Curve c: Absence of adducts after trapping of 15NO from the
argon purge when the cuvette did not contain any eNOS.
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The site of this nitrite reduction is presumably localized in the oxygenase domain of
eNOS, since eNOSoxy proved capable of nitrite reduction as well, though at a slower rate.
The reaction utilizes the flavins from the reductase domain to channel electrons from NADPH
towards the heme. Arginine was found to play an interesting role in this reaction. In the
absence of arginine, optical spectroscopy showed extensive nitrosylation of the ferrous heme,
but no release of free NO could be detected electrochemically and the NADPH consumption
came to a halt by nitrosylation of the heme moiety.

The main interest in this new pathway comes from its potential relevance for physiology.
Since the conventional arginine pathway is blocked under conditions of low oxygen tension
[24], we speculated that the newly discovered anoxic nitrite reductase pathway might provide
a significant alternative source of NO for tissues under acute hypoxia. We therefore proceeded
to test this hypothesis in a more complex model, namely endothelial cell cultures.

EXPERIMENTS ON ENDOTHELIAL CELL CULTURES

The cell experiments were done with immortalized murine microvascular brain endothelial
bEND.3 cells which have a good expression of endothelial nitric oxide synthase and good
reproducibility from generation to generation. These cells were cultivated to confluence in
75 cm2 flasks at 37◦C under a controlled atmosphere containing 5% CO2 and 20% O2. At
confluence, the bottom of the flask was covered by a cellular monolayer consisting of ca
7.5 ± 0.5 × 106 endothelial cells. Confluence and cell count are important parameters for
NO synthesis [49] and are always verified by optical inspection via a stereomicroscope. The
NO production is monitored via spin trapping of the NO radicals with iron-dithiocarbamate
complexes and quantifying the yield of paramagnetic NO Fe2+–DETC adducts with electron
paramagnetic resonance spectroscopy.

Anoxia was imposed by replacing the growth medium containing 2.5 mM DETC, 10%
fetal calf serum, 2 mM l-glutamine, 10 IU/ml penicillin and 100 mg/L streptomycin by the
same argon-bubbled medium, then subsequently adding 10 µM ferrous sulfate and flushing
the flask with argon before closing it with an airtight top. After 20 min of NO trapping at
37◦C, enzymatic activity was terminated by placing the flask on ice. The cellular fraction
containing the Fe–DETC complexes was harvested by ultracentrifugation and snap-frozen in
liquid nitrogen until EPR assay. Intracellular nitrite concentrations were determined by the
colorimetric Griess assay of the lysated cellular fraction. Imposition of anoxia did not affect
the viability of the cells (cell death as determined by trypan blue staining was below 0.1%
for normoxic as well as anoxic cultures).

Upon NO trapping for 20 min in the controlled atmosphere with 5% CO2 and 20% O2, the
cellular fraction from ca 7.5 ± 0.5×106 endothelial cells had acquired a yield of 110 ± 8 pmol
paramagnetic MNIC (NO Fe2+–DETC) as detected by EPR. This basal yield was obtained
without any stimulus of the NO production from the cells. A typical EPR spectrum (Fig. 4A)
showed a clear triplet hyperfine structure centered at g = 2.035 characteristic for MNIC. As
expected for biological samples [53], a small contribution from paramagnetic Cu2+–DETC
complexes was superposed. The most intense hyperfine line of this copper complex is visible
at g = 2.01 in Fig. 4. Preincubation with Nω-nitro-l-arginine (NLA) diminished the MNIC
yield in a dose-dependent manner (Fig. 4B).
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Fig. 4. EPR spectra at 77 K from cellular fractions of ca 7.5 ± 0.5 × 106 endothelial cells after 20 min NO
trapping at 37◦C with iron-dithiocarbamate complexes.The arrow indicates one of the following. Curve a:
110 pmol MNIC formed under a controlled atmosphere containing 5% CO2 and 20% O2. Curve b: ca 25 pmol
MNIC formed under the controlled atmosphere in the presence of 5 µM NOS inhibitor NLA. Curve c: 160 pmol
MNIC formed under anoxia. Curve d: ca 33 pmol MNIC formed under anoxia in the presence of 5 µM NOS
inhibitor NLA.

These basal unstimulated yield of 110 ± 8 pmol compares favorably with a total MNIC
yield of 400 ± 30 pmol as obtained when the cellular NOS production was stimulated by
administration of 5 µM Ca-ionophore A23187.

Interestingly, when anoxia was applied by argon, MNIC yields increased significantly over
basal. In the absence of inhibitors, the anoxic yields from ca 7.5 ± 0.5 × 106 endothelial
cells were ca 160±10 pmol MNIC, these values being typically some 50% higher than basal
in the presence of oxygen (Fig 4C). In the presence of specific NOS inhibitors like Nω-nitro-
l-arginine (NLA) and Nω-nitro-l-arginine-methylester (l-NAME), the MNIC yield under
anoxia was also diminished in a dose-dependent manner. The intensity of the EPR absorption
from paramagnetic Cu2+–DETC complexes was not affected by anoxia. The yields of the
trapping experiments are compiled in Table 2.

Preincubation with 10 mM of the heme-binding inhibitor imidazole diminished both oxic
and anoxic yields to 80±10 pmol. In contrast, preincubation for 20 min with the molybdenum-
binding xanthine oxidase inhibitor oxypurinol did not affect the anoxic MNIC yield.

The kinetics of the anoxic NO release from the cells showed a linear increase with time up
to ca 30 min after induction of anoxia, when the signal intensity saturated at an asymptotic
value of ca 200 ± 20 pmol MNIC (cf Fig. 5).

The main and most prominent result from these cell culture experiments is the clear
and large increase of MNIC yield upon introduction of anoxia. The anoxic NO produc-
tion had a surprising duration of 30 min and its magnitude exceeded that of the conventional
enzymatic pathway for NO production from arginine. In view of our earlier in vitro experi-
ments [40] we attribute the anoxic NO production to the reduction of intracellular nitrite by
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Table 2 Yields of MNIC adducts (in pmole) in the cellular fractions of a single 75 cm2 flask containing ca
7.5 × 106 endothelial cells. Trapping proceeded for 20 min at 37◦C. The second row gives the preincubation
time τinc (min) of the supplements. During preincubation the cells were kept at 37◦C in an atmosphere with
5% CO2 and 20% O2. (With permission from Ref. [54])

Basal CaI NLA NLA l-NAME l-NAME Imidazole Oxypurinol NaNO2

unstimulated (5 µM) (5 µM) (57 µM) (5 µM) (50 µM) (10 mM) (100 µM) (250 µM)

τinc – – 20′ 20′ 2′ 2′ 1′ 20′ 20′
oxia 110 ± 8 400 ± 30 25 ± 2 † 93 ± 10 51 ± 8 85 ± 10 n.d. 116 ± 8
anoxia 160 ± 10 n.d. 33 ± 2 † 87 ± 8¶ 61 ± 8 80 ± 10 170 ± 10 154 ± 8

† Below detection limit of ca 10 pmol.
¶85 ± 8 pmol with τinc = 20′.
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Fig. 5. Kinetics of the formation of nitrosylated MNIC adducts in ca 7.5 ± 0.5 × 106 endothelial cells.
Anoxia is applied at 0 min. The detection limit is ca 10 pmol MNIC, and the experimental error ca 10%.

nitric oxide synthase. The enzymatic mediator of the reaction could be unambiguously as a
form of NOS. The significant suppression of the MNIC yields by imidazole suggests that a
hemeprotein be involved in the observed effect. The dose-dependent inhibition by NLA and
l-NAME inhibitors is very specific for nitric oxide synthases. We did not quantify the IC50

dosages as these depend on the (unknown) intracellular l-arginine concentration, but we noted
that the anoxic pathway and the arginine pathways were inhibited by comparable dosages. It
suggests that both pathways are inhibited via the same mechanism, namely direct competition
between the nitro-arginine-inhibitors with arginine for the arginine binding site of NOS.

The anoxic NO yields in our endothelial cell cultures were unaffected by addition of
100 µM oxypurinol. This observation rules out xanthine oxidoreductase (XOR) as a mediator
of the anoxic nitrite reduction, since oxypurinol is an effective inhibitor of the catalytic
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molybdenum site in XOR. This flavoenzyme finds expression in endothelial cells and acts as
a nitrite reductase in vitro under anoxia [37].

In addition to enzymatic mediators of nitrite reduction, alternative reaction pathways for
the release of NO should be considered. First and foremost, acidic reduction of intracellular
nitrite could be ruled out. Although anoxia may stimulate acidification of the intracellular
compartment (acidosis), in our case the observed NO release was completely canceled by very
specific NOS inhibitors. Artificial NO release from spurious quantities of specific catalytic
metal ions can be ruled out as well for the same reason.

Next, the substrate for the release of NO should be discussed. Five potential sources should
be considered: Intracellular nitrite, extracellular nitrite, nitrate, arginine and endogenous
nitrosothiols. Extracellular nitrite could be ruled out as the source of anoxic NO since the
yield did not increase upon administration of massive 250 µM of extracellular nitrite prior
to anoxia. Nitrate can be ruled out as its reduction requires extreme reductive conditions far
beyond those found in cell cultures, or the presence of specific metal ions that are lacking
in our assay. Arginine can be ruled out as its oxidation requires the presence of dioxygen.
Although some residual oxygen could remain after imposition of anoxia, the quantity is not
enough to keep the arginine pathway active for half an hour, let alone enhance its activity
by 50%. It is known [24] that the synthesis of NO from l-arginine is blocked if dioxygen
concentrations fall below ca 15 µM. Nitrosothiols can also be ruled out as their NO release
is known to be catalyzed by the presence of reduced transition metal ions and remains
unaffected by the presence of NOS inhibitors. Since the observed NO yields did not depend
on extracellular nitrite levels, only intracellular nitrite remains as a plausible source of the
NO released under hypoxia. The consumption of intracellular nitrite was directly confirmed
by the colorimetric Griess assay on the lysates of the cell fractions that had been exposed to
anoxia. While the total nitrite content of a single flask of normoxic cells was ca 1.1 nmol, the
nitrite content had fallen to ca 0.15 nmol after 10 min of anoxia. These observations are in full
agreement with our previous observations [46] that eNOS is capable of nitrite reduction under
hypoxia in vitro. Since 7.5×106 cells have a total intracellular volume of ca 50 µl, we estimate
that the intracellular nitrite concentration of normoxic cells is 1.1 nmol/50 µl ∼22 µM. This is
a reasonable value in agreement with nitrite concentrations reported [9,10] for aortic tissues.

The magnitude of the anoxic NO release from the cell cultures suggests that the anoxic
pathway be relevant to counter the effects of oxygen deficiency in vascular tissues. The
kinetics of anoxic NO release showed that the MNIC yield increased linearly with time for
up to about 30 min with a steady rate of formation of ca 160 pmol/20 min ∼8 pmol MNIC/min.
This value is a lower limit on the total NO production since some NO will be bound in the
form of diamagnetic NO Fe3+–DETC complexes and some will be lost from observation
via other reaction pathways. It seems reasonable to estimate the total NO formation in a
75 cm2 flask as ∼20–50 pmol NO/min, with an intracellular volume of ca 50 µl. This brings
the anoxic NO formation to 0.4–1.0 pmol NO/min/mg endothelial cells. The normoxic NO
formation is lower with ca 5 pmol MNIC/min and total 0.2–0.6 pmol NO/min/mg endothelial
cells. This rough estimate corresponds remarkably well with the estimate [16,55] of 0.8 pmol
NO/min/mg endothelial cells as basal yield in humans.

After 30 min, the MNIC yield became stationary. This saturation was definitely not caused
by depletion of Fe–DETC traps. After all, the addition of exogenous nitrite and subse-
quent reduction with dithionite proved the formation of at least 4 nmol Fe–DETC traps in a
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cell culture. This quantity is at least an order of magnitude larger than the asymptotic yield
of 200 pmol MNIC and proves that only a small fraction of traps actually binds NO under
the conditions used. Therefore, the observed saturation of the MNIC yield indicates that the
formation of NO under anoxia ceases after ca 30 min. Several reasons should be considered.
First, the sustained anoxia causes irreversible damage to the cells and changes in the chem-
ical composition of the interior compartment. Such ischemic damage is well documented
for vascular tissue and endothelial cells in particular, and is manifested from the induction
of massive apoptosis in the first 12 h after reoxygenation. However, our experiments are
restricted to much shorter timescales of up to an hour, and trypan-blue staining of the cell
cultures showed that the imposition of anoxia did not enhance cell death. A second reason
could be inhibition of eNOS itself by free NO through nitrosylation of the heme moiety [24].
Such self-inhibition of eNOS was previously observed by us [46] in in vitro experiments with
anoxic nitrite-reduction. The self-inhibition becomes manifested at higher nitrite concentra-
tion as can be seen in the left panel of Fig. 1. In our trapping experiments described here,
however, the abundance of Fe–DETC traps acts as an efficient NO sink and should keep the
concentration of free-NO radicals to a very low value and prevent significant nitrosylation of
the heme. In a separate in vitro assay, the nitrosylation of eNOS was indeed prevented by the
presence of albumin with Fe–DETC complexes in the solution. This makes self-inhibition
of the cellular eNOS by free NO highly improbable. The third, and in our opinion most
plausible reason could be depletion of the intracellular nitrite. The Griess assay showed that
the endothelial cells contain ca 1.1 nmol intracellular nitrite per 75 cm2 flask before anoxia
is imposed. From the anoxic NO formation of ∼20–50 pmol NO/min (see above), we expect
depletion of intracellular nitrite after ca 55–22 min. This estimate suggests that nitrite deple-
tion is the reason that MNIC yields become stationary after ca 30 min. We did not investigate
further the reason for the saturation behavior since we expect that 30 min of anoxia has
caused many changes inside the cells and made their physiology less and less representative
for actual tissue endothelium as time proceeds. Instead, the magnitude of the anoxic NO
release and particularly its surprising duration indicates that the nitrite reductase capacity of
eNOS is a remarkably robust reaction mechanism.

The strong and sustained release of free NO in anoxic endothelial cell cultures suggests
that the reduction of nitrite by eNOS has physiological relevance for NO levels near the
endothelium under acute hypoxia.

MECHANISTIC HYPOTHESIS

Our experiments have shown that the nitrite reductase pathway of eNOS utilizes a significant
stretch of the normal electron transport chain of the enzyme. The electrons are received from
NADPH at the flavins of the reductase domain and optical spectroscopy shows that the elec-
trons are channeled towards the heme just like with the normal arginine pathway. Therefore,
both oxic and anoxic pathways should be similarly affected by the binding of calmodulin.
Binding of this coenzyme facilitates the passage of electrons from the reductase to the oxy-
genase domain. The binding of calmodulin is controlled by the local Ca2+ concentration and
this binding/unbinding of calmodulin represents one of the dominant regulatory mechanisms
of the enzymatic activity of eNOS [43].
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The site of the nitrite reduction is clearly located in the oxygenase domain, since the latter
domain is by itself capable of reducing nitrite if electrons are provided to the heme, in our
case by administration of dithionite. The significant inhibition of nitrite reduction by heme
inhibitors like imidazole shows that the heme moiety of the oxygenase domain is crucial.
Additionally, the effect of the arginine analogs NLA and l-NAME proved that steric hindrance
of access to the axial heme position is strongly inhibiting the nitrite reduction. Finally, we
observed that anoxic nitrite reduction leads to nitrosylation of the heme without the release
of any free NO if no arginine is added to the solution. These observations suggest that the
anoxic reduction may take place at the heme itself. It is known that ferrous heme may reduce
nitrite in a proton-consuming reaction

NO−
2 + Fe2+ + H+ → Fe3+ + NO + OH− (3)

A prominent and well-studied example of this reaction is afforded by deoxy-hemoglobin
[18]. The ferrous heme reduces nitrite to nitric oxide and ferric methemoglobin, consuming
a proton in the process. A similar reaction is documented for the so-called NIR-cd1 bacterial
nitrite reductases [35,56]. The functional enzyme is a homodimer containing one heme c and
one heme d1 per subunit. The catalytic action of the nitrite reductase takes place at this d1

heme and entails three successive stages: First, binding of the nitrite anion to the heme, with
the nitrogen atom coordinating to the iron. Second, the reduction to NO under consumption
of a proton and dehydration, with the nitrosyl remaining bound to the heme. The final step is
the release of NO from the enzyme. In NIR-cd1, the two final stages are mediated by nearby
amino acid residues (cf Fig. 6 of Ref. [35]).

Fig. 6. The mechanism of nitrite reduction at the d1 heme of NIR-cd1. (With permission from Ref. [35].)
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The reduction step is a dehydration reaction where the proton is provided by one of the
pairs of nearby distal histidines and the NO remains liganded to the ferric iron. In Enemark–
Feltham notation the electronic configuration is that of an {FeNO}6 species. The final step
is the subsequent replacement of the axial NO ligand on the ferric heme by a tyrosine
residue, followed by the release of free NO from the enzyme. Its heme is left in ferric d5

configuration. The next cycle is initiated by reduction of the d1 heme to ferrous state after
receiving an electron from the nearby c-heme that acts as the electron entry into the enzyme.
For this particular enzyme, the binding of nitrite to the heme does not depend only on the
charge state of the iron and the geometry of the heme pocket. Theoretical considerations
suggest that protonation of these nearby histidines greatly enhances the binding of nitrite to
d1 heme [56].

Possibly, anoxic nitrite reduction by eNOS may proceed in an analogous manner, via a
reaction like Eq. (3) that takes place at the heme of the oxygenase domain. The first step
is binding of the nitrite anion at the axial position of the heme, with the nitrogen atom
coordinating to the iron, followed by reduction of the heme to ferrous state by an electron
channeled from the flavins of the reductase domain in the usual way. The subsequent step
is acidic reduction of the nitrite according to Eq. (3), with the proton presumably being
provided by a nearby amino acid. The final step is the release of the NO ligand from the
enzyme, and is a complex kinetic process depending on factors like the charge state of the
heme and the presence of cofactors like arginine and tetrahydrobiopterin. We tried to confirm
direct binding of nitrite to the heme by optical spectroscopy. However, we failed to detect
any spectroscopic changes from such binding at the relevant nitrite concentrations in the
submillimolar range.

In our enzymatic assay, arginine was found to play a decisive role in the release of NO
from the complex. In the absence of arginine, optical spectroscopy showed extensive heme
nitrosylation by the characteristic shoulder around 440 nm. It is direct proof of formation of
NO. However, this NO was not released from the heme since free NO levels remained below
the detection threshold of the NO electrode. In the presence of arginine, copious quantities
of free NO were detected. The binding site of arginine is in close proximity to the heme, and
kinetic studies [57,58] have shown that binding of arginine affects the geminate recombination
of NO to heme. The kinetic constants show that the presence of arginine facilitates the release
of the NO ligand from the heme. When eNOS functions as nitrite reductase, arginine itself
is not consumed. Rather, its binding to the nearby site promotes the release of free NO
from the enzyme. EPR spectroscopy on nitrosylated eNOS heme has shown that the binding
of l-arginine significantly reduces the motional freedom of the NO ligand with respect to
the heme plane [59]. The effect was attributed to a weakening of the Fe NO bond due
to the electrostatic attraction between negatively charged oxygen of the NO ligand and the
delocalized positive charge on the protonated guanidine group of the l-arginine.

NITRIC OXIDE IS RELEASED FROM FULL-LENGTH eNOS BUT NOT
FROM nNOS UNDER ANOXIA

In an anaerobic 50 mM Tris buffer containing BH4, arginine and 0.5 mM nitrite at pH = 7.6,
eNOS is able to release NO after the administration of NADPH. The NO-specific electrode
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A B

Fig. 7. NO formation from nitrite reduction by eNOS and nNOS at 500 µM nitrite. The reaction is
initiated by injection of 100 µM of NADPH.The electrode current and optical density are studied simul-
taneously in a single experiment. (A) NO release as monitored by the NO electrode current. Upper
trace is 5 µM eNOS. Lower trace is 7 µM nNOS. (B) Formation of ferrous heme-nitrosyl com-
plex after injection of NADPH. Triangles represent 5 µM eNOS, the squares 7 µM nNOS. The right
scale gives the degree of nitrosylation as computed from �ε442 = [ε442(NO − heme) − ε442(heme)] =
4 × 104 M−1 cm−1. The experiments are performed under a constant argon flow in 50 mM Tris buffer at
pH = 7.6 containing 150 mM NaCl and 5% glycerol, 1 mM arginine, 40 µM BH4, 10 µM calmodulin,
1 mM Ca2+.

(Fig. 7A) showed that the NO was released from the enzyme into the solution. In contrast, the
electrode current (Fig. 7A) showed that anoxic nNOS failed to release significant quantities
of free NO. When the measurement of nNOS was continued for 90 min, a small signal
corresponding to 0.32 ± 0.07 µM NO could be observed.

Fig. 7B shows the change in absorbance at 442 nm, simultaneously recorded from the
same solution, which is indicative of heme nitrosylation. The kinetics of Fig. 7A shows that
free NO was released in a fast burst within a few seconds required for mixing NADPH.
This release of NO is clearly faster than the nitrosylation of eNOS heme, attesting some NO
rebinding to the protein after being released.

It is interesting to note that the eNOS and nNOS exhibit significantly different degrees of
nitrosylation (cf Fig. 7 and Table 3). The optical density at 442 nm showed that the degree of
nitrosylation of eNOS reached 9% after 5 min and increased to 18% after 25 min. For nNOS
the numbers are far higher with 25% at 5 min, 55% at 25 min, and seemed to saturate at an
asymptotic value of 62% nitrosylation.

Although the electrode detected the release of small quantities of free NO, the extensive
nitrosylation of nNOS shows that the dominant fraction of NO is retained as a nitro-
syl ligand by nNOS. Clearly, the NO was formed but was unable to diffuse out of the
protein.
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Table 3 Percentage of nitrosylated heme at given time points
after injection of NADPH. Data are taken from Fig. 7

prior 5 min 10 min 25 min ∞
eNOS 0 9 11 18 20
nNOS 0 25 45 55 62

COMPARISON OF THE RATES OF NITRIC OXIDE GEMINATE
RECOMBINATION TO THE HEME OF eNOS AND OF nNOS

The above differences between eNOS and nNOS in terms of NO release and heme nitrosy-
lation are related to the stability of their ferrous nitrosyl complexes. For nNOS, this ferrous
nitrosyl complex of nNOS is very stable. The rates for spontaneous binding and dissociation
of NO to nNOS were reported as kon = 2 × 107 M−1s−1 and koff = 1 × 10−4s−1 [60].
This is consistent with the majority of the nNOS protein that exist as a ferrous heme-NO
complex in steady-state (aerobic) catalysis, since the nitrosylation governs and limits the rate
of NO synthesis [61]. In contrast, in eNOS, little heme-NO complex forms during normal
turnover when arginine is the substrate. The nitrosylation rate of ferrous eNOS was reported
as kon = 1.1 × 106 M−1s−1 whereas conflicting values were published for the dissociation
rate: koff = 70 s−1 and 6×10−4 s−1 [23,54]. These dissociation rates are at least an order of
magnitude larger than for nNOS. These numbers explain the experimental fact that eNOS has
a significantly lower degree of nitrosylation than nNOS, once NO is formed via bimolecular
recombination of NO to the proteins. The kinetics of photo-induced release and rebinding of
free NO from the ferrous nitrosylated eNOS and nNOS were measured by ultra-fast absorp-
tion spectroscopy (geminate rebinding of the nitrosyl ligand after photodissociation). The
buffered solution had a high 50 µM concentration of ferrous protein that was nitrosylated
by prolonged bubbling of the solution with argon containing 0.1% NO. Optical absorption
confirmed that bubbling achieved full nitrosylation of the heme within the experimental error
of ca 5%. We used a 30 fs pump pulse of 565 nm to selectively cleave the NO-heme bond
of the ferrous nitrosyl complex. This bond cleavage generated the unliganded Fe2+ heme at
the expense of the ferrous nitrosyl complex. The kinetics of the absorption spectrum after
bond cleavage was monitored with a wideband probe beam (between 390 and 550 nm) with
high time resolution. A typical trace of the kinetics is shown in Fig. 8. The amplitude �OD
represents the change in optical density by application of the pump pulse. At given optical
pathlength d, this observable value is proportional to the concentration of non-nitrosyl heme
[Fe2+] released by the pump pulse

�OD (t = 0) = d{ε410(heme) − ε410(NO heme)} · [Fe2+]
Significantly, the optical density does not return to its original value just prior to the

pump pulse, but it approaches a positive asymptotic value. This phenomenon is particularly
manifest for the eNOS isoform, but applies to nNOS as well. It proves that not all cleaved
NO-heme bonds are restored by recapture of the nitrosyl ligand. Phrased otherwise, a certain
fraction of NO ligands was actually released from the enzyme as free NO.
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Fig. 8. Kinetics of the optical density at 410 nm due to geminate recombination of NO ligands to the ferrous
heme of eNOS and nNOS. The reaction is initiated by a short pump pulse at 565 nm. The solutions contain
ca 50 µM nitrosylated eNOS after bubbling with argon containing 0.1% NO. The kinetic constants are given
in Table 4. The decay curves are fit according to Eq. (4).

Table 4 Kinetic constants of the geminate recombination of NO lig-
ands to ferrous heme of eNOS and nNOS. The parameter A4 represents
the probability that the photodissociated NO is released from the protein
and escapes recombination with the heme

eNOS nNOS

τ1 (ps) 44 ± 9 42 ± 9
τ2 (ps) 390 ± 70 230 ± 50
τ3 (ns) 4.1 ± 0.5 1.3 ± 0.2
A1 0.35 0.29
A2 0.20 0.48
A3 0.25 0.17
A4 = 1 − A3 − A2 − A1 0.20 0.06

As often found for the recombination kinetics of hemeproteins, NO rebinding kinetics could
be described as the sum of three exponentials with clearly distinct timescales τ1 < τ2 < τ3

where A1 + A2 + A3 + A4 = 1

D(t)

D(t = 0)
= A1e

−t/τ1 + A2e
−t/τ2 + A3e

−t/τ3 + A4 (4)

The first exponential (A1, τ1) accounts for rapid NO rebinding from the immediate vicinity
to the heme iron, and is activationless. The second and third exponentials account for much
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slower kinetics where the NO rebinding takes place from larger distances to the heme, but
still within the heme pocket or its vicinity. These phases are usually required to overcome
internal energy barriers for NO recombination to the heme. The constant term A4 is the
probability of escape of free NO from the protein. It is clearly seen from Fig. 8 that this
escape probability A4 is much higher in eNOS than in nNOS (0.20 versus 0.06). It confirms
that very little NO is able to escape from the reduced nNOS. This result is in complete
agreement with the absence of spontaneous (thermolytic) release of NO from nitrosylated
nNOS and the high degree of nitrosylation of nNOS in the presence of nitrite (cf Fig. 7).
This NO-bound ferrous complex probably arises from NO generated by nitrite reduction,
but is unable to escape from the ferrous nNOS. In contrast, once oxygen is able to oxidize
the heme to its ferric state, this NO should be released immediately in a “burst.” This NO
burst could be very toxic since it happens as the oxygen is freshly supplied, for example,
at reperfusion. Moreover, it can combine with the superoxide ions formed under decoupling
conditions to generate peroxynitrite. This could be the basis of the reported evidence of nNOS
promoting inflammation in the cerebral microcirculation whereas eNOS blunts the extent of
this response to episodic hypoxia and exerts neuroprotective effects [62].

IMPLICATIONS FOR HUMAN PHYSIOLOGY

In recent years, clinical and research evidence has accumulated that nitrite anions are the
dominant endogenous store of nitric oxide in the human body. A range of enzymatic path-
ways for the conversion of nitrite to NO have been identified. Nitric reductase activities
have been well documented for deoxy-hemoglobin, xanthine-oxidoreductase, myoglobin and
endothelial NOS as described above. In these enzymatic pathways, the presence of oxygen
had decisive inhibiting effects. Therefore the nitrite pool can sustain the local NO levels only
during physiological or pathological hypoxia. It was suggested [63] that nitrite should be
regarded as a “critical hypoxic buffer” that couples to the NO pool and supports vasodilation
and mitochondrial respiration under the strain of hypoxia, with beneficial protection against
ischemia-reperfusion injuries and infarction.

Our findings are in-line with a plethora of animal studies showing a protective role of eNOS
in the early stages of ischemia [64–71]. Interestingly, it appears that the protective role cannot
be attributed simply to all NOS isoforms indiscriminately but seems to be associated with
eNOS only. Ischemic insult resulting in reduced blood flow and diminished myocyte viability
in eNOS-KO mice can be rescued by local delivery of eNOS and underlines a critical role of
eNOS in ischemic remodeling [67,71]. The cerebrovascular inflammation after brief episodic
hypoxia was tested on eNOS or nNOS-KO mice by imaging leukocyte dynamics [62]. nNOS
was reported to promote inflammation in the cerebral microcirculation whereas eNOS blunts
the extent of this response to episodic hypoxia. The anti-inflammatory effect is neuropro-
tective [62]. These observations were in agreement with previous studies in KO animals
[64–66]. Conversely, overexpression of endothelial nitric oxide synthase in endothelial cells
was found to protect against ischemia-reperfusion injury in mouse [72]. Recent work observed
a cytoprotective effect of nitrite in ischemic hepatic injury in eNOS-KO animals [63], but the
addition of nitrite still reduced the hepatic enzyme aspartate aminotransferase (AST) without
a contribution from eNOS. Activation of hepatic eNOS activity and enhanced NO production
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protected female mice against ischemia-reperfusion injury of the liver [73]. Wild-type mice
have far better chance than eNOS-KO mutants to survive the pulmonary edema after pul-
monary ischemia reperfusion [74]. Taken together, these works suggest that eNOS protects
against ischemic damage to various organs. The protection appears as an immediate but short-
term response [30,69,70]. Taken together, these animal studies show that eNOS and nNOS
respond very differently in early stages of hypoxia. Experiments to study nitrite reduction in
cells and animal tissues are currently in progress to determine the relevance of this newly
discovered pathway to physiology and pathology.
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CHAPTER 15

Nitrite as NO donor in cells and tissues

Alexandre Samouilov, Haitao Li and Jay L. Zweier
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INTRODUCTION

The metabolism of l-arginine by NO synthase (NOS), to produce NO• and citrulline is widely
accepted as the primary source of NO from biological tissues. However, a growing body of
evidence supports alternative NOS-independent mechanisms of NO synthesis that operate in
situations in which conventional NO production in cells is impaired [1–7]. Inorganic nitrite
(NO−

2 ), an endogenous substance produced by the oxidation of NO in aerobic conditions, can
be detected in biological tissues that are able to generate nitric oxide. In vivo plasma levels of
nitrite are in the range from 0.15 to 1 µM [8,9], and the concentration in aortic ring tissue is
above 10 µM [8,10,11]. Tissue nitrite levels vary sharply and can be in the range of 0.5–50 µM
[3,7,8,12–14]. Nitrite levels are controlled by a number of factors including diet (cf Chapter
16) and concentration of ambient NO in inhaled air as well as by production from NOS or
other enzymes [1,15–17]. Many pathological conditions that are accompanied by high levels
of NOS induction markedly increase nitrite levels [18–20]. Therefore in many experimental
settings nitrite levels have been used as a marker of NOS activity. However, these nitrite
levels can be also raised by high dietary ingestion, pharmacological administration of organic
nitrates, or other NO-donating therapeutics. For that reason, in many settings there may be a
lack of direct correlation between nitrite levels and NO synthase (NOS) activity. Nitrite, when
administrated at high concentrations, demonstrates vasodilating activity in vitro [21–27]. This
vasodilating activity, in general, is attributed to the conversion of nitrite to NO. Thus, provided
that physiological mechanisms exist to reduce nitrite to NO, it can comprise a significant
storage pool of NO. Nitrite, in aqueous solutions, spontaneously disproportionates to NO.
This reaction is facilitated by acidic conditions (cf Chapters 1 and 9) and can be evoked in
biological systems. It was originally described in the acidic conditions of the human stomach,
in which NO−

2 derived from the sequential reduction of dietary nitrate (NO−
3 ) [28–31]. This

reaction has important functional effects whereby human saliva rich in NO−
2 improves gastric

mucosal blood flow and mucus thickness when applied to the rat stomach [32]. Also, this
alternative mechanism of NO synthesis may be particularly important in ischemic conditions,
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because the generation of NO from l-arginine by NOS enzymes depends on oxygen, which
is rapidly depleted in ischemia. Our studies in ischemic rat myocardium clearly demonstrate
NOS-independent generation of NO, detected with EPR spectroscopy [7].

Initially, we [7] and then Ferrari et al. [33] and Gabel et al. [34] proposed that myocardial
NO• is derived from a simple disproportionation of nitrite, which is accelerated by the acidic
media. Indeed, our quantitative chemiluminescence analysis of this reaction [35] showed
that ischemia-induced acidosis, associated with a drop in pH to 5.5 in the isolated rat heart
preparation after 20 min of global ischemia, is able to generate NO• at the rate up to 100 pM/s
which corresponds to as much as 10% of the maximum production that would occur from
NOS under normal physiological conditions. At these low pH values, NOS loses its catalytic
activity [36], so that NO formation from nitrite could be of particular importance. However,
measurements of anaerobic NO• production from 1 mM nitrite at pH 5.5 after addition of an
aliquot of ischemic heart tissue homogenate demonstrated a 40–50-fold increase in the rate
of NO generation compared with disproportionation (Fig. 1). Aliquots of tissue alone did not
release measurable NO under these conditions, suggesting that this nitrite reduction depends
on enzymatic catalysis and/or reducing equivalents or substrates.

XANTHINE OXIDASE-CATALYZED NITRITE REDUCTION

Xanthine oxidase (XO) is a ubiquitous enzyme in mammalian cells that plays important
roles in both physiological and pathological conditions. It is involved in the catabolism of
purine and pyrimidines, oxidizing hypoxanthine to xanthine and xanthine to uric acid. XO
also reduces oxygen, to superoxide and hydrogen peroxide production, and is one of the key
enzymes responsible for superoxide-mediated cellular injury.

Although it has been established that XO can reduce nitrite to NO [4,5,37], questions
remained regarding the biological importance of this pathway of NO production, as well as
the mechanism, magnitude, and substrate specificity of this process. It was first reported that
NADH, but not xanthine, can act as an electron donor to XO and catalyze nitrite reduction
[4,37]. Xanthine or hypoxanthine was found to inhibit this NO formation from XO [37].
However, later it was reported that xanthine can serve as a reducing substrate to stimulate
nitrite reduction [38]. In contrast to this, other investigators reported that XO in the presence
of xanthine does not reduce nitrite to NO [39]. In addition, in these studies, there were
large differences regarding the rates of NO formation and Km values of XO for nitrite or
the requisite reducing substrate. In view of these uncertainties, it had not been possible
to ascertain the biological relevance and importance of this pathway of NO generation.
Therefore, studies using EPR, chemiluminescence NO analyzer, and NO electrode techniques
were performed to measure the magnitude and kinetics of NO formation that arise due to XO-
mediated nitrite reduction [40]. Data obtained using each of these three methods confirmed
that XO does reduce nitrite to NO under anaerobic conditions. Each of the typical reducing
substrates xanthine, DBA, and NADH can act as electron donors to support this XO-mediated
nitrite reduction (Fig. 2). The results of these studies, along with the inhibition seen with
oxypurinol, suggested that reduced XO was the direct electron donor to nitrite, with nitrite
binding and reduction occurring at the molybdenum site. Whereas NADH-stimulated NO
generation was inhibited by the flavin modifier DPI, NO generation stimulated by xanthine



Nitrite as NO donor in cells and tissues 315
C

h
em

ilu
m

in
es

ce
n

ce
 S

ig
n

al
 In

te
n

si
ty

 (
A

rb
.U

)

0

20

40

60

80

100

120

140

160
N

it
ri

te

H
ea

rt
 T

is
su

e

0 200 400 600 800
Time (sec)

A

Time (sec)
0 200 400 600 800

0

20

40

60

80

100

120

140

160

C
h

em
ilu

m
in

es
ce

n
ce

 S
ig

n
al

 In
te

n
si

ty
 (

A
rb

.U
)

H
ea

rt
 T

is
su

e

N
it

ri
te

B

Fig. 1. Effect of ischemic heart tissue homogenate on the magnitude of NO production from nitrite. (A) Chemi-
luminescence measurements were performed with addition of nitrite 1 mM (first arrow) and then 0.1 ml
ischemic heart tissue homogenate (second arrow) to 2 ml of phosphate buffer at pH 5.5. Addition of heart
homogenate stimulated a marked increase in the rate of NO formation. (B) With addition of heart tissue
homogenate prior to nitrite (first arrow), NO generation was not observed; however, after addition of nitrite
(second arrow), NO formation occurred identical to that in (A).
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A

B

C

Fig. 2. Measurement of the rate of NO generation from XO-catalyzed nitrite reduction. Measurements were
performed using a chemiluminescence NO analyzer under anaerobic conditions at 37◦C in PBS, pH 7.4. The
arrows show the time at which XO (0.02 mg/ml) was added to A and B. Tracing A shows the data for 1.0 mM
nitrite and 5 µM xanthine, B shows 1.0 mM nitrite in the presence of 1.0 mM NADH, and C shows 1.0 mM
nitrite without XO.

or DBA was unaffected. Thus, whereas xanthine or DBA directly reduces the molybdenum
center, NADH initially reduces the flavin, which subsequently transfers electrons to the
molybdenum.

Initial studies reported a Km of 22.9 mM for nitrite reduction in the presence of NADH [37].
A subsequent study reported a Km value of 2.4 mM [4]. However, the assessment of the Km

by measurement of NADH depletion rather than NO generation reported a Km of 16 mM [4].
We observed that the Km for nitrite was consistently about 2.3 mM in the presence of 1.0 mM
NADH. This observation agrees closely with the report of Zhang et al. [4]. In contrast with
the studies that report only enzyme reduction by NADH and the study reporting a Km of
36 mM for nitrite in the presence of xanthine, we measured the Km for nitrite is 2.4 ±
0.2 mM for each of the three types of substrates studied, NADH (1 mM), xanthine (5 mM),
and 2,3-dihydroxybenz-aldehyde (DBA 40 mM). Possible reasons for variable results could
relate to the conditions used for NO purging from the solutions, leak of oxygen into the
measurement system, or partial enzyme inactivation or denaturation. Indeed, in the report,
Godber et al. [41] acknowledge that phase equilibration and gas flow factors led them to delay
their measurements for 2 min after initiation of the reaction. In their system, they measure
the spontaneous liberation of NO into the gas headspace and follow steady state conditions
with equilibration of the XO in the presence of NO that is generated. Because only a small
fraction of the NO generated is used for detection, this approach limits the sensitivity that can
be obtained, and therefore, these studies were performed with high nitrite concentrations in
the range of 5–120 mM, about 1000 times above typical tissue levels. In our study, the entire
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NO generated were rapidly purged into the gas phase and this enabled efficient NO detection
and limited NO-mediated effects on the enzyme, enabling detection of the initial rate of the
enzyme with physiological/pharmacological nitrite concentrations of 5 µM to 1 mM. Of note,
our parallel measurements of the rates of NO generation performed by NO electrode yielded
similar values.

Although xanthine was the highest efficiency reducing substrate of XO-catalyzed nitrite
reduction, excessive xanthine exhibited inhibition of NO production. Previous studies
reported that enzyme inactivation resulted from NO-induced conversion of XO to its relatively
inactive desulfo-form [4]. However, this could not explain why XO kept its activity (95%)
when NADH acted as reducing substrate [41]. Also, presence of excess NADH (0.10 mM)
or DBA (0.2 mM) had no inhibitive effect on XO-catalyzed NO generation. ONOO−
markedly inhibits XO activity in dose-dependent manner, whereas NO from NO gas in
concentrations up to 200 mM had no effect [42]. So inactivation of XO [41] could be caused
by ONOO− formation triggered upon exposure to oxygen at the time of spectrophotometric
activity assay.

The mechanism of NO formation occurs due to nitrite reduction at the molybdenum site,
with either NADH or xanthine serving as reducing substrates. Since oxypurinol inhibits sub-
strate binding at the molybdenum site of the enzyme, this suggests that nitrite binds to the
reduced Mo site. Diphenyleneiodonium (DPI), which acts at the flavin adenine dinucleotide
(FAD) reaction site, inhibited XO-dependent nitrite reduction only when NADH was used as
the reducing substrate and it did not inhibit NO generation when xanthine was used (Fig. 3).
This suggests that NADH donates electrons to FAD, and then electrons are transported back to

Fig. 3. Effect of site-specific inhibitors on XO-mediated NO formation. The inhibitive effect of oxypurinol,
which binds to the molybdenum site, and DPI, which modifies the flavin, were determined for xanthine (X)
or NADH-mediated NO generation. For the left set of bars, experiments were performed with 0.5 mM nitrite,
5 µM xanthine, and 0.02 mg/ml XO, and for the right set of bars, experiments were performed with 1.0 mM
nitrite, 1.0 mM NADH, and 0.04 mg/ml XO. Control, without inhibitor; DPI, 20 µM; oxypurinol, 20 µM.
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reduce the Mo that in turn reduces nitrite to NO. When xanthine or aldehydes are the electron
donors, both XO reduction (by xanthine or aldehydes) and oxidation (by nitrite) takes place
at the Mo site so that only oxypurinol could inhibit XO-dependent NO formation. Although
xanthine is the highest efficiency reducing substrate of XO-catalyzed nitrite reduction, exces-
sive xanthine exhibits inhibition of NO production by binding to the molybdenum site of
the reduced enzyme [43,44], thus blocking the binding of nitrite at this enzyme site. This
xanthine-mediated inhibition, which has also been demonstrated by Godber et al. [41], may
explain the prior failure to detect XO-mediated NO generation from nitrite in studies in which
150 mM xanthine were used [37].

It has been reported that purine and aldehyde substrate hydroxylation takes place via a
base-catalyzed mechanism and that substrate must be protonated for hydroxylation [41]. The
rate of XO reduction by purine and aldehydes greatly increases when the pH value is increased
from 6.0 to 8.0, and this increased rate of XO reduction will lead to an increased rate of nitrite
reduction. However, experiments showed that acidic conditions promote XO-catalyzed nitrite
reduction. NO generation increased as the pH was decreased from 8.0 down to 7.4 or from 7.4
down to 6.0 (see Table 1), suggesting that nitrite reduction takes place via an acid-catalyzed
mechanism, presumably due to nitrite protonation. HNO2 concentration increases when the
pH decreases, and it could be the direct binding substrate of XO. Although the decrease of
pH would decrease the rate of XO reduction by reducing substrates, it would greatly increase
the speed of XO oxidation by nitrite/HNO2.

From the studies performed, it is clear that XO can catalyze the process of NO generation
from nitrite under anaerobic or markedly hypoxic conditions similar to those occurring in
ischemic tissues. The key questions are, what is the magnitude of this process, and whether
the levels of NO produced are likely to have functional significance.

The activity of XO in the postischemic rat heart is 16.8 milliunits/g of protein [17], which
corresponds to 0.013 mg of XO/g of protein or ∼ 3.4 mg/g of cell water. The total XO
and xanthine dehydrogenase (XDH) activity, however, is 10-fold above this value. In the
ischemic heart, xanthine levels rise from near zero to values in the order of 10–100 mM,
and nitrite levels are ∼ 10 mM [1,2,23]. At normal pH values of 7.4, the rate of nitrite
degradation due to simple chemical disproportionation is ∼0.05 pM/s, as previously reported
[35], whereas the rate of XO-catalyzed nitrite reduction would be ∼100 pM/s. It has been
previously reported in studies from rat heart homogenates that maximally activated nitric
oxide synthase produces 1.5 nM/s of NO. Thus xanthine oxidoreductase-mediated NO gen-
eration could approach that of the maximal NO production from NOS. Under conditions
with increased tissue nitrite concentrations, the magnitude of NO production from this path-
way would be further increased; however, it is also clear that with marked elevations in
xanthine, it would be inhibited. Because under the acidic and markedly hypoxic conditions

Table 1 Effect of pH on NO generation rate (nmol ·mg−1 ·s−1) from 1 mM nitrite
in the presence of 0.02 mg/ml XO

pH 6.0 7.4 8.0

Xanthine (10 µM) 2.15 ± 0.10 1.87 ± 0.09 0.34 ± 0.03
NADH (1 mM) 0.7 ± 0.05 0.3 ± 0.03 0.11 ± 0.01
DBA (0.1 mM) 1.96 ± 0.10 0.76 ± 0.05 0.45 ± 0.04
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occurring during ischemia, NOS does not function to synthesize NO, this NOS-independent
NO generation could be of particular importance. Indeed, it has been shown that the acidosis
occurring during ischemia results in reversible denaturation of NOS, which progresses to
irreversible denaturation and enzyme degradation [36].

Overall, it is clear that XO-mediated NO generation can potentially be an important source
of NO under ischemic conditions in biological tissues that contain substantial levels of the
enzyme along with nitrite and reducing substrates. In tissues such as the liver and gastro-
intestinal tract, which contain high levels of the enzyme, this could be even more pronounced
than for the example of the heart considered above [45]. Beyond the obligatory need for the
enzyme, the levels of tissue nitrite and enzyme-reducing substrates have a critical role in
controlling this process. Nitrite is required, and overall it is the most limiting substrate,
because its Km is ∼2.5 mM, whereas typical tissue levels of nitrite are at least 2 orders
of magnitude below this value. A number of factors that increase tissue nitrite levels, such
as prior activation of constitutive or inducible NOS in inflammatory conditions, dietary
sources, pharmacological sources, or bacterial sources, could all modulate this pathway of
NO generation [19,46–52]. This pathway also requires a reducing substrate, such as NADH
or xanthine. Xanthine was the most effective substrate, triggering NO generation under anaer-
obic conditions with a Vmax 4-fold higher than that of NADH. Although only low xanthine
concentrations are required, because its Km value is about 1.5 mM, high levels of xanthine,
above 20 mM, resulted in prominent substrate-mediated inhibition. If particularly high levels
of xanthine accumulate, this pathway would be inhibited, and perhaps this may serve as a
regulatory role to prevent overproduction of NO. Thus, XO can be an important source of
NOS-independent NO generation. Under anaerobic conditions, XO reduces nitrite to NO at
the molybdenum site of the enzyme with xanthine, NADH, or aldehyde substrates serving
to provide the requisite reducing equivalents. The substrate-dependent rate relationship for
anaerobic nitrite reduction by XO was determined, and it was demonstrated that under condi-
tions of tissue ischemia, the rate of NO generation is greatly increased above the rate of nitrite
disproportionation. This NO production from the enzyme could serve as an alternative source
of NO under ischemic conditions in which NO production from NOS is impaired. NO derived
from nitrite would accumulate during ischemia. Initially, it could serve to provide protection
via compensatory vasodilation, whereas upon reperfusion it would react with superoxide,
forming peroxynitrite, which can result in protein nitration and cellular injury [53,54].

EFFECT OF OXYGEN ON XO-MEDIATED NITRIC OXIDE
GENERATION FROM NITRITE [2]

It is clear that XO-mediated nitrite and nitrate reduction occurs and can be an important source
of NO, particularly under conditions of limited tissue perfusion and resulting acidosis. How-
ever, questions remained regarding whether XO-mediated NO generation also occurs in the
presence of oxygen. In mammalian organs under normoxic conditions, O2 concentration
ranges from 10 to 0.5%, with values of ∼14% in arterial blood and ∼5% in the myocardium.
During mild hypoxia, myocardial O2 levels drop to ∼1–3% or lower [55]. Therefore, com-
bined studies using EPR, chemiluminescence NO analyzer, and NO electrode technique
were performed to measure the magnitude and kinetics of XO-mediated NO formation under
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different oxygen tensions. NO chemiluminescence detection from the reaction mixtures was
done in a glass-purging vessel equipped with pressure-monitoring device, which allowed
the maintenance of atmospheric pressure inside the purging vessel. Because purging of the
released NO was performed using gas mixtures containing variable concentrations of oxygen,
studies were performed to estimate the applicability of chemiluminescence measurements in
the presence of oxygen. Compared with measurements performed with argon (100%), the
efficiency of NO measurement with air, 10%, 5%, or 2% oxygen/nitrogen, was 91.9%, 92.5%,
96.3%, or 98.6%, respectively. Chemiluminescence linearly increased with NO generation
when purging with any of these gas mixtures. Alternatively, the reaction solution (or heart
tissue) for nitrite reduction was placed in purging vessel 1, and the NO released was purged
out by flow of inert gas (argon) or oxygen mixtures of known concentrations to purging
vessel 2 (Fig. 4). Purging vessel 2 (trap vessel) was filled with aqueous solutions contain-
ing the ferrous iron complex of MGD (N -methyl-d-glucamine dithiocarbamate), Fe–MGD,
which forms the stable, water-soluble mononitrosyl adduct (MGD)2–Fe–NO, that exhibits a
characteristic triplet EPR spectrum at g = 2.04 and aN = 12.8. This setup was designed
to isolate the reaction solution in the purging vessel from the spin trap and thus avoid any
possible perturbation caused by the reaction of (MGD)2–Fe with nitrite or with the enzyme
[56,57]. Samples from purging vessel 2 were aliquoted at desired times for EPR quantitative
measurements.

All three typical reducing substrates of XO triggered NO generation from XO-mediated
nitrite reduction; however, their kinetics are quite different in the presence of molybdenum-
site-binding substrates xanthine or DBA, compared with that in the presence of the
FAD-site-binding substrate NADH. With xanthine or DBA as reducing substrates that donate
electrons to XO at the molybdenum site of enzyme, the rate of NO production followed
typical Michaelis–Menten kinetics, and kinetic studies show that oxygen acts as a strong
competitive inhibitor of nitrite reduction.

Under aerobic conditions, with xanthine or DBA as reducing substrates, XO-mediated
NO production is less than 10% of NO production under anaerobic conditions [2]. With
the FAD site binding reducing substrate, NADH, as electron donor, XO-mediated NO pro-
duction is maintained at more than 70% of the anaerobic levels, and the XO-catalyzed
NO generation rate only changes from ∼0.30 nmol·mg−1s−1 under anaerobic conditions
to ∼0.22 nmol·mg−1s−1 under aerobic conditions in the presence of the same enzyme and
substrate concentrations. With NADH, under aerobic conditions, XO-mediated nitrite reduc-
tion did not follow Michaelis–Menten kinetics. NADH serves as electron donor to XO at
the FAD site, the same site as that for oxygen binding, whereas nitrite reduction takes
place at the molybdenum site of the enzyme [2]. With NADH as reducing substrate, the
possible XO-mediated NO generation may occur through two possible processes as shown
on Scheme 1.

In Process I, XO is in the reduced state. With FAD site free, both oxygen and nitrite
can accept electrons from reduced XO. Thus, under aerobic conditions, oxygen is a strong
competitive inhibitor to XO-mediated nitrite reduction in Process I. NO generation through
Process I would decrease greatly in the presence of oxygen. However, in Process II, the
FAD site is occupied by the binding of NADH, thus oxygen reduction is totally blocked;
meanwhile, at the molybdenum site, XO-mediated nitrite reduction is unaffected. Thus, the
rate of XO-mediated nitrite reduction would be similar in the presence or absence of oxygen.
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Fig. 4. Experimental setup used for EPR and chemiluminescence NO measurements. NO generated from XO
under aerobic conditions in purging vessel 1 was trapped in purging vessel 2, which contained NO spin-trap
Fe–MGD; this spin-trap solution was then measured by EPR spectroscopy.
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Scheme 1. Two possible processes for XO-mediated NO generation with NADH as reducing substrate.
(Explanation in the text.)

In Process II, under aerobic conditions, less than 30% of the nitrite reductase activity of XO is
inhibited, which suggests that most nitrite reduction happens while the FAD site is occupied
with NADH. NADH is necessary for many biochemical reactions within the body and is
found in every living cell. Brain cells contain about 50 µg of NADH per gram of tissue,
and heart cells contain 90 µg of NADH per gram of tissue. With molybdenum-site binding
electron donors xanthine or DBA, nitrite reduction is greatly inhibited by the presence of
oxygen, whereas with NADH, XO-mediated NO generation remains at more than 70% of
anaerobic levels. The relatively high concentration of NADH in biological systems and its
inhibitive effects on the binding of oxygen strongly suggest that NADH would be the major
electron donor for XO-catalyzed NO production under aerobic conditions.

Interestingly, DPI, the inhibitor of FAD site-related function, greatly increased NO gener-
ation under aerobic conditions with xanthine or DBA used as reducing substrate. It is known
that oxypurinol blocks the binding of xanthine, DBA, and nitrite, whereas DPI inhibits the
reduction of XO by NADH. With xanthine or DBA as reducing substrates, the presence of
DPI inhibits XO-mediated oxygen reduction at the FAD site and thus increases the capability
of the enzyme for nitrite reduction at the molybdenum site. Both the reduction of nitrite and
the oxidation of xanthine and DBA take place on the molybdenum site of XO. The potential
effects of DPI in stimulating NO generation from XO should be taken into account when
DPI is used in biological systems, especially when high concentrations of nitrite are present.

In contrast to the superoxide generation, where maximum superoxide production occurs
at alkali conditions (pH 8–9), the aerobic XO-mediated NO generation rates increase more
than 10 times when pH values fall from 8.0 to 6.0, and further increase about 3-fold as
pH values decrease from 6.0 to 5.0. With lower pH, a more rapid increase of XO-mediated
NO generation rate was observed under aerobic conditions than under anaerobic conditions.
This would be expected, because under aerobic conditions, the acidosis would significantly
increase XO-mediated nitrite reduction and simultaneously inhibit the competitive reaction of
oxygen reduction, thus facilitating NO generation under aerobic conditions. The simultaneous
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production of NO and superoxide can form the potent oxidant peroxynitrite. In the setting
of inflammatory disease or pharmacological treatment with organic nitrates or NO-donating
compounds, nitrite concentrations can rise by more than an order of magnitude [19,46–52].
Without the protection of antioxidants or antioxidant enzymes, accumulated nitrite can
become an important source of peroxynitrite production that can damage cells or tissues.
Superoxide dismutase in biological systems is an extremely potent antioxidant enzyme that
is responsible for the elimination of cytotoxic active oxygen by catalyzing the dismutation
of the superoxide radical to oxygen and hydrogen peroxide. Because NO is readily inacti-
vated by superoxide, the bioactivity of NO is dependent upon the local activity of SOD [58].
Also, there are numerous peroxynitrite scavengers, such as uric acid and NADH, in biolog-
ical systems [42,59]. These results suggest that under aerobic conditions, NADH would be
the main electron donor for XO-catalyzed NO production in mammalian cells and tissues.
During ischemia, the myocardial NADH/NAD+ concentration ratio can increase more than
10-fold [60], xanthine levels can rise to the level of 10–100 µM, with nitrite levels of about
10 µM [19,20]; the low oxygen pressure and acidosis greatly facilitate XO-mediated NO
generation and limit superoxide production. The magnitude of XO-mediated NO generation
can approach that of the maximal NO production from NOS [40]. Even with mild to mod-
erate levels of hypoxia, as can occur with subtotal coronary lesions or regional ischemia in
the presence of collateral flow, this process would be stimulated. This could allow NO to
accumulate and exert a vasodilator role during ischemia. Upon reperfusion, the accumulated
NO would react with XO-derived superoxide, giving a burst of peroxynitrite production that
can mediate protein nitration and cellular injury [54]. Thus, provided that the environmental
conditions are appropriate, it may be possible that XOR acts as a salvage pathway to maintain
levels of NO in situations where conventional constitutive NOS activity may be compromised.
Such situations would include inflammatory cardiovascular conditions (atherosclerosis) with
associated endothelial dysfunction and particularly myocardial infarction [1–7]. Indeed, XOR
activity is upregulated during hypoxia [37,61–63], with increasing acidosis [41], and with
atherosclerosis. In patients with coronary artery disease, endothelium-bound XOR activity is
increased twofold [64].

Thus, XO-mediated NO generation occurs under aerobic conditions as well as under anaer-
obic conditions. With substrates such as xanthine or DBA that bind at the molybdenum site
of the enzyme, oxygen serves as a competitive inhibitor of nitrite reduction, whereas with
NADH, which binds at the FAD site, oxygen exerts only a modest inhibition of nitrite reduc-
tion. This process of aerobic XO-mediated NO generation is modulated by oxygen tension,
pH, nitrite levels, and reducing substrate concentrations.

MEASUREMENT OF NITRIC OXIDE FORMATION IN ISCHEMIC
MYOCARDIUM [6,7,54]

The ability of NO to react and to form high affinity paramagnetic complexes with a variety of
metal chelators and metalloproteins was used for quantitative measurements of NO generation
[35,65]. While nitrosyl-heme formation is an intrinsic NO trap, these complexes are labile in
the presence of O2. The Fe2+-diethyldithiocarbamate (DETC) complex has been proposed
as a more stable and O2-independent trap suitable for measuring NO [66]. This complex has
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Fig. 5. EPR spectra of NO trapping in hearts labeled with Fe–MGD. (A) Frozen tissue from a normally
perfused heart; (B) frozen tissue from a heart subjected to 30 min of ischemia.

limited solubility in water, therefore, the ferrous iron complex of N -methyl-d-glucamine-
dithiocarbamate (MGD), Fe2+–MGD2 (Fe–MGD), was also developed and has been applied
for measuring NO in living tissues [66]. Alterations in NO generation had been hypothesized
to be a critical cause of injury in the ischemic heart; however, the alterations in NO which
occur were unknown. Therefore, we performed EPR studies measuring NO in isolated rat
hearts subjected to global ischemia, using Fe–MGD, which binds NO giving rise to a char-
acteristic triplet EPR spectrum with g = 2.04, aN = 13.2 G. While only a small triplet signal
was observed in normally perfused, control heart (Fig. 5A), a tenfold increase in this signal
occurred after 30 min ischemia indicating an NO formation (Fig. 5B). NO formation increased
as a function of the duration of the ischemia [3,65]. With short ischemic durations of 30 min or
less, NO generation was decreased by the nitric oxide synthase (NOS) blocker l-NAME [6,7].
Blockade of NO generation with l-NAME also resulted in increased recovery of contractile
function after reperfusion [3]. At 1 mM concentration, l-NAME, totally inhibits the enzyme.
Infusion of 1 mM l-NAME into normally perfused hearts also caused maximum depression
of the coronary flow. Even though l-NAME totally blocked NOS-mediated vasorelaxation,
formation of the NO triplet signal seen in ischemic hearts after 30 min or longer was only
partially inhibited, with a 60–80% decrease. With higher l-NAME concentrations or with
l-NMMA, no further inhibition occurred. This lack of total inhibition of NO formation with
blockade of NOS suggested the existence of a NOS independent pathway of NO formation
[1,40,65]. To confirm this, direct measurements of NO formation via its binding to intrinsic
met allo-heme centers within the tissue were also performed. The binding of NO to heme
proteins gives rise to a unique EPR spectrum with axial symmetry and with a 5-coordinate
complex, a characteristic inverted triplet is seen due to the hyperfine coupling of the nitrogen
nucleus of bound NO. These complexes are inherently O2 labile and are best observed at
low O2 tensions as occur with prolonged ischemia. In control hearts, no NO-heme signal
was seen; however, in ischemic tissue after 2–12 h, increasingly prominent NO-heme signal
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was seen, confirming that increased NO formation occurs during myocardial ischemia. Pre-
treatment of hearts with l-NAME partially decreased these NO signals with only a 30–50%
decrease after 4–8 h of ischemia, further supporting the existence of a NOS-independent
pathway of NO generation. Myocardial ischemia results in intracellular acidosis and severe
hypoxia leading to a highly reduced state that could cause nitrite reduction to NO. To deter-
mine if nitrite, NO−

2 , was reduced during ischemia to form NO, experiments were performed
measuring NO with Fe–MGD in hearts subjected to ischemia in the presence of isotopically
labeled 15NO−

2 [7]. Since 15N has a nuclear spin of 1/2, doublet hyperfine splitting will be
observed in the EPR spectra of NO complexes instead of the triplet splitting observed for the
natural abundance 14N that has a nuclear spin of 1. In the normally perfused control hearts,
15NO−

2 did not result in significant NO formation, however in labeled hearts which were
subjected to 30 min of ischemia, marked 15NO formation was seen. In matched experiments
with natural abundance 14NO−

2 , large 14NO triplet signals were seen. Thus, NO−
2 is reduced

to NO in the ischemic heart. Nitrosyl-heme formation was also measured in ischemic hearts
labeled with 1 mM 15NO−

2 . A prominent doublet nitrosyl-heme signal was seen due to the
formation and binding of 15NO to these proteins, further confirming that NO is generated
from NO−

2 (Fig. 6B). With 14NO−
2 , a similar magnitude triplet 14NO signal was observed.

Further experiments performed measuring the concentration of nitrite within the heart prior
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Fig. 6. EPR spectra of the nitroso–heme complexes formed in heart tissue after 8 h of ischemia in the presence
of 1 mM 14NO−

2 (A) or 15NO−
2 (B). In the presence of 14NO−

2 , a prominent triplet nitroso-heme signal is seen
(A), while in the presence of 15NO−

2 , a doublet signal is observed (B), indicating that the NO formation was
directly derived from nitrite.
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to ischemia, using an NO analyzer [7,35], showed that relatively large nitrite concentrations
of 12 µM, were present.

EVALUATION OF THE ROLE OF NITRITE-DERIVED NITRIC OXIDE
IN POSTISCHEMIC INJURY

As was previously shown [67], NO generated from nitric oxide synthase can result in a
loss of recovery of contractile function after reperfusion. To evaluate the relative impor-
tance of enzyme-dependent vs. enzyme-independent NO generation in the pathogenesis of
postischemic injury, hemodynamic studies were performed in hearts which were subjected
to 30 min of global 37◦C ischemia followed by 45 min of reperfusion with measurement
of the recovery of contractile function. As reported previously [67], l-NAME-treated hearts
exhibited significantly higher recovery of contractile function than untreated control hearts.
Oxyhemoglobin-treated hearts (oxyhemoglobin is an efficient scavenger of NO), however,
exhibited an even higher recovery of contractile function than the l-NAME-treated hearts.
While, l-NAME only blocks NO formation from nitric oxide synthase, oxyhemoglobin scav-
enges NO formed from either pathway. Thus, this data suggests that enzyme independent NO
formation contributes to the process of postischemic injury in the reperfused heart. To deter-
mine if further enhancing NO production from nitrite would reverse the protection afforded
by l-NAME, hearts were also infused with 10 µM nitrite during the 5 min immediately prior
to ischemia. It was observed that this nitrite loading further increased postischemic injury
and almost totally blocked the protective action of l-NAME (Fig. 7).

Amount of NO generated at the end of ischemia, measured using Fe–MGD, showed
invert correlation with the final recovery of contractile function observed after reperfusion.
Preischemic infusion with arginine did not significantly increase NO generation and did not
alter the recovery of contractile function. This indicates that tissue arginine concentrations
remained well above the Km of nitric oxide synthase even in the absence of arginine infu-
sion. l-NAME pretreatment decreased nitric oxide generation by about 65% and resulted in
approximately a twofold increase in the recovery of contractile function. With preischemic
infusion of nitrite in addition to l-NAME, NO generation markedly increased and functional
injury was restored. With preischemic loading of nitrite, NO generation was increased by
2–3-fold above levels seen in the untreated controls, and marked impairment of contractile
function was seen; however, the function was only slightly lower than in the untreated con-
trols. In both of these groups, very severe functional injury was present with more than a
90% loss of contractile function.

Because of the severe, near-complete, extent of this injury, further increases in NO gen-
eration from nitrite may only result in further small decreases in functional recovery which
were seen. Alternatively, since NO-mediated injury can be due to its reaction with super-
oxide to form the potent oxidant peroxynitrite [53], it is possible that the magnitude of
tissue injury could reach a maximum value when the concentrations of NO approach those
of superoxide. With oxyhemoglobin treatment, NO was almost totally quenched with more
than a 3-fold increase in the recovery of contractile function above the values observed in
untreated controls. Thus, this data further confirms the presence and functional importance
of enzyme-independent NO generation. In general, it is clear from these studies that both
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Fig. 7. Assessment of the importance of enzyme-dependent vs. enzyme-independent NO formation in the
pathogenesis of postischemic injury. Four groups of hearts were subjected to 30 min of global 37◦C ischemia
followed by 45 min of reperfusion. The four groups were as follows: (1) untreated control; (2) pretreated with
1.0 mM l-NAME for the 5 min prior to the onset of ischemia to block nitric oxide synthase; (3) treated with
10 µM oxyhemoglobin 1 min prior to ischemia as well as the first 5 min of reflow, to scavenge NO generated
by either pathway; and (4) pretreated with both 10 µM nitrite and 1.0 mM l-NAME, to determine if NO−

2 can
modulate the protective effects of enzyme inhibition. Left ventricular pressures and heart rate were measured
using a left ventricular balloon. The graph shows the recovery of the product of left ventricular developed
pressure and heart rate (RPP), an index of cardiac contractile work, expressed as % of baseline preischemic
values. While inhibition of enzyme-dependent NO formation resulted in cardioprotection, further protection
was seen in the presence of oxyhemoglobin which scavenges NO from both pathways. It was observed that
supplementation of nitrite within the heart abolished the protection seen with enzyme inhibition.

enzyme-dependent and enzyme-independent NO formation is increased during ischemia and
that the magnitude of this NO generation correlated with the severity of functional injury
observed upon reperfusion.

These results demonstrate that NOS-independent NO formation not only contributes to
postischemic injury, but it may also reverse the protective effects of NOS blockers.

NITROSYL-HEME FORMATION AND NITRIC OXIDE SIGNALING
DURING BRIEF MYOCARDIAL ISCHEMIA

In addition to generation from specific nitric oxide (NO) synthases, we have observed that
NO formation from nitrite occurs in the ischemic heart. While NO binding to heme-centers
is the basis for NO-mediated signaling, as occurs through guanylate cyclase (GC), it was
not known if this process is triggered with physiologically relevant periods of sublethal
ischemia and if nitrite serves as a critical substrate. Therefore, EPR studies to measure
nitrosyl-heme formation during the time course of myocardial ischemia and reperfusion and
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Fig. 8. EPR spectra of NO-heme formation in hearts during ischemia. Top to bottom, ischemic durations of
0–240 min. Spectra were recorded at 77 K with a frequency of 9.786 GHz; 10.0 mW power.

the role of nitrite in this process were performed [3]. Ischemic hearts loaded with nitrite 50 µM
showed prominent spectra consisting of six-coordinate nitrosyl-heme complexes, primarily
NO–myoglobin, that increased as a function of ischemic duration. In nonischemic-controls
these signals were not seen (Fig. 8). Quantitative analysis of EPR spectra showed that total
NO-heme concentrations within the heart were 6.6 ± 0.7 µM after 30 min of ischemia,
and 12.7 µM at 240 min. With the increasing nitrite-loading-dose concentrations a linear
correlation was observed between dose and amount of Mb–NO formed from 3.04 ± 0.01 µM
in hearts loaded with 25 µM nitrite to 27.0 ± 0.3 µM in hearts with 400 µM nitrite. NO–Mb in
controls (without nitrite load) also progressively increased as a function of ischemic duration
but was about 8–10-fold lower than the nitrite-loaded hearts with concentrations of 0.5 or
1.6 µM after 30 or 240 min, respectively.

The levels of NO-heme complexes formed in ischemic myocardium are quite high com-
pared with the concentrations of free NO in cells of 10–100 nM or less [68]. To prove that the
observed NO-heme complex formation was derived from nitrite, isotope tracer experiments
were performed measuring NO-heme formation in hearts infused with isotopically labeled
15N nitrite. With 15N nitrite labeling, the characteristic centrally split 15NO–Mb spectrum
was seen, while with 14N nitrite the typical 14NO–Mb spectrum was observed [3]. Thus,
under ischemic conditions myoglobin binds and stabilizes nitrite-derived NO in the form of
NO–Mb complexes, and these complexes serve as a store of NO.
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Fig. 9. Time course of NO-heme levels before, during, and following ischemia. From EPR measurements on
a series of three nitrite loaded hearts at each preischemic (PI), ischemic, and reperfusion time.

Upon reperfusion the concentration of NO-heme complexes decrease, as would be expected
with the reoxygenation that accompanies reperfusion. Initially a rapid decrease was seen in
the observed NO-heme EPR spectra over the first 15 min of reperfusion followed by a slow
decrease thereafter, with 26% of the signal intensity persisting even after 45 min of reperfusion
(Fig. 9). The time course of the early decrease parallels the oxidant burst accompanied by
superoxide and superoxide-derived radical generation that occurs in ischemic myocardium.
It is possible that the early rapid decrease in NO-heme complexes is due to superoxide or
other radical reaction with the bound NO. The subsequent slow decrease could be due to a
slow rate of spontaneous oxidation secondary to the levels of oxygen present in the reperfused
heart. The decrease in NO-heme signal seen upon reperfusion could be due to oxidation or
facilitated release/exchange of the NO bound at the heme site of Mb. With oxidation, nitrate
formation would be observed, whereas for released NO, nitrite formation would be expected.
In the hearts preloaded with nitrite, nitrite levels were elevated only over the first minute
of reperfusion, which can also be explained by simple nitrite washout. However, nitrate
levels remained elevated over the first 5 min of reperfusion and exhibited a time course of
decrease that paralleled the observed decrease in NO-heme concentrations within the heart.
As described above, the observed NO-heme formation is primarily due to the formation of
NO–Mb complexes. However, trace amount of five coordinate NO-heme complexes were
also seen, as would arise from NO bound to guanylate cyclase [69,70]. Although these could
also arise from other heme centers [71,72].

NO binding to the heme of sGC (soluble guanylate cyclase) is the critical event triggering
the activation of sGC that results in cyclic guanosine monophosphate (cGMP) formation
in the presence of guanosine triphosphate (GTP). It has been previously demonstrated that
NO–Mb effectively donates NO-heme to sGC, resulting in activation of the enzyme with
cGMP formation [73]. In view of this, we performed experiments to determine whether the
observed NO–Mb formation in the ischemic heart was associated with activation of sGC.
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Fig. 10. Levels of cGMP in control and 50 µM nitrite treated hearts. Tissue cGMP levels were measured in
normally perfused nonischemic hearts, after 30 min of 37◦C global ischemia, or after reperfusion for 15 min
following after 30 min of ischemia. Control untreated hearts (white bars) and nitrite (50 µM)-treated hearts
(black bars) were studied. Values are expressed in units of fmol/mg of heart tissue, wet weight.

In nonischemic hearts that were either nitrite-treated or untreated, only low levels of cGMP
were seen. However, after 30 min of ischemia, a modest increase in cGMP levels was present
in untreated hearts, whereas a large 4-fold increase was seen in nitrite-treated hearts com-
pared with preischemic levels. Furthermore, in ischemic hearts the levels of cGMP was
2.5-fold higher with nitrite treatment than in otherwise identical untreated control hearts
(Fig. 10). Upon reperfusion the levels of cGMP declined, and after 15 min of reperfu-
sion more than a 2.4-fold decrease in cGMP levels was observed from ischemic values.
These changes in cGMP levels paralleled the changes seen for NO heme levels. This
observed increase in cGMP levels was independent of NOS, since 1 min of pre-infusion
with 1.0 mM N–G-monomethyl-l-arginine (NOS inhibitor) before the onset of ischemia
did not significantly change the levels of cGMP (compared with 1.6 ± 0.3 fmol/mg wet
weight for treated hearts compared with 2.0 ± 0.4 fmol/mg wet weight for hearts with-
out NOS inhibition). Activation of sGC accompanied the formation of NO–Mb complexes
and thus, the observed nitrite-derived NO-heme formation is paralleled by activation of
myocardial-signaling pathways.

Nitrite-mediated NO-heme formation during ischemia is paralleled by subsequent
depressed recovery of contractile function upon reperfusion. In nitrite-treated hearts, the
recovery of contractile function as measured by left ventricular-developed pressure and rate-
pressure product was significantly decreased, compared with that in untreated control hearts,
with final recovery at 30 min diminished by more than 3-fold. In contrast to the impaired
recovery of contractile function in nitrite-treated hearts, the recovery of coronary flow was
paradoxically mild elevated.

Thus, nitrite-mediated nitrosyl heme formation occurs in ischemic myocardium and can
be an important regulator of myocardial signaling and injury in the postischemic heart.
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CONCLUSION

Studies from many laboratories including ours have shown that NOS enzyme-independent
NO formation occurs in biological systems. The NO formation is a generalized phenomenon
which can occur in many biological tissues. In many disease states, such as ischemia or
shock, where acidosis and marked hypoxia occur, this pathway becomes the major source
of NO and the magnitude of NO generation can be much greater than that which would be
formed by normal tissue concentrations of NOS. The substrate source of this NO forma-
tion is nitrite, rather than the NOS substrate and a number of pathways of nitrite reduction
to NO was proposed, which include nitrite disproportionation, nitrite reduction by myo-
globin [3,74–80], reduction by anoxic mitochondria [81,82], by xanthine oxidoreductase
[2,4,37,40,41,83], by hemoglobin [84–90]. For in-depth critical review of hemoglobin/RBC
mechanism NO production, look at Ref. [91]. Thus, these pathways may “substitute” NO
production from NOS in pathophysiological conditions, when NOS function is impaired and
conditions might be favorable for nitrite reduction. From first glance, nitrite should display
cytoprotective effect, since knockout of endothelial NOS leaves the hearts of mice more
sensitive to ischemic damage [92,93]. Protection should be similar to that observed with NO•

donors [94–97]. Indeed, in models of infarction, nitrite has been reported to protect against
ischemia–reperfusion damage [98–101] in a way similar to NO donors. However, there is
contradiction in literature. Studies including ours, in isolated rat hearts, suggest that nitrite-
derived cellular NO (or its derivatives) may be contributing to damage [3,7,54,67,102,103]
and, therefore, the effects of NO, derived from nitrite in myocardial injury are uncertain
[95,96].

Potentially, there are great therapeutical benefits in control of the process of nitrite reduc-
tion; however present state of understanding of nitrite biochemistry does allow this control,
thus demanding further efforts of research in this field.
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CHAPTER 16

The anti-microbial and cytotoxic actions
of nitrite, and the use of DNIC as a

marker for these actions

Tetsuhiko Yoshimura

Research Project of Biofunctional Reactive Species, Yamagata Promotional Organization for Industrial
Technology, Yamagata 990-2473, JAPAN

INTRODUCTION

Biological systems can produce nitrite ions via enzymatic and non-enzymatic processes.
Enzymatically, nitrite can be produced by a two-electron reduction of nitrate during deni-
trification and nitrate assimilation processes in various plants and microbes, or alternatively
via the four-electron oxidation of hydroxylamine by nitrifying bacteria [1–3]. The nitrite ions
formed by these enzymatic pathways are involved in the nitrogen redox cycle in the biosphere
[4]. Non-enzymatically, nitrite may be produced by the chemical oxidation of nitric oxide
(NO) with dissolved oxygen in bio-fluids.

Historically, the food industries have used inorganic nitrate for preserving food and curing
meat [5,6]. Nitrate is relatively non-reactive in chemical and biological systems, but its enzy-
matic reduction product, nitrite, shows anti-microbial activity. The effectiveness of nitrite as
an anti-microbial agent is closely associated with its ability to trigger formation of NO, which
reacts with microbial proteins that contain iron–sulfur clusters, resulting in their destruction
to form dinitrosyl dithiolato iron complex (DNIC) [7–9].

The nitrate content of fresh vegetables is relatively high compared to that of nitrite, and this
content ratio varies across different foods. Thus, humans are exposed to different proportions
of food-derived nitrates and nitrites. The chemical reactivity of nitrite toward biological
constituents in body fluid is considered an important factor in maintaining the desired low
steady-state nitrite concentrations. In healthy humans, serum nitrite and nitrate levels are
usually maintained at 6.6 ± 11 µM and 34 ± 18 µM, respectively, while cerebrospinal fluid
nitrite and nitrate levels are maintained at 3.4 ± 3.1 µM and 7.6 ± 4 µM, respectively [10].
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In contrast, the plasma nitrite and nitrate levels in plasma from endotoxin-treated rats were
found to be ∼6 µM and ∼260 µM, respectively, indicating a sharp increase in nitrate [11].
In humans, resting salivary nitrite levels are approximately 50 µM [12], and may rise as
high as 2 mM following ingestion of foods with high nitrate content [13]. When salivary
nitrite enters the stomach, the acidity and ascorbic acid present in gastric juice combines to
convert nitrite to NO. Thus, the physiological significance of high NO concentrations in body
fluids has attracted considerable attention. This chapter will focus on the anti-microbial and
cytotoxic activities of nitrite, and the significance of DNIC as a biomarker for this activity.
The roles of nitrite in the vasculature will not be covered in this chapter. For this, the readers
are referred to Chapters 14 and 15.

THE ANTI-MICROBIAL AND CYTOTOXIC ACTIVITIES OF NITRITE

Nitrite acts as a colorant, flavorant, antioxidant and anti-botulinal agent in
cured meat

In ancient times, meat was preserved with saline desert sands and sea salts, both of which
contain nitrate [5]. The reddening effect of nitrate in preserved meat was mentioned as
far back as the late Roman era, but it wasn’t until the early twentieth century that the
bacterial reduction product, nitrite, was identified as the agent responsible for coloring and
curing meat [5]. In meat curing, nitrate functions as a reservoir for nitrite, which acts not
only to color meat, but also acts as a flavorant, an antioxidant and an anti-microbial agent
[14]. These days, it is generally accepted that most of these effects are due to the action
of NO, which is generated by the reduction of nitrite [15]. However, in recent years the
use of nitrite has faced considerable negative pressure, because its reaction with amines in
meat has been shown to produce nitrosamines, which are known carcinogens and possibly
mutagens [16–18].

The characteristic red pigment in cured meat has been attributed to nitrosylmyoglobin,
which is formed by the reaction of muscle tissue myoglobin with nitrites in the curing agent
[18,19]. However, although nitrite and/or NO are generally accepted as playing a crucial
role in this process, the reaction mechanism of myoglobin with nitrite and/or the reduction
mechanism of nitrite to NO in cured meat remain under some debate. In fresh minces, nitrite
has been proposed to be enzymatically reduced to NO by the cell respiratory system [20].
In addition, various reductants that are present in or added to fresh meat (e.g. ascorbate and
cysteine) can reduce nitrite to NO via non-enzymatic routes [21]. In cell-free systems, the
addition of nitrite to oxyhemoglobin has been demonstrated to transform proteins to their met-
forms [22], indicating that nitrites can be considered causative agents for methemoglobinemia,
particularly in infants [23–25]. In contrast, metmyoglobin has been shown to react with excess
nitrite at pH < 7 to yield a nitrimyoglobin with an unusual nitrovinyl group on its heme-side
chain [26,27]. Nitrimyoglobin is a green pigment involved in the phenomenon called “nitrite
burning” or “nitrite greening” in improperly cured meat. Thus, the color of nitrite-treated meat
appears to be controlled by multiple factors, including the utilized agents, pH, temperature
and the presence/absence of other additives.
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In nitrite-cured meat, NO appears to play a crucial antioxidant role. For example, undesir-
able lipid oxidation in nitrite-cured meat is inhibited by S-nitrosothiol and nitrosylmyoglobin
[28,29], both of which are formed via nitrite-derived NO [30]. In addition, the cysteine-
containing nitrosyl iron complex, which is produced by the reaction of cysteine, iron(II)
salt and NO, showed inhibitory activities against lipid peroxidation [31]. S-nitrosothiol,
nitrosylmyoglobin and nitrosyl iron complex with cysteine all have reactive NO groups, are
able to release an NO molecule and may undergo a transnitrosation reaction under appropriate
physiological conditions [31–34]. Further, NO can undergo rapid radical–radical combination
reactions with other radical species, leading to quenching of those species; thus it can act
as a terminating species for radical chain reactions during lipid oxidation [35,36]. Thus, the
chemical reactivity of nitrite-derived NO are largely responsible for the antioxidant activity
of nitrite in cured meat.

Nitrite has also been shown to exert significant anti-botulinal effects in cured meat [37–42].
Initially, this anti-botulinal activity was thought to be due to the interaction of nitrite as nitrous
acid with thiol-containing constituents of the bacterial cell [43]. However, in clostridia, nitrite
was found to directly interact with pyruvate-ferredoxin oxidoreductase, an iron–sulfur cluster
that contains enzymes necessary for botulinal energy production in some clostridial vegetative
cells. The interaction of nitrite with pyruvate-ferredoxin oxidoreductase was found to inhibit
the phosphoroclastic system in Clostridium sporogenes and Clostridium botulinum [44,45].
In terms of an action mechanism for this effect, Reddy et al. (1983) reported that iron–sulfur
proteins in vegetative cells of C. botulinum reacted with nitrite to form iron–NO complexes,
resulting in destruction of the iron–sulfur clusters. Inactivation of iron–sulfur enzymes (e.g.
ferredoxin) by NO binding was shown to inhibit the growth of C. botulinum [7]. Additional
studies identified the active iron–NO complex in this mechanism as a dinitrosyl dithiolato iron
complex [46,47]. However, although iron-thiol-nitrosyl complexes are extremely inhibitory
toward botulinal growth, Payne et al. (1990) reported that there was no correlation between
botulinal growth inhibition and the content of iron-thiol-nitrosyl complexes, suggesting that
direct inhibition and/or destruction of iron–sulfur enzymes may not be the principal basis of
the anti-botulinal activity of nitrite [8,9].

Ingested nitrate may be reduced to nitrite, which plays numerous roles in the
stomach

Nitrate, an essential plant nutrient, is ultimately metabolized to form plant proteins. High
concentrations of nitrate are found in fresh, green, leafy vegetables such as spinach and lettuce
[23], while most other non-vegetable food products contain relatively low nitrate contents.
When nitrate-containing food is ingested, the nitrate is absorbed from the small intestine,
and nearly a quarter of it is transported to the salivary glands and re-secreted into the mouth
[48–52]. In the mouth, bacteria on the dorsum of the tongue reduce about 30% of the salivary
nitrate to nitrite [48–53], and may further reduce this nitrite to NO under anaerobic conditions
[51]. Under a fasting condition, the salivary nitrite concentration is approximately 50 µM
[12], and this rises to as high as 2 mM after ingesting food with a high nitrate content such as
green lettuce [13], as described above. When salivary nitrite enters the stomach, it is reduced
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to NO in the acidic media (pH 1–2) through following reactions [54]:

NO−
2 +H+ → HNO2(pKa = 3.4)

2HNO2 → N2O3 + H2O

N2O3 → NO + NO2

3NO2 + H2O → NO + 2H+ + 2NO−
3

In the stomach, nitrite can be totally converted to nitrous acid because its pKa is lower
than the pH in the gastric juice, subsequently leading to the generation of reactive nitrogen
oxide species (RNOS) such as N2O3, NO and NO2 (N2O4). In addition, ascorbic acid is
actively secreted within the gastric juice of the healthy stomach and is stabilized under acidic
conditions [55]. Since ascorbic acid rapidly reduces nitrite to NO, salivary nitrite can be
efficiently converted to NO in the stomach [56–59]. High concentrations of NO resulting
from enterosalivary recirculation of dietary nitrate have been detected within the lumen of
the stomach by employing a variety of methods [60–63]. NO and other RNOS derived from
salivary nitrite have been demonstrated to play critical roles in the physiology of the normal
stomach [64].

However, these molecules may also play pathophysiological roles. For example, salivary
nitrite-derived N2O3 and NO2 may act as nitrosating agents in the stomach, reacting with a
variety of dietary amines to yield N-nitrosamines, which are chemical carcinogens known
to cause gastric cancer, likely via their ability to deaminate DNA bases and inactivate DNA
repair enzymes [65,66]. Recently, particularly high levels of NO were reported in the gastroe-
sophageal junction (GEJ) and cardia, where salivary nitrite first encounters gastric acid [63].
These NO molecules diffuse into the adjacent gastric tissues, increasing local glutathione
consumption in the tissue [67] and enhancing the formation of DNIC [68]. These findings
suggest that high levels of NO may be involved in the high prevalence of mutagenesis and
neoplasia at the GEJ.

In contrast to their pathophysiological roles, salivary-derived nitrite and the resulting NO
are likely to play a protective role in the stomach, guarding against ingested pathogens
and maintaining gastric mucosal integrity by improving mucosal blood flow and mucus
secretion [69]. Although nitrite has limited anti-microbial activity at neutral pH, this activ-
ity is profoundly enhanced in acidic media such as gastric juice. Acidified nitrite exhibits
strong bactericidal activity against Candida albicans, Salmonella enteritidis, Salmonella
typhimurium, Yersinia enterocolitica, Shigella sonney, Escherichia coli O157:H7 [61,70]
and E. coli CM120 [71]. In contrast, Helicobacter pylori and five lactobacilli species have
been shown to be relatively resistant to acidified nitrite [71,72]. The anti-microbial activity of
acidified nitrite appears to be influenced by many local environmental factors, including the
presence of ascorbic acid, thiocyanate and chloride, the oxygen concentration and the culture
medium [64,71]. In the stomach, other constituents of gastric juice such as amino acids,
peptides and proteins are also likely to affect the level of anti-microbial activity. Although
the antimicrobial mechanisms of salivary-derived nitrite are not well understood, several
studies have suggested the involvement of RNOS arising from nitrite under acidic conditions
[69,71,73].
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DNIC MAY BE USED AS A BIOMARKER FOR THE ANTI-MICROBIAL
AND CYTOTOXIC ACTIONS OF NITRITE

The interaction of nitrite or NO with the iron–sulfur protein/enzyme is closely implicated
in nitrite treatment of biological systems as described in the previous sections. Dinitro-
syl dithiolato iron complex (DNIC) formed through the interaction has been shown to be
relatively stable paramagnetic molecule that exhibits a characteristic electron paramagnetic
resonance (EPR) signal both in solution and the frozen state [46,74–78]. In nitrite-treated
cells of clostridia [7–9] and E. coli O157:H7 [79], DNIC can be detected at 77 K as an axi-
ally symmetric EPR signal (g|| = 2.04, g⊥ = 2.015). In cured meat, the DNIC signal
was found to overlap with that of nitrosyl myoglobin [80], suggesting that both nitro-
syl iron complexes were simultaneously formed. At the rat GEJ, the DNIC signal was
found in tissues where salivary nitrite is likely to encounter highly acidic gastric juices,
yielding high concentrations of NO [68], as details shown below. The presence of DNIC
suggests that synchronous inactivation of iron–sulfur proteins/enzymes is involved in vital-
activity as well as the release of intracellular iron after the reaction of free iron with
thiol-containing proteins [47,76], further indicating that detection of DNIC in nitrite-treated
specimens could be a biomarker for the anti-microbial and cytotoxic actions of nitrite. In
what follows, two good examples illustrating the utility of DNIC as a biomarker will be
described.

Infection with E. coli O157:H7 causes hemorrhagic diarrhea and hemolytic uremic syn-
drome [81,82]. This gram-negative bacterial species produces a large quantity of verotoxins
during the course of the infection. Verotoxins are released from bacterial cells in the event
of bacteriolysis, exerting a disastrous effect on the patient. Although some antibiotics and
bacteriostatic sodium chloride can inhibit or kill E. coli O157:H7, these bactericidal agents
cause bacteriolysis, releasing large quantities of verotoxins contained within these cells [78].
In contrast, nitrite treatment effectively inhibited the growth of this bacterium without trigger-
ing increased verotoxin release. EPR spectroscopy of frozen E. coli suspensions treated with
nitrite in the presence or absence of ascorbate revealed that nitrite treatment abrogated the
iron–sulfur protein signal at g = 1.94 and initiated the DNIC marker signals at g = 2.036 and
2.011, and that the additional treatment with ascorbate intensified the DNIC signals (Fig. 1)
[78]. The addition of NO donor reagents exerts the same effect. In addition, nitrite treatment
inhibited the synthesis of ATP in E. coli O157:H7 cells. These results indicate that nitrite-
derived NO can inhibit bacterial growth through the inactivation of iron–sulfur enzymes in the
respiratory chain. Thus, nitrite confers antibacterial activity against E. coli O157:H7 without
increasing verotoxin release, because the action mechanism does not include bacteriolysis.
Furthermore, DNIC acts as a valuable marker for assessing this effect.

High concentrations of NO are luminally generated at the GEJ through the enterosalivary
recirculation of dietary nitrate in humans [63]. In the GEJ gastric tissues of nitrite-treated
rats, the DNIC marker signal increased time- and dose-dependently, whereas no signal was
observed at the distal stomach in the same rats [68]. In humans after nitrate ingestion, a low
level of DNIC was detected in biopsy specimens from the cardia, but not the antrum [68].
The aconitase activity of GEJ tissues was significantly lower in nitrite-treated rats vs. control
rats, while that in the distal stomach was similar between the two groups [68]. These results
collectively suggest that salivary-derived NO diffuses from the stomach lumen into adjacent
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Fig. 1. EPR spectra of cell suspensions of E. coli O157:H7 at 77 K. (Curve a) Untreated; (Curve b) treated with
NaNO2 (200 mg/l); (Curve c) treated with both NaNO2 (200 mg/l) and sodium ascorbate (500 mg/l); (curve d)
treated with 3-[2-hydroxy-1-(1-methylethyl) -2-nitrosohydrazino]-1-propanamine as an NO donor reagent.
(Reproduced with permission from Ref. [78]. Copyright 2004 Japan Society for Bioscience, Biotechnology,
and Agrochemistry.)

tissues, where it interacts with and disassembles vulnerable Fe–S cluster proteins, or reacts
with intracellular free iron and thiol-containing proteins. This mechanism may be involved
in the high prevalence of inflammation and intestinal metaplasia at GEJ in humans. Thus, it
is valuable to consider the use of DNIC monitoring in future studies.

CONCLUDING REMARKS

Nitrite, its oxidized form, nitrate, and its reduced form, NO, are bioactive molecules involved
in the life cycle of all organisms. In humans, nitrite contributes to host defense mechanism
against a number of pathogenic microorganisms in the mouth, stomach and skin. The addition
of nitrite to meat for preservation is responsible for the characteristic color and flavor of meat,
and helps combat the decay of cured meats. DNIC, which has been found in all of these
tissues, cells and bacteria, has a characteristic, readily identifiable EPR signal, suggesting
that it may be used as a paramagnetic biomarker for the anti-microbial and cytotoxic actions of
nitrite.
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CHAPTER 17

Organic nitrates and nitrites as stores of
NO bioactivity

Gregory R.J. Thatcher

Department of Medicinal Chemistry & Pharmacognosy, College of Pharmacy, University of
Illinois at Chicago, Chicago, IL 60612

“I had obtained good results in such cases by the inhalation of nitrite of amyl, and the present
seemed an admirable opportunity of testing its virtues.” The words of Sherlock Holmes from
his creator Sir Arthur Conan Doyle show the experimental status of nitrovasodilators in 1894.
Although in clinical use, nitroglycerine (glyceryl trinitrate, GTN) was better known for its
explosive qualities as Conan Doyle also wrote 20 years later: “The nitroglycerine on one
side and the gun-cotton on the other are kneaded into a sort of devil’s porridge which is the
next stage of manufacture. Those smiling khaki-clad girls who are swirling the stuff round in
their hands would be blown to atoms in an instant if certain very small changes occurred.
The changes will not occur and the girls will still smile and stir their devil’s porridge, but
it is a narrow margin between life and death.” The small changes that must occur in the
bioactivation of nitrates are intrinsic to their therapeutic activity. The narrow margin between
life and death for a cell is intimately linked with levels of cellular NO, and it is the ability of
nitrates to mimic the activity of NO without releasing high levels of NO itself that continues
to underlie their therapeutic benefits.

INTRODUCTION

Therapeutic agents related to NO include prodrugs that elevate NO levels, scavengers of NO,
and inhibitors of endogenous NO synthesis. Beyond these, there are preclinical therapeutic
agents that modulate the concentration and actions of nitrogen oxides derived from or related
to NO, for example, peroxynitrite (ONOO−), NO−

2 (inorganic nitrite), and HNO (nitroxyl).
Even drugs such as the statins, with primary targets not directly involved in regulation of NO,
might be considered NO-related therapeutics because of benefits derived from downstream
regulation of NO and nitrogen oxides [1–3]. The organic nitrates (RONO2) represent the
major focus of this review, however, the history and chemistry of organic nitrites (RONO)
are intertwined with the nitrates and therefore some discussion of nitrites is essential. In this
review, the terms nitrates and nitrites will be used exclusively to refer to the organic esters
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of nitric and nitrous acid, respectively. The inorganic ions will be referred to as nitrate ion
(NO−

3 ) and nitrite ion (NO−
2 ), or simply inorganic nitrate and nitrite.

The nitrates represent a drug class that comprises the most venerable NO-related thera-
peutic agents, the nitrate vasodilators, in clinical use for more than 130 years, of which GTN
(glyceryl trinitrate) is the most notorious [4]. The compounding of nitroglycerin in the form
of dynamite was the foundation of Alfred Nobel’s fortune. Nobel’s contemporary, Thomas
Brunton, had already studied the effects of organic nitrites in angina pectoris, as illustrated
by the comments of Conan Doyle on the properties of nitrite of amyl [5]. The similarities
of amyl nitrite to GTN led in 1878 to William Murrell pioneering the clinical use of sublin-
gual GTN for relief from the intense pain of angina [4]. The classical nitrates are of equal
contemporary relevance: isosorbide dinitrate (ISDN) has received a new lease of life as a car-
dioprotective agent; and hybrid nitrates, especially the so-called NO-donating non-steroidal
anti-inflammatory drugs (NO-NSAIDs), are the focus of exciting clinical trials and extensive
preclinical activity. Nitrate-induced changes in hemodynamic parameters remain central to
the therapeutic focus of nitrates, with cardiovascular indications still the dominant disease
targets, but in NO-NSAIDs the further role in modulating activity in response to endogenous
prostaglandin levels has been emphasized. Most recently, several papers have described the
potential utility of NO/cGMP modulating agents in neurological disorders; paralleling the
entry of nitrates into clinical trials for neurological indications.

But, how do nitrates exert their biological actions? The dogma that all nitrates are simple
NO donors, regardless of their structural and chemical diversity, would justify the discus-
sion of nitrates in a treatise on “radicals for life.” Given the plethora of biological roles for
NO, the NO donor doctrine might even be compatible with the broad spectrum of thera-
peutic targets for which nitrates are being studied. But, many contemporary studies of the
archetype classical nitrate, GTN, remain focused upon metabolic bioactivation and chemical
biotransformation; solving the mystery of the therapeutic action of GTN, more than 130 years
after its introduction in the clinic, thus emphasizing (a) how much still remains to be dis-
covered and (b) the importance of chemical reactivity in influencing the biological activity
of nitrates. Reviews covering the pharmacology, or medicinal and biological chemistry of
nitrates have appeared [6–9]. The purpose of this article is to present the most recent studies
on nitrates, with additional reference to nitrites, in the context of previous research and whilst
emphasizing the central role of chemical reactivity under physiological conditions.

NITRATE THERAPEUTICS

The importance of the discovery of NO biology was recognized by award of the Nobel Prize
in 1998. In the first decade after the identification of NO as endothelium-derived relaxing
factor and the expanding roles of NO in biology, medicinal chemists focused upon develop-
ing inhibitors of the NOS isoforms, because of the proposed contributions of NO to cellular
cytotoxicity and tissue damage, most notably from inducible NOS (iNOS) in inflamma-
tion, neuronal NOS (nNOS) in CNS excitotoxicity, and the toxicity of peroxynitrite [10].
Somewhat ironically the new nitrate drugs being developed in parallel were described as NO
donors and NO-enhanced medicines with cytoprotective properties [11]. Classical nitrates
continue to be of clinical use for angina pectoris, despite the clinical tolerance that is well
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documented for GTN, and controversy surrounding the phenomenon [12]. The clinical effi-
cacy of GTN is enhanced by its selective venodilator effect resulting in decreased cardiac
preload and myocardial oxygen consumption. The classical nitrate, ISDN, in a cocktail with
hydralazine entered clinical use in 2005 for cardioprotection in African–American males with
heart failure, marking a move to chronic drug treatment with nitrates [13].

Hybrid nitrates that conjugate a nitrate group to a commonly used drug via a labile linker
have been the subject of numerous preclinical and clinical studies. The companies pioneering
the use of hydrid nitrates have in recent years allied with “big pharma” in the areas of nitrate
anti-inflammatories, antihypertensives, and glaucoma therapeutics. The medicinal chemistry
of a variety of hybrid nitrates has recently been reviewed [14], for example: HCT 3012 is a
naproxen hybrid in Phase III clinical trials for pain and inflammation; NCX 4016 in various
Phase II clinical studies is the most well-studied aspirin hybrid (NO-ASA); NCX 701, an
acetaminophen hybrid is in Phase II trials for pain; and, NCX 1015 is a prednisolone hybrid
in Phase I trials for inflammation (Fig. 1).

O

O

H

H

O

O
NCX 4016

ISDN

O

N

O

sinitrodil

N

N
H

O

nicorandil

ONO2
ONO2

ONO2

ONO2
O2NO

O2NO

O2NO

O2NO

O2NO

ONO2

ONO2
ONO2ONO2

ONO2

ONO2

ONO2

ONO2

ONO2

ONO2
ONO2

ONO2

ONO2

ONO2

GTN

O

O

HO H

H

5ISMN

O
O

O

HO

O

OH
O

O

NCX 1015

ETN PETN

H3CO
O

O

Classical nitrates

Hybrid nitrates

HCT 3012

O

O
N
H

O

NCX 701

O

O N
H

OH
nipradilol

Neo-classical nitrates

O NCX  4215

O

OAcN.HCl

S

GT 1061

Fig. 1. Nitrate therapeutic agents in clinical use or clinical trials.



350 G.R.J. Thatcher

Sinitrodil, nicorandil, and nipradilol represent neo-classical nitrates, containing functional-
ities other than simple hydrocarbon or sugar skeletons, which influence biological activity, but
which remain directed at vascular targets (Fig. 1). Nicorandil is a nitrovasodilator, also active
at KATP channels, that is in preclinical and clinical studies for vascular diseases, including
myocardial infarction [15,16]. Sinitrodil is a cardiovascular agent proposed to surpass classi-
cal nitrates because of reduced dilation of the smaller coronary and resistance vessels and the
resultant effects on mean arterial blood pressure and heart rate [17,18]. Nipradilol, containing
a pharmacophore with adrenergic antagonist activity, and used clinically as an anti-glaucoma
therapeutic, was developed to exploit ocular nitrovasodilator activity, but subsequently has
been shown to have neuroprotective actions [19–21].

Applications of nitrates beyond vascular targets are less common, but, supported by ani-
mal model data demonstrating cognition enhancement and neuroprotection, GT 1061 has
recently entered clinical trials for Alzheimer’s disease (AD) [22–24]; and, other exciting
applications of nitrates as neuroprotective agents have also been described [25–27]. GT 1061
is an NO chimera, a nitrate that contains an ancillary pharmacophore designed to supplement
the beneficial effects of nitrates in a specific disease state, in this case, neurodegeneration
associated with AD [26,28]. In many brain regions, elevation of tissue cGMP levels and
NO/cGMP signal transduction are triggered by activation of both the N -methyl-d-aspartate
subtype of excitatory amino acid receptors (NMDAR) and cholinergic muscarinic receptor
subtypes [29–31]. The NO/sGC/cGMP signal transduction system is important for modulat-
ing synaptic transmission and plasticity in brain regions such as the hippocampus and cerebral
cortex, which are critical for learning and memory, and which are targeted in AD pathology
[32–35]. Thus, GT 1061 was originally targeted at AD because NO plays a critical role in
signal transduction cascades that are compromised in AD. Damage to cholinergic neurons
has long been associated with AD, but recent evidence directly linking loss of NO/cGMP
signalling, with NMDAR dysfunction, and the amyloid cascade theory of AD progression,
unequivocally supports a need for supplementation of NO/cGMP in the AD brain [36,37].
GT 1061 has been studied in a variety of experimental paradigms where cognition deficits
are induced, including: (a) injection of the muscarinic receptor antagonist scopolamine [38];
(b) administration of the cholinergic neurotoxin 192 IgG-saporin [39,40]; and (c) chronic,
daily, bilateral, intracerebroventricular infusion of β-amyloid peptide (Aβ1-40) [41]. GT 1061
reversed cognition deficits in behavioral models including the Morris water maze, the step-
through passive avoidance test, contextual memory, and a visual memory delayed matching
to sample test.

There is general acceptance of the use of nitrates in indications with a vascular pathology;
the field with which classical nitrates are closely associated. A more conservative attitude
towards use of novel nitrates in other indications, such as neurological, may be explained by
a number of factors. First, nitrates do not fit the contemporary, rational drug design paradigm:
nitrates are extensively metabolized and bioactivated, and are expected to have multimeric
actions and pleiotropic effects (though in most disease states this should be seen as a benefit
rather than disadvantage). Second, there is a perception that cytotoxicity is inherently linked
with NO, which partly derives from the study of NO as an atmospheric pollutant, before
its renaissance as an essential component of life and health. The extensive drug discovery
directed at inhibition of NOS can make the pursuit of nitrate drugs, that are generally almost
universally described as NO donors, appear counterintuitive. Numerous reports on NOS
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inhibitors showing cytoprotective and chemopreventive effects are counterpoised by a large
body of data showing cytoprotection and chemoprevention by nitrates and NO donors.

Several pathophysiological conditions clearly involve disruption of cellular NO homeosta-
sis, which argues for therapeutic benefit in modulation of NO, rather than simply inhibition
of its formation or action. Nitrates are NO mimetics, but poor NO donors, which is probably
relevant to the safety of nitrate therapeutics: there is no evidence for quantitative bioactiva-
tion to NO; and at pharmacological concentrations the fluxes of NO detected are much lower
than for genuine NO donors, such as the diazeniumdiolates (NONOates). There are numerous
reports of the capacity, at higher concentrations in vitro, of NO and nitrosating agents (such
as acidified NO−

2 ) to cause DNA-modification [42]. The NO donor, diethylamine-NONOate,
gaseous NO, and sodium nitrite are reported to be mutagenic in several bacterial strains in the
reverse mutation assay (AMES test) [43,44]. The situation with nitrates is mixed: ISDN and
several other nitrates have had negative AMES tests reported, whereas GTN was positive.
There is no evidence for carcinogenicity of GTN or other clinical nitrates and several new
nitrates have entered the clinic without genotoxicity concerns.

NITRITE THERAPEUTICS

Alkyl nitrites, most notably iso-amyl nitrite (IAN), share many of the biological activities of
nitrates. They are smooth muscle relaxants used as nitrovasodilators and as recreational drugs
known as poppers. IAN is also used in kits to treat cyanide poisoning, its function being to
oxidize haemoglobin (Hb) to methaemoglobin (metHb) which reacts with cyanide to form
the non-toxic cyano-metHb. Ethyl nitrite (EtONO) is a gas at room temperature and pressure
that has been the focus of recent preclinical and clinical studies, in which its use has been
proposed as a haemodynamic regulator in laparoscopic procedures [45], and as a haemo-
dynamic regulator to alleviate pulmonary hypertension and hypoxaemia in neonates [46].
Simple alkyl nitrites are excellent nitrosating reagents, particularly towards biological thiols,
such as glutathione (GSH). Inhalable EtONO therefore represents a simple and rapid means
of elevating cardiopulmonary S-nitrosoglutathione (GSNO). Although there is no evidence
for carcinogenicity, it is possible that the development of novel nitrite therapeutics will be
hindered by genotoxic potential at high concentrations in cell culture assays because of high
nitrosative reactivity and rapid production of NO−

2 .

NITRATES AS NITRIC OXIDE MIMETICS

In experiments in blood vessels that exploited the sensitivity of ESR (electron spin resonance)
detection using a tissue permeable spin trap, NO was measured from endogenous production
and from addition of an exogenous nitrosothiol [47–49]. However, using the same method-
ology, NO was not detected from pharmacologically relevant concentrations of GTN and
ISDN. At much higher, suprapharmacological concentrations of nitrates (>10 µM), detec-
tion of NO was possible. A second recent study failed to detect NO in aortic tissue treated
with GTN at pharmacological concentrations; in this study, a fluorescent indicator was used
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that responded to nitrosation of diaminorhodamine in the presence of NO [50,51]. In con-
trast, intracellular NO was detected using this fluorescent probe from a variety of agents that
elevate NO: acetylcholine (that activates endothelial NOS; eNOS), and three separate NO
donors (from different chemical classes). These agents were used at comparable concentra-
tions to GTN and produced concentration-dependent responses. In addition, all four agents
inhibited mitochondrial O2 consumption, an effect associated with the interaction between
NO and cytochrome c oxidase, and of potential pathophysiological significance. Again, in
contrast, GTN was reported to have no effect on mitochondrial respiration. In the same
study, vasorelaxation induced by all agents was inhibited by the “NO trap” oxy-haemoglobin
(oxyHb), although vasorelaxation by GTN was inhibited much less by oxyHb than by all
other agents. In a third study reporting measurement of coronary vascular resistance in the
isolated Langendorf heart, oxyHb did not inhibit the relaxation induced by GTN [49,52].

Several researchers use phrases such as “delivery of NO bioactivity.” In part, this
recognizes the problematic data supporting the exclusive and simplistic sequence:

nitrates → NO → bioactivity

But what is NO bioactivity, or bioactive NO? Part of the problem is that NO to a chemist
is a very specific chemical formula for a nitrogen-monoxide-free-radical species, whereas to
some others, NO is a catholic symbol incorporating various nitrogen oxides and sometimes
related thiol adducts. The biological activity of NO may be exerted by NO coordination to
the Fe2+-haem of soluble guanylyl cyclase (sGC) and elevation of intracellular cGMP, and
also through cGMP-independent mechanisms via a variety of other possible reactive nitrogen
oxide species (RNOS) (Fig. 2). Furthermore, the oxidative metabolism of NO and RNOS is
intimately linked with a number of factors: oxygen and thiol concentrations; cellular redox
state; redox active transition metal ions; and microenvironment [53]. The chemical reactions
that connect true NO to the various RNOS are discussed more extensively in Chapter 1. The
reactions of NO and RNOS with endogenous thiols have particular relevance (discussed in
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Part 3 of this book), and are strongly affected by the presence of transition metal ions (as dis-
cussed in Chapters 9 and 11 of this book). Several metastable RNOS and their thiol adducts
are difficult to quantitate and therefore the easily detected, stable end products of NO and
RNOS metabolism are generally measured as surrogates: the majority of NO quantitations
reported in the literature measure nitrosonium-like species (“NO+”); in most cases acidified
NO−

2 . This is of particular importance for nitrates, because inorganic nitrite
(
NO−

2

)
is the

dominant metabolic product of nitrate denitration, produced directly from nitrates without
the intermediacy of NO. NO−

2 itself is well known to be biologically active at higher con-
centrations and able to mimic aspects of NO bioactivity. These roles for NO−

2 are discussed
in detail in Chapters 14–16 of this book. Under hypoxic conditions, NO−

2 has been shown
to function as a source of NO: nitrite infusions are in clinical trials and inhaled NO−

2 is in
preclinical studies [54,55].

The endogenous formation of NO from arginine is an oxygen-dependent 5e− oxidation
requiring multiple cofactors; whereas, bioactivation of a nitrate to NO is a 3e− reduction
requiring oxygen atom transfer. The oxidation number of nitrogen in the various species that
mediate NO bioactivity and the actions of drugs, including nitrates, span −3 to +5 (Fig. 3).
The higher oxidation state nitrates may mediate nitrosation, nitration, and nitroxidation (also
see Chapter 1 and references therein). But, we should be reminded that nitrates are not
RNOS; for example, they are not comparable to the reactive nitroxidizing agents, NO2 and
peroxynitrite. It is interesting to note that nitrogen oxide species in higher oxidation states
may induce physiological effects without the requirement of prior reduction to NO, thus
accounting for the observation that nitrates show significant bioactivity without evidence for
formation of large amounts of NO. As a simple example of this concept, consider thiol nitro-
sation, an important cGMP-independent bioactivity attributed to NO. Nitrate 2e− reduction
to organic nitrite is reasonably accompanied by nitroxidation of a metal centre or thiol [12].
Organic nitrites are excellent nitrosating agents, as is the RNOS, N2O3 (both +3 oxidation
number nitrogen oxide species):

RONO2 + R′SH → RONO + R′SOH

RONO + R′′SH → ROH + R′′SNO

Thus in two steps, nitroxidation and nitrosation, actions associated with NO bioactivity, have
been accomplished without the nitrate functioning as an NO donor. Hence, we prefer the
term NO mimetic, in place of NO donor, when referring to nitrates. The term NO mimetic is
inexact in that nitrates cannot be expected to mimic all the activities attributed to NO, but is
more accurate than NO donor. In order for NO itself to effect nitroxidation and nitrosation,
the latter via the endogenous nitrosating agent N2O3, the following sequence is required (also
see Chapter 1):

2NO + O2 → N2O4 → 2NO2

NO + NO2 → N2O3

N2O3 + R′′SH → R′′SNO + NO−
2 + H+

NO2 + R′SH → R′S•+NO−
2 + H+

R′S• + O2 → R′SOH
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This sequence requires several NO equivalents, consumes O2, and generates RNOS: higher
concentrations of NO are associated with formation of the oxidizing, cytotoxic RNOS, NO2,
and peroxynitrite:

NO + O•−
2 → ONOO−

3ONOO− + H+ → NO2 + HO• + 2NO−
3

or 3ONOO− + CO2 → NO2 + CO•−
3 + 2NO−

3
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The corollary of this argument is that nitrates are not predicted to manifest identical phys-
iological actions to other agents and drugs that are generally classed as true donors of
free NO.

ENDOGENOUS NITRATES AND NITRITES

In mammalian systems, nitrates and nitrites theoretically may be formed as products of the
reactions of RNOS: nitrates may be produced by nitrating RNOS or by the action of nitrosating
and nitroxidizing RNOS; nitrites may be produced by nitrosating RNOS. Nitrates and nitrites
have been proposed as endogenous products of the reactions of NO, peroxynitrite, or NO2

with lipids, and other biomolecules, under oxidative and nitrosative stress. In particular, nitrite
and nitrate derivatives of lipids were proposed to result from the antioxidant activity of NO
towards lipid peroxyl radicals [56–59]. The capacity of NO2 to react via H atom abstraction
and via radical addition underlies its reactions with olefins, including polyunsaturated fatty
acids, leading to formation of nitro, nitroso (nitrite), and nitrooxy (nitrate) derivatives, under
both anaerobic conditions and in the presence of O2 [60–64]. Both homolytic decomposition
pathways for peroxynitrite and oxidation of NO−

2 by enzymes such as peroxidase represent
physiological sources of NO2 [60,64–66].

NO is an efficient antioxidant acting via lipid peroxyl radical chain termination. The poten-
tial for formation of nitrite and nitrate products as natural components of lipid membranes
from the trapping of peroxyl radicals by NO is apparent [58,67–69].

4NO + 2ROO• + H2O → 2HNO2 + RONO2 + RONO

This possibility begs the question as to whether nitrites and nitrates would exacerbate or
attenuate lipid peroxidation. Study of the effects on lipid peroxidation of a variety of nitrates,
nitrites, and NONOate NO donors in rat brain synaptosomes and in model systems demon-
strated that true donors of free NO inhibited lipid peroxidation [70–72]. Thus, classical
nitrates such as GTN had no effect in contrast to novel NO releasing nitrates. Furthermore,
the alkyl nitrites studied showed an antioxidant capacity deriving from NO release and from
additional antioxidant mechanisms.

Trapping of lipid peroxyl radicals by NO is anticipated to form a number of potential
nitrogen oxide derivatives, however, to date, the only characterized nitrated lipid is nitroli-
noleic acid, a nitroalkane [73]. This nitrolipid is reported to contain a β-hydroxynitroalkane
moiety similar to that formed on treatment of olefins with peroxynitrite (Fig. 4) [74]. This
nitrolipid has been reported to be a store of NO bioactivity; the proposed mechanism of NO
release involves formation of a nitronic acid intermediate followed by NO release from a
nitrosoalkane (Fig. 4) [73]. Nitrosoalkanes and related C-nitroso compounds have recently
been reviewed and several are known to be sources of NO bioactivity [75]. Interestingly,
a class of nitroalkane NO-donor drugs previously developed by Fujisawa from oxidative
nitrosation of microbial broths, are likely to release NO by a pathway almost identical
to nitrolinoleic acid, via a nitronic acid intermediate and a nitrosoalkane NO progenitor
(Fig. 4) [76]. These nitroalkanes are commercially available as the NOR family of NO
donors.
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CHEMICAL REACTIVITY OF NITRATES

The reactions of nitrates are sketched in Fig. 5. These are all heterolytic processes, except
for the homolysis of the sulfenyl nitrite that may be formed from initial reaction of a nitrate
with thiol. The bond dissociation energy for organic nitrate homolysis, ∼43 kcal/mol, is sub-
stantially higher than that calculated for homolysis of nitrosothiols (∼32 kcal/mol) [8,28,72].
Nitrate homolysis to NO2 is improbable as a thermal reaction relevant to biology, neverthe-
less, there is substantial evidence for photolysis of nitrates to give NO2 [24]. Nitrates are
photolabile, although simple aliphatic nitrates require extended reaction times [77–80]. In
one case, detection of NO2 as a reaction product was reported using ESR spectroscopy [77].
There is no evidence for direct photolysis leading to NO.

Two initial observations concerning the reactions shown in Fig. 5 are, first that none lead
directly to NO and second that all nine reaction pathways shown are potentially viable under
physiological conditions given the catalytic apparatus available in human enzymes, including
Lewis acids, redox metal centres, Bronsted acids and bases, and redox cofactors.

The dominant reaction mediated by nitrates in organic chemical transformations is oxida-
tion. Nitration of nucleophiles and arenes can also be effected by nitrates in the presence of
a Lewis acid catalyst, and with Bronsted acids; nitrates are subject to ionization in concen-
trated sulfuric acid giving rise to the production of nitronium ion (NO+

2 ) [81]. Nitrates are
stable in dilute alkaline and acidic solution, allowing use as protecting groups in carbohydrate
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chemistry [82]. In strong alkaline solution, nitrate esters undergo solvolytic decomposition by
SN2 nucleophilic substitution yielding NO−

3 , β-elimination yielding NO−
3 , and α-elimination

yielding NO−
2 and aldehyde (Fig. 5) [83–86]. Nitrate solvolysis generally proceeds via C O

bond fission, but evidence for O N bond fission exists in reactions with a number of nucle-
ophiles, including hydrazine and hydroxylamine, as evidenced by isotopic labelling and
stereochemical studies [87–91]. Sulfur nucleophiles react with nitrates via C O or N O
bond fission, yielding NO−

3 or NO−
2 , respectively. Benzyl nitrate was reported to undergo

substitution at C with the S-nucleophile, thiophenolate, to yield NO−
3 [92,93]. Sulfides reacted

with alkyl nitrates to yield NO−
2 : initial reaction at the N or O of the nitrate group would give

an intermediate of the form Sx(NO2)
− [89,94]. Initial reaction at N would yield a thionitrate

(RSNO2), whereas a number of other reactions yield a nitrite ester (RONO) (Fig. 5).

Thionitrates

Tert-butyl thionitrate was synthesized in 1932 by oxidation of the corresponding nitrosothiol
using fuming nitric acid as the oxidant: it was reported that the resulting thionitrate was more
stable than the starting nitrosothiol [95]. An alternative synthesis, via reaction with N2O4

[96], gave alkyl and aryl thionitrate esters; the latter were thermolytically unstable [97]. The
synthesis and crystal structure analysis of an aryl thionitrate has been reported, utilizing a
sterically hindered thiol to increase stability [98]. Thionitrates are colorless in contrast to the
pink or green colors of the corresponding nitrosothiols [99–101]. The isomeric sulfenyl and
sulfinyl nitrites have not been isolated. Thermolytically stable thionitrates were observed to
undergo reduction by phosphines and selenides to give nitrosothiol as product by oxygen atom



358 G.R.J. Thatcher

transfer [102]. In neutral, aqueous solution, t-butyl thionitrate was reported to decompose
with a half-life of approximately 10 min in a buffer-catalyzed reaction that gave NO, and
cleanly yielded t-butyl sulfinyl (tBuS = O) and tert-butyl sulfonyl (tBuSO2) products [101].
NO release from t-butyl thionitrate, measured electrochemically, was inhibited by addition of
cysteine, and the thionitrate was observed not to activate partially purified sGC. These data
imply a high reactivity of thionitrates towards free and protein-thiols-producing disulfide and
NO−

2 as products.

CHEMICAL REACTIVITY OF NITRITES

The chemistry of organic nitrites includes heterolytic and homolytic reactions, in addition
to oxidation of haemoglobin [103]. There is an extensive literature on the dominant reac-
tion pathway for nitrites in solution, transnitrosation, primarily reported by Williams and
co-workers [104–107]. In parallel, these researchers studied the reaction of other nitroso
compounds including nitrosothiols, although the fact that many studies were not carried out
in pH 7.4 phosphate buffer has led to much of this work being overlooked in contemporary
research. In the mechanistic studies on nitrite hydrolysis, the sole N-containing product was
assumed to be NO−

2 , and therefore there was no attempt to detect other products including
NO [68,103–105]. Nitrites are excellent nitrosating agents subject to acid catalysis: the nitro-
sation of different substrates (alcohols, thiols, amines) by alkyl nitrites (especially tertiary
alkyl nitrites) generally occurs at rates orders of magnitudes higher than competing hydrol-
ysis [107]. In an aqueous biological compartment, the fast rate of reaction with glutathione
(GSH; k ∼ 2 M−1s−1) will result in the biological activity of the nitrite largely being medi-
ated through GSNO [106]. In lipid compartments, the identity of the nitroso acceptor is not
so clearly defined.

The homolytic cleavage of the O NO bond of alkyl nitrites produces NO, with values for
the BDE quoted as 35–40 kcal/mol [72,108]. A number of synthetically useful photochemical
reactions of nitrites have been reported resulting from initial O N bond photolysis, but in
general there has not been an attempt to quantify NO as a by-product [109,110]. Photolysis of
nitrites in organic solvents yields aldehydes and other products, including compounds such as
nitrosoalkanes and nitroxyl radicals that are radical scavenging species [111–113]. In aqueous
solution, we have observed that alkyl nitrites spontaneously generate a low flux of NO, as
detected electrochemically and by chemiluminescence. This behavior differentiates nitrites
from nitrates, which do not spontaneously release NO, and from nitrosothiols, which generally
in pure form in solution and in the dark do not spontaneously release NO [71,114,115]. NO
is a minor product of the decomposition of nitrites in aqueous solution and the detailed
mechanism of formation requires further study. Possible pathways include the reaction with
a species formed on initial nitrite solvolysis, or weakening of the O N bond by stabilization
of the strong nitroso dipole in aqueous solution in simile with phenols [116].

Nitrites are nitrovasodilator drugs used both clinically and recreationally. The history of
nitrites is interleaved with that of organic nitrates, since the vasodilatory action of IAN and
its potential for use in angina was recognized before that of GTN [5]. Doyle studied the
reaction of organic nitrites with Hb, reporting binding at the haem site, leading to reduction
to NO and alcohol as products [117]. The molybdoenzyme, xanthine oxidoreductase (XOR)
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mediates the rapid reduction of nitrites to NO under anaerobic conditions in the presence
of xanthine [118]. Thus there are numerous options for physiologically relevant 1-electron-
reductive bioactivation of nitrites to NO, in addition to the rapid transnitrosation reaction
with thiols, which will supplement levels of GSNO (a molecule extensively discussed in
Chapters 9–11).

BIOLOGICAL REACTIVITY OF NITRATES AND BIOACTIVATION

Mediation of the vasodilator response to GTN by NO requires the efficiency of bioactivation
to NO to be high, since GTN induces tissue relaxation with nanomolar potency and bioactive
concentrations of NO are also nanomolar [119–121]. However, inspection of the chemical
reactions of nitrates, depicted in Fig. 5, indicates that there is no direct pathway for the 3e−
reduction to NO. On the basis of chemical reactivity, the most facile reactions of nitrates
in vivo are predicted to be:

1. Formation of NO−
2 as a major product; possible formation of NO−

3 (Fig. 5 Path 2).
2. Oxidation of reactive thiols, either by direct oxidation (Path 6), via a thionitrate

(Paths 1 + 9), or via a sulfenyl nitrite (Path 9 or 1 + 8).
3. Oxidation of transition metal centres (Path 5).
4. Formation of nitrosating agents (RONO or RSNO; Paths 5, 6, and 7).

NO bioactivity incorporates the following cGMP-independent processes mediated by RNOS:

1. Protein nitrosation: acting to modulate protein function, in signalling, and RNOS-
storage.

2. Metal ion displacement (e.g. from Zn-finger proteins [122,123]).
3. Redox signalling via thiol oxidation and via subsequent glutathiolation [124,125].

Therefore the cGMP-independent bioactivity of NO attributed to nitrates can be accounted
for without recourse to reductive bioactivation of nitrates to NO itself.

Several NO-NSAIDs continue to be intensively studied and it is instructive in considering
biological reactivity to discuss data on the isomeric NO-ASAs, NCX 4016, and NCX 4040,
that contain the hydroxybenzyl nitrate (HBN) moiety [126–130]. In rats, NCX 4016 itself was
not detected in plasma after oral administration, and metabolism was complete within 5 min
in rat liver microsomes. HBN was the sole nitrate observed. In accordance with the known
chemical reactivity of benzyl nitrates towards thiols [86,92], the GSH adduct, derived from
nucleophilic substitution on HBN displacing NO−

3 (Fig. 5 Path 4), was also observed. After
administration of NCX 4016 to rats, plasma NO−

2 levels were unchanged (∼1 µM) over 6 h,
but plasma NO−

3 was elevated from ∼20 µM to ∼130 µM. Biotransformation of NCX 4016
generates NO−

3 , but it is difficult to conceive that NCX 4016 acts therapeutically as an NO−
3

donor. There is little evidence for significant biological activity associated with NO−
3 , the

levels of which in human plasma and rat aorta are relatively high (∼25 µM and ∼50 µM,
respectively) and fluctuate substantially with diet [131–133].

ESR spin trapping of NO has become a popular method of NO detection for nitrates
because of its sensitivity, use in biological fluids, and the low levels of NO that are formed
from pharmacologically relevant amounts of nitrates. Paramagnetic nitrosyl-haemoglobin,
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NO-Hb, was observed in rat blood and nitrosyl-myoglobin, NO-Mb, in myocardial tissue
in vivo and in vitro after administration of NCX 4016. In the study of nitrates in biological
systems, care must be taken in the interpretation of ESR detection of low amounts of NO-Hb,
because the primary metabolite of nitrates is generally NO−

2 ; several mammalian enzymes
have been shown to have the capacity for reduction of NO−

2 to NO, including XOR, deoxy-Hb
and cytochrome-P450 oxidases (CYP) (details of these pathways are discussed in Chapters 14
and 15 with full references). Both oxy-Hb and deoxy-Hb react directly with nitrates and
nitrites [115,134].

ESR measurements in rat blood showed that both ISMN and NCX 4016, at high con-
centrations (1 mM), generated similar levels of NO-Hb (∼30 µM at 1 h). NCX 4016
largely absorbed in the small intestine, is subject to substantial first pass metabolism, and
possesses very limited systemic bioavailability, features common in many NO-NSAIDs.
NO-flurbiprofen, an example of a hydroxybutyl nitrate NO-NSAID, was also reported to
undergo rapid first pass metabolism and not to be detectable in target tissue [135,136], but
in this case, levels of NO−

2 in plasma were increased over 8 h [137].
NO-ASA has been the focus of clinical trials, most recently for colon cancer chemopre-

vention. The bioactivity of NO-ASA includes antiproliferative and pro-apoptotic activity in
cancer cell lines [138], but only pro-apoptotic activity in a mouse intestinal carcinogenesis
model [139]. It has been reported that the bioactivity results from induction of oxidative stress
that begins with the depletion of GSH by the reaction of GSH with HBN forming the GSH
adduct [140]. In cell culture, NCX 4040 depleted GSH (IC50 ∼ 50 µM), elevated ROS,
and activated the intrinsic apoptosis pathway, by a mechanism that incorporates β-catenin
cleavage (at NCX 4040 > 50 µM). The same compound was reported to potentiate the cyto-
toxicity of cisplatin in resistant ovarian cancer cells, and NCX 4016 (100 µM) was shown
to deplete GSH (by 50% in cells with elevated basal GSH) [141]. However, in this study it
was implied that the release of sustained amounts of NO was a causative factor: NO was
detected by ESR in incubations of NCX 4016 (0.5 mM) using the Fe(MGD)2 spin trap at
25 min and increased up to 90 min. Interestingly, NCX 4040 was reported to inhibit iNOS
upregulation and activity in colon cancer cells (IC50 ∼ 40 µM), although these researchers
expressed caution as to the applicability of these cell culture data to the clinical context [142].

The structural diversity of reported hybrid nitrates is very limited: the nitrate in most
NO-NSAIDs is a benzyl mononitrate or butyl mononitrate moiety. In colon cancer cells,
the metabolism and cytotoxic/apoptotic activity of NO-ASAs (including the regioisomers
NCX 4016 and NCX 4040) and control compounds was reported [143]. Substantial differ-
ences in potency for apoptotic and antiproliferative activity were observed in the 3 isomers
of NCX 4016. For example, under conditions in which NCX 4016 manifested an antipro-
liferative IC50 of 200 µM and 5% apoptosis, the isomers were 100–200-fold more potent
and induced 100% apoptotic or atypical cell morphology: NCX 4040 is thus significantly
more cytotoxic and pro-apoptotic than NCX 4016. The extent of denitration of the iso-
mers (NO−

3 + NO−
2 measured by Griess assay) was greater than for NCX 4016 by a

factor of about 3 after 1 h incubation, whereas NCX 4215 released negligible amounts
of NO−

3 + NO−
2 . The rationale for the structure–activity relationship, the mechanism of

bioactivation, and the source of NO-ASA bioactivity remain undetermined. Two important
observations were made: (1) the combination of ASA with genuine NO donors at high con-
centrations (SNAP or DETA/NO at 700 µM) gave only weak antiproliferative activity and;



Organic nitrates and nitrites as stores of NO bioactivity 361

(2) cyclooxygenase (COX) inhibition had practically no bearing on the biological activity of
NO-ASA. The simplest interpretation of these observations is that it is the nitrate (not ASA)
that is responsible for the biological activity of NO-ASA and that the nitrate bioactivity is
not identical to that of NO.

PATHWAYS FOR REDUCTION TO NITRIC OXIDE

Reductive bioactivation of nitrates to NO must involve formation of an intermediate species,
even if this is a short-lived species at the active site of an enzyme responsible for bioactivation.
Before reviewing evidence for the roles of specific enzymes, the potential chemical pathways
for this 3e− reduction will be reviewed, with reference to Fig. 5. The overall 3e− reduction
may be accomplished by a (2 + 1)e− transfer:

2e− + 1e− : RONO2 → NO−
2 → NO; or RONO2 → RONO → NO

A route via initial single electron transfer has rarely been discussed or elaborated on, although
nitrates are good e− acceptors. A radical anion was postulated in the interaction of GTN with
sGC, but dismissed by the same workers [144]:

1e− + 2e− : RONO2 → RONO•−
2 → NO

The nitrate radical anion may be an intermediate in flavin-dependent reduction to a nitrite
(Fig. 6):

FlH− + RONO2 + H+ → Fl•− + RONO•−
2 + H+ → Flox + RONO + H2O

Model systems are of value in exploring chemical mechanisms of nitrate reductive bioac-
tivation and predicting biomolecules able to mediate bioactivation. A catalytically active,
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synthetic Mo-complex, that uses a cofactor to reduce nitrates to NO, supports the general
ability of Mo-metaloenzymes to bioactivate nitrates via oxygen atom transfer [8,145]. In this
model system, nitrates, nitrites, NO−

2 and NO−
3 were all shown to be substrates for reduction

to NO, but the greatest NO fluxes were observed for nitrites. As might be expected, the 1e_

reductions of nitrites and NO−
2 to NO were observed to be more facile than the 3e− reduc-

tions of GTN and NO−
3 to NO; uncatalyzed NO release was detected from both NO−

2 and
nitrites. In this model system, nitrites and NO−

2 were observed to be kinetically competent
intermediates in reduction of nitrates to NO.

The proven concept of using intramolecular reactions to provide models for enzyme-
mediated reactions [146,147] has been useful in modelling sulfhydryl-dependent nitrate
reduction. Thiols, such as cysteine, possess low reactivity towards the nitrate functional
group [120], therefore incorporation of a thiol group juxtaposed to a nitrate group in
the same molecule allows the highly favorable intramolecular reaction. 1,2-Dinitrooxy-
3-mercaptopropane (GT 150) provides a model for the reactivity of GTN bound at a
protein-binding site adjacent to a cysteine thiol functionality. In aqueous solution, GT 150
is a spontaneous NO donor, generating fluxes of NO comparable to NONOates and other
NO donors, and displaying the expected properties of a genuine NO donor in both activating
sGC and inhibiting lipid peroxidation [70,71]. Moreover, the disulfide congener (GT 715)
and related aryl disulfanyl dinitrates liberate NO in the presence of added thiols through for-
mation of GT 150 [70]. Interestingly, GT 715 exhibits neuroprotective properties in several
animal models of ischemic stroke and reverses cognition deficits induced in animal behavioral
models [26,27,148]. The available mechanistic data on GT 150, GT 715, and related nitrates
suggests that initial oxygen atom transfer from N to S gives a nitrite intermediate that is
subsequently reduced to NO by well-known thiol-dependent mechanisms. These model sys-
tems therefore firmly establish metal-ion-dependent and sulfhydryl-dependent mechanisms
for nitrate reduction to NO via an organic nitrite intermediate.

Via inorganic nitrite

A bioactivation route via NO−
2 was the earliest postulated: the 1981 Ignarro hypothesis posited

intracellular conversion to NO−
2 by reaction with cysteine, followed by liberation of NO from

disproportionation of nitrous acid [149]. The corollary of this hypothesis is that nitrates are
intracellular NO−

2 donors; NO−
2 is the predominant metabolite of vascular biotransformation

of GTN and of many other nitrates. There are two concerns with this pathway. First, NO−
2

has low vasodilator potency and high endogenous levels [150–153]: the NO−
2 concentration

in rat aorta is reported to be between 10 and 25 µM [132], and NO−
2 is distributed evenly

between the intravascular and extravascular compartments [154]. GTN is a vasodilator of
nanomolar potency, and thus NO−

2 derived from GTN would only minimally increase the
intracellular concentration of NO−

2 . Second, the rate of NO production from nitrous acid at
physiological pH is very low. In the proton-rich environment of the mitochondrial intermem-
brane space, where this reaction has been implicated [155], the NO flux can be estimated from
the incremental increase in NO−

2 concentration: at pH 4, the rate of NO formation from NO−
2

is approximately 0.01% per second [156], leading to production of picomolar concentrations
of NO from the nanomolar concentrations of NO−

2 derived from GTN in the short time
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frame for GTN-induced vasodilation. The mitochondrial electron transport chain, including
the bc1 complex and cytochrome c oxidase, are theoretically capable of mediating the sub-
sequent 1e− reduction of NO−

2 to NO under anaerobic conditions [157,158]. Mitochondrial
reduction of NO−

2 to NO may play a role in the activity of nitrates in myocardial ischemia
and in the selective venodilation observed for nitrates [159,160], however, under normoxic,
aerobic conditions, cytochrome oxidase is expected to remove NO from the mitochondria by
oxidation to NO−

2 [161,162]:

NADH + 3H+ + 1/2O2 + NO → NAD+ + H2O + 2H+ + NO−
2

There is substantial current interest in the biological activity of NO−
2 , discussed in Chap-

ters 14 and 15. NO−
2 has been shown to be oxidized by peroxidase to NO2 [65,66], and to be

reduced by ferrous Hb to yield NO-Hb or NO [133]. A contribution from NO−
2 in mediating

the bioactivity of nitrates cannot be completely ruled out despite its relatively high physiolog-
ical and pathophysiological concentrations [163,164] and low biological activity in several
studies [131,150,153], especially if intracellular NO−

2 delivery is highly compartmentalized
[133,165–167].

Via organic nitrite

Nitrites are putative intermediates in the 3e− bioactivation of nitrates, and since reduction
of nitrites to NO is only a 1e− reduction, unsurprisingly, differences between the biological
activity of nitrates and nitrites have been observed [168]. The chemical mechanism and
biotransformation apparatus responsible for the reduction of neither nitrates nor nitrites is
clearly defined. It has been speculated for some time that nitrites are intermediates in the
bioactivation of nitrates to NO, one mechanism incorporating enzyme-mediated reaction of
nitrites with glutathione to afford S-nitrosoglutathione which could subsequently release NO
[169]. In another instance, nitrates were proposed to be bioactivated to a nitrosothiol not to
NO itself [170,171]. There is no direct chemical reaction to convert a nitrate to a nitrosothiol.
If nitrates are reduced to nitrites, it is known from Williams’s extensive research that the
reaction with thiols is very rapid: nitrites will definitely yield nitrosothiols in a biological
milieu [172–174]. Comparison between the biological activity of nitrates and nitrites has
been made, showing significant differences, especially in the lack of evidence in animal and
tissue models for a phenomenon mirroring nitrate tolerance [174–176]. This does not rule
out nitrites as intermediates in nitrate bioactivation, since it is more reasonable that tolerance
would be associated with the initial 2e− reduction of nitrates to nitrites. 1,2-Dinitrooxy-3-
nitrosooxypropane (NOGDN; Fig. 7), the putative nitrite intermediate in GTN bioactivation,
was reported in 1994 and observed to be a reactive nitrosating agent [173].

Via thionitrate

Early observations on loss of thiol and formation of NO−
2 from reaction of thiols with nitrates

in neutral aqueous solution were explained by initial formation of thionitrate intermedi-
ates [177,178]. A cohesive chemical mechanism that identified an organic thionitrate as the
common intermediate in a mechanism leading to either NO−

2 or NO was published in 1992,
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recognizing the importance of thionitrate isomerization (Fig. 7) [169]. In 1994/95, computa-
tional and experimental studies reported the spontaneous formation of NO from a synthetic
thionitrate, supporting a mechanism via rearrangement to a sulfenyl (RS(O)NO) or sulfinyl
nitrite (RSONO) [179,180]. Sulfenyl and sulfinyl nitrites are thermodynamically accessible
from thionitrate isomerization and possess low bond dissociation energies for homolysis to
NO and sulfinyl radical (10–15 kcal/mol) [8]:

RONO2 + R′SH → ROH + R′SNO2 → R′SONO → NO + R′SO → 1/2R′S(O)2SR′

An alternate, direct pathway to a sulfenyl nitrite intermediate (Fig. 5 Path 9) may be drawn
if the bond forming with the sulfur nucleophile occurs at the oxygen of the nitrate.

A number of alternative pathways may be drawn, taking into consideration the reactive
forms of sulfur commonly seen in biological systems: thiyl radical (RS•); disulfide radical
anion (RSSR•−); and sulfenate (RSO−; the conjugate base of sulfenic, pKa 6.1), for example:

RONO2 + R′S• → RON(O)OSR′ → R′SO• + RONO

However, in a photochemical study, we observed no evidence for a rapid reaction between
nitrates and thiyl radical [24].

PROTEIN MEDIATORS OF BIOTRANSFORMATION

Bioactivation of nitrates both to yield NO and to yield cGMP-independent bioactivity
requires reduction and oxygen atom transfer. Therefore, an enzyme or protein mediator of
bioactivation requires a functional group capable of supplying electrons and/or accepting
an oxygen atom; the logical candidates are metaloproteins and protein thiols and sul-
fides. Several proteins have been identified that are capable of mediating the denitration of
GTN, including Hb, Mb, XOR, old yellow enzyme, glutathione S-transferase (GST), CYP,
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NADPH cytochrome P450 reductase (CPR), and aldehyde dehydrogenase type-2 (ALDH2)
[119,134,155,181–192]. Most of these proteins were reported in the last century to mediate
nitrate biotransformation, and several have been subject to intensive further study in recent
years. In all cases, a problem in unambiguous interpretation of both in vivo and tissue stud-
ies, of the role of specific proteins in nitrate bioactivation, is the lack of specificity of many
enzyme inhibitors.

Nitrate bioactivation (sometimes termed mechanism-based biotransformation [6]) has
been intimately linked with nitrate tolerance, the phenomenon that describes the decreased
vasodilator and anti-anginal efficacy of nitrates, in particular GTN, after longer term
clinical administration. It is reasonably postulated that tolerance occurs when the biolog-
ical apparatus responsible for reductive bioactivation is exhausted, presumably through
oxidation/consumption of reducing equivalents. A role in tolerance is therefore often viewed
as a requirement for the nitrate bioactivation mechanism. Denitration of GTN yields the
dinitrate metabolites, glyceryl-1,2-dinitrate (1,2-GDN) and glyceryl-1,3-dinitrate (1,3-GDN);
regioselectivity being demonstrated in vascular biotransformation for formation of 1,2-GDN,
which is lost in tolerant tissue [119,185,189,193–200]. Thus, regioselectivity has been used as
a marker in the search and validation of bioactivation mechanisms. The fascinating observa-
tion of stereoselective bioactivation of nitrates has been used less often, but has been used to
support a role for CPR in nitrate bioactivation [201,202]. In this work, stereoselectivity was
lost on addition of the flavoprotein inhibitor DPI. However, DPI shifted GTN dose–response
curves to the right in both tolerant and non-tolerant aortic tissue arguing against a dominant
role for CPR in vascular bioactivation associated with tolerance [119].

More recent work has supported a function for CPR in nitrate biotransformation [203].
Under anaerobic conditions and in the presence of both NAD(P)H and added thiol, CPR was
observed to generate nitrosothiol and NO, the formation of which was inhibited by DPI. The
requirement for added thiols implicates the thiol-reactive nitrite, NOGDN, as the product of
CPR-mediated bioactivation, and the progenitor of NO. Inhibition of GTN metabolism by DPI
is compatible with a role for flavoenzymes in nitrate denitration and possibly bioactivation.
Mechanisms may be drawn for the nitrate-dependent conversion of reduced flavin to oxidized
flavin in both flavin-dependent dehydrogenases and in flavin-dependent oxidases (Fig. 6).
In the oxidase mechanism, the nitrate substitutes for O2, and therefore this pathway may be
important in nitrate bioactivation under hypoxic conditions.

Mammalian molybdoenzymes (aldehyde oxidoreductase, sulfite oxidoreductase, and XOR)
catalyze oxygen atom transfer and e− transfer: for example, a bacterial nitrate reductase
molybdoenzyme is able to catalyze the 2e− reduction of NO−

3 to NO−
2 . The presence of

flavin and iron–sulfur clusters in addition to molybdenum redox centres, presents a number of
options for nitrate group reduction. Over 50 molybdoenzymes have been identified, however,
only XOR has been examined for nitrate bioactivation [118,166,181,192,204–206].

XOR has been frequently used as a source of O•−
2 in vitro and therefore in aerobic solution

may function as an NO scavenger. However, a body of work by Harrison’s group showed
that in anaerobic solutions, XOR mediated the reduction of organic and inorganic nitrates
and nitrites and gave NO as product [118,166,181,192,206]. XOR was reported to mediate
the NADH or xanthine dependent: (a) 2e− reduction of nitrates to NO−

2 at the flavin-site;
(b) 1e− reduction of NO−

2 to NO at the Mo site; and (c) 1e− reduction of nitrites to NO at
the flavin site. GTN, ISDN, and ISMN, were observed to be substrates for reduction under
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anaerobic conditions, generating a low flux of NO, but XOR was inactivated in the process.
A more recent study of the XOR-mediated reduction of GTN and ISDN confirmed aspects
of this work, but importantly, NO was not detectable as a product without the addition
of thiols or ascorbate [207]. The thiol dependence and detection of nitrosothiols argue for
XOR bioactivation of nitrates to nitrites, followed by non-enzymatic trapping by thiols to
generate a nitrosothiol that itself generates NO. It was remarked that the maximum rate of
NO production observed was less than 10% of that of nitrite hydrolysis to NO−

2 . These
observations are in accordance with the rapid trapping of nitrites by thiols and the rapid
hydrolysis of NOGDN, the nitrite intermediate formed from GTN, which was first reported
in 1994 [173]. XOR itself catalyzes NO_

2 reduction to NO at the Mo site [166,206], however,
a leading role for XOR in vascular nitrate bioactivation is not supported by observations
that the XOR inhibitor, allopurinol, has no influence on tissue relaxation [119]. A role for
XOR in ischemia-reperfusion injury has often been cited and the ability of XOR to generate
cytoprotective levels of NO and nitrosothiols in ischemia may be relevant.

Haemoproteins represent prime candidates for mediating nitrate bioactivation, because
nitrates, nitrites, and related molecules have been demonstrated to coordinate with and be
reduced at Fe-haem sites: (a) GTN reacts at the ferrous-haem of haemoglobin and myo-
globin to give GDN; and (b) GTN is rapidly consumed by deoxyHb to give NO−

2 [134,208].
CYP isoforms have often been proposed to mediate GTN bioactivation to NO, but it has
recently been reported that the reduction of NO−

2 to NO by CYP is a minor contributor to
GTN bioactivation [203]. Mixed metaloprotein-sulfhydryl pathways have been proposed [9].
Doyle reported Hb-mediated reduction of nitrites to NO, including via a mixed haem-
sulfhydryl pathway involving nitrosation of the Hb-β-93 cysteine thiol residue [117]. A mixed
haemoprotein-sulfhydryl pathway would involve initial reduction to a nitrite, however to date,
only NO−

2 production from Hb-mediated reactions of GTN has been reported.
The high affinity NO receptor, sGC, responsible for mediating the cGMP-dependent bioac-

tivity of NO, is itself a ferrous haemoprotein [209,210]. Containing 10–24 cysteines per
subunit, the various dimeric isoforms of sGC are also cysteine rich, suggesting possible
sulfhydryl or mixed pathways of reaction of GTN with sGC itself. Given the oxidative chem-
istry of nitrates, it would be surprising if sGC was not reactive towards nitrates, especially
since high concentrations of nitrates are required for sGC activation in vitro. Furthermore,
even at these high concentrations, nitrates do not activate sGC in vitro unless cysteine or cer-
tain other thiols are added. In incubations with sGC, the flux of NO generated from simple
reaction of GTN with cysteine is too low to account for activation of sGC by NO, unless the
flux of NO is increased by reaction with sGC or other proteins in such incubations [120].
In the presence of cysteine, low potency, partial agonism of sGC activity is observed in
response to GTN. The concentration–response curve for sGC activation by a true NO-donor
NONOate was shifted to the right after preincubation of sGC with GTN. Furthermore at
higher concentration, GTN significantly decreased the efficacy of the NO donor [120]. Inhi-
bition of sGC, via haem or thiol oxidation, are likely inhibitory mechanisms for GTN, which
is capable of rapid oxidation of deoxy-Hb to met-Hb [134], and oxidation of protein thiols
[211,212]. Modification of cysteine residues of the β1 subunit of sGC has been shown to
inhibit NO-dependent activation of sGC [213]. Spectroscopic studies of sGC activation by
GTN concluded that there was no evidence for a Fe2+–sGC–NO complex, but that there was
substantial evidence for Fe-haem oxidation [144].
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Several heterocyclic small molecules are able to activate sGC in an NO-independent
manner; for example YC-1, that is thought to bind to an allosteric site on sGC [214]. These
activators often have modest efficacy, but substantially increase potency and efficacy of the
poor sGC activator CO by inhibiting dissociation of the Fe2+–sGC–CO complex [215,216].
YC-1 potentiated the activation of sGC by GTN (in the presence of cysteine) to the same
activity levels seen for NO and true NO-donors [120]. The magnitude of the potentiation of
GTN activity byYC-1 suggests that GTN activation of sGC could be subject to an endoge-
nous allosteric potentiator. YC-1 has been shown to potentiate GTN-induced tissue relaxation
in both naïve and tolerant aortic tissue [217]. This phenomenon may be general to nitrates
since cGMP accumulation in PC12 cells in response to a hybrid nitrate drug was reported to
be profoundly amplified by YC-1 [218].

ALDH2, a major NAD-dependent Phase II metabolic enzyme, essential for alcohol clear-
ance via acetaldehyde dehydrogenation, contains 3 cysteines at the active site and is a
candidate for sulfhydryl-dependent nitrate bioactivation. ALDH2 was reported in 1985 to
mediate biotransformation of both GTN and ISDN [190], and in 1994 the inactivation of
ALDH2 by ISDN and ISMN denitration was further studied [191,219]. ALDH2 activity in
hepatic mitochondria shows significant regioselectivity towards 1,2-GDN formation from
GTN, which is lost in mitochondria from tolerant tissue [152,155]. Therefore ALDH2 fulfils
one of the traditional criteria for an enzyme mediating GTN bioactivation and contributing
to nitrate tolerance. In support of this, cyanamide was shown to attenuate the increase in
coronary blood flow and hypotension produced by GTN in anaesthesized dogs; an effect
ascribed to ALDH2 inhibition [220,221]. Elegant studies by Stamler and co-workers have
supported a role for ALDH2 in nitrate bioactivation, for example, aortic tissue from ALDH2
null mice was less responsive to relaxation induced by GTN (≤1 µM), although relaxation
induced by GTN (>1 µM) and by ISDN was insensitive to the deletion of ALDH2 [222].

Nitrate tolerance can be simulated in animal models by continuous delivery of GTN, in
preference to repetitive bolus administration, however, whether this completely models the
human clinical condition is problematic [223]. In animal models of GTN tolerance, ALDH2
inhibitors induce a rightward shift in the GTN dose–response curve for tissue relaxation
[155], however, rightward shifts were also observed in tolerant tissue that should not be
susceptible to inhibitors if inhibition of ALDH2 is the cause of nitrate tolerance [152]. The
last observation prompted the conclusion that ALDH2 is able to contribute to nitrate bio-
transformation, but there is no clear evidence to suggest that ALDH2 provides the primary
pathway of bioactivation, nor does attenuation of ALDH2 represent a primary cause of nitrate
tolerance.

It is useful to move discussion directly to human studies, since nitrate tolerance is a
human clinical phenomenon. The ALDH2∗2 allele has a prevalence up to 50% in certain
Asian populations, notably Japanese and Chinese, resulting in compromised alcohol clearance
and associated presentations. This Glu504Lys point mutation results in 6% enzyme activity
in heterozygotes and 0% in homozygotes through perturbed NAD+ binding and Cys319
activation at the active site [224]. Subjects possessing this allele would be predicted to be
poorly responsive to GTN and not to manifest symptoms of nitrate tolerance. In Chinese
subjects genotyped for ALDH2, the presence of the allele was observed to decrease the
responsiveness to sublingual GTN from 86% to 58% [225]. A second study measured forearm
blood flow in response to GTN in a group of genotyped East Asians and additionally in a
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group of subjects administered the ALDH2 inhibitor disulfiram or placebo [226]. The results
were internally consistent, in that the response to GTN was blunted by disulfiram and in the
ALDH2*2 population, but by less than a factor of two. Both human studies concluded that
several different enzymes are involved in the bioactivation of GTN in addition to ALDH2.
It was noted that the literature did not indicate clinical abnormalities with respect to GTN in
populations with high ALDH2∗2 incidences, although compensatory mechanisms may be in
place.

NITRATE TOLERANCE

In the clinical setting, tolerance to the antianginal and haemodynamic effects of nitrates is
associated with continuous exposure to nitrates, and has led to the use of elliptical dosage reg-
imens to provide a nitrate-free interval, during which recovery of sensitivity to the vasodilator
effects of the nitrate can occur. A rebound phenomenon is clinically characterized, wherein
increase in the frequency of anginal attacks or deterioration in exercise performance is
observed. Tolerance to nitrates is widely acknowledged to be multifactorial in nature, but the
underlying causes can be classified as blood-vessel dependent or independent. The blood-
vessel-dependent hypothesis of tolerance focuses on the inability of vascular smooth muscle
cells to adequately respond to nitrates, whereas the vessel-independent hypothesis relates to
activation of neurohormonal counter-regulatory mechanisms, such as activation of the renin-
angiotensin system [227]. The involvement of neurohormonal mechanisms is questioned by
observations that tolerance can be induced in vitro, where the presence of circulating vaso-
constrictor hormones is excluded, however, the in vitro tolerance models are unlikely to
incorporate the complete physiology of clinical nitrate tolerance [228].

Attenuation of nitrate bioactivation, discussed above, represents the most popular propo-
sition to explain the phenomenon of blood-vessel-dependent tolerance to nitrate [6]. Other
mechanisms proposed include: (a) induction of oxidative stress by nitrate biotransformation,
increased vascular oxidase activity, or disrupted endothelial function [229]; (b) upregulation
of phosphodiesterase activity with the subsequent reduction of intracellular levels of cGMP
[230,231]; (c) loss of sGC responsiveness to NO [232,233]; and, (d) intracellular depletion
of thiol equivalents [234]. There are numerous studies that are not in concordance with the
early thiol depletion rationale for tolerance induction [234–236]. Spontaneous NO donors
(e.g. nitroprusside, nitrosothiols, and diazeniumdiolates) are not subject to tolerance nor to
cross-tolerance towards nitrates, which has been used to argue for attenuated bioactivation
as the sole cause of tolerance. This argument is based on the erroneous assumption that the
only interaction of nitrates with biological systems is via release of NO. Numerous biochem-
ical pathways can potentially contribute to nitrate tolerance and available data are consistent
with tolerance being a multifactorial phenomenon that includes attenuation of one or more
bioactivation pathway.

The research discussed above using ALDH−/− mice demonstrated a profound difference
between responses to GTN vs. ISDN, and also suggested a high affinity and low affin-
ity pathway for GTN [222]. In GTN-tolerant tissue, potency is reduced by 5–10-fold, but
the potency of GTN still surpasses that of other nitrate vasodilators, such as ISDN, in non-
tolerant tissue. This common observation also hints at multiple nitrate bioactivation pathways,
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with GTN utilizing a high potency or high affinity pathway, sensitive to tolerance, in addition
to the low affinity pathway that is open to all other nitrates. Early research reporting bipha-
sic concentration–response curves for GTN-induced relaxation supported a dual mechanism
hypothesis for GTN, with high affinity and low affinity components [237–239]. However, it
is confounding that ETN, which incorporates the GTN moiety in its structure, was reported
to be 10-fold less potent than GTN, to manifest no biphasic activity; but to abolish the puta-
tive high affinity pathway for GTN [240]. Further studies categorized classical nitrates as
high potency ALDH2 bioactivated (GTN, PETN, pentaerythritol trinitrate), or low potency
ALDH2 insensitive (ISDN, ISMN, and pentaerythritol mono and dinitrates) [241]. PETN is
a marginally more potent vasodilator than GTN, but unlike GTN was not reported to inhibit
ALDH2 activity. These observations demonstrate that even amongst classical nitrates, the
structural diversity leads to quite different biological properties.

SUMMARY

Nitrates are an important class of drug for cardiovascular therapy under continuous develop-
ment. Hybrid nitrates and NO chimeras, respectively, release a non-nitrate drug molecule or
contain an ancillary pharmacophore; both approaches are designed to amplify or synergize
the therapeutic activity of the nitrate in specific disease indications. Current drug discovery
of new nitrate drug classes for indications beyond the vasculature emphasizes the need to
better understand nitrate metabolism, bioactivation, and bioactivity. There is an opportunity
to increase the selectivity of nitrates for target cells and tissues exploiting different bioac-
tivation apparatus and mechanisms, beyond the serendipitous selectivity of many nitrates
for bioactivation in hypoxic tissue. Structural modifications of nitrates can be envisioned
that target specific enzymes for bioactivation, for example, those upregulated in cells under
pathophysiological conditions. The biological half-life of GTN is in the order of minutes
and several NO-NSAID nitrates cannot be detected intact in target tissue or even in plasma,
yet contemporary nitrate drugs are often described as releasing NO in a sustained fashion
for several hours. This apparent dilemma is resolved if one considers nitrates to provide a
sustained source of “NO bioactivity,” certainly of longer duration than that provided by true
NO. The biological and clinical data suggest that there are multiple bioactivation pathways
accessible to nitrates and multiple sites of action, and also that the mediators of bioactivity
include but are not limited to NO itself. After 130 years of nitrate-based therapy of human
diseases, the prognosis is excellent for further and extended use of nitrates in improving
human health.
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INTRODUCTION

Iron–dithiocarbamate complexes are currently the most widely used spin traps for nitric oxide
radicals, and are one of the very few techniques available for in vivo NO detection [1–6].
Although conventional spin traps like dimethyl-1-pyrroline N-oxide (DMPO) or 2-methyl-
2-nitrosopropane (MNP) are capable to trap NO radicals [7,8], the NO-adducts are prone to
subsequent conversion via complex pathways. Alternatively, the consumption of NO specific
radical scavengers like paramagnetic carboxy-PTIO or carboxymethoxy-PTIO may be used
to demonstrate the presence of NO radicals [7] in an indirect manner. Nitric oxide has high
affinity for iron, and many different ferrous iron complexes have been shown to act as traps
for free NO. The first example of NO spin trapping leading to paramagnetic nitrosyl-iron
adducts seems to have been achieved by McDonald who reported [9] the formation of iron-
nitrosyl complexes with phosphate and catechol ligands. As always in spin trapping, the
stability of the nitrosyl adduct determines the sensitivity of the method. In this respect, the
adducts of NO with iron–dithiocarbamate complexes have good stability in biological tissues
and are fairly specific for free-NO radicals (see below).

The dithiocarbamates form a class of disulfur compounds that bind a broad range of metal
ions and are used to clear aqueous solutions from traces of Cd, Co, Hg, Mn, Mo, Ni and Pb.
They have particular affinity for Fe2+, Fe3+ and Cu2+. Besides, as spin traps in research,
these compounds are applied industrially as metal chelators and in synthesis of polymers,
in agriculture as pesticides (e.g. thiram = tetramethyl thiuram disulfide), seed disinfectants
and soil fumigants. In medicine, they are applied as metal chelators and for treatment of
alcoholism. For example, tetraethyl thiuram disulfide (disulfiram, teruram) induces alcohol
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Fig. 1. Structures of the commonly used dithiocarbamate ligands. Diethyl-dithiocarbamate (DETC,1),
N -methyl-d-glucamine dithiocarbamate (MGD,2), N -dithiocarboxy-sarcosine (DTCS,3), N -methyl-l-serine
DTC (MSD,4), l-proline DTC (ProDTC, 5) and pyrroline DTC (PDTC, 6).

intolerance by inhibition of the acetaldehyde dehydrogenase enzyme. All dithiocarbamates
share the characteristic disulfur motif that binds to the metal as a bidentate ligand (cf. Fig. 1).
The nitrogen may be functionalized in various ways to modify the physico-chemical properties
of the ensuing metal complex, in particular its solubility and lipophilicity. Some widely used
dithiocarbamates are represented in Fig. 1.

Most of these bidentate ligands show cooperative binding where two ligands keep the
metal ion in a planar complex with approximate C2v symmetry, with free access to the axial
coordination sites of the metal ion (Fig. 2).

The ligands themselves generally have good solubility in water, but the solubility of the
metal–(ligand)2 complex is strongly affected by the nature of the ligand. The polar tail of
the MGD ligand makes the Fe–(MGD)2 complex highly soluble in water (up to 2 mM at RT
[10]) and it remains in the extracellular compartment as it does not penetrate the lipid cell
membrane. The DETC ligands are very soluble in water themselves but produce a lipophilic
complex of modest solubility (10−7 M at pH = 7 [11]) in water. Nevertheless, concentrations
up to ca 50 µM can be achieved in aqueous solutions for some 20 min, with small black

Fig. 2. Geometrical structure and trapping reaction of a typical iron–dithiocarbamate complex. The iron can
be in ferric and ferrous state. The ferrous nitrosyl complex is paramagnetic.
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particles becoming noticeable after longer duration). As a result, the Fe–(DETC)2 complexes
accumulate in the apolar lipid and protein fractions of biological samples.

The dithiocarbamate motif is susceptible to decomposition in aqueous solution, releasing
the highly toxic carbon disulfide and amines in the process. The decomposition is accel-
erated by the presence of peroxides, acid halides and acid conditions. Therefore, in actual
applications of this class of ligands, acidification should be avoided by adequate buffering at
neutral or basic pH. The release of carbon disulfide is the mechanism behind the fungicidal
and disinfectant properties observed in many dithiocarbamates (e.g. thiram). The risk of car-
bon disulfide toxicity is manifest in all dithiocarbamates. Individual dithiocarbamates act as
inhibitors of certain enzymes. The inhibition of acetaldehyde dehydrogenase by disulfiram
was already mentioned in connection with alcohol intolerance. Pyrrolidine dithiocarbamate
(PDTC) is considered an antioxidant and inducer of apoptosis in lymphocytes and tumour
cells [12,13]. The antioxidant property was related to electron donation under formation of thi-
uram disulfides, whereas the pro-apoptotic action required the presence of Cu2+ or Zn2+ [12].
The thiuram disulfides themselves have also been implicated in apoptosis via inhibition of
nuclear factor NF-κB and p53 proteins [14]. In this context, it should be noted that adminis-
tration of high doses of iron–dithiocarbamate complexes will also influence the NO status of
tissues and cell cultures by acting as scavengers of the free-NO radicals. In certain cases, this
phenomenon might be beneficial. For example, it has been noted that iron–dithiocarbamate
complexes offer significant protection against the rejection of cardiac allografts following
tissue transplantation [15]. For more information on this interesting phenomenon we refer
the reader to Chapter 19 of this book.

LIGAND STRUCTURE OF IRON–DITHIOCARBAMATE COMPLEXES

The number n of dithiocarbamate ligands in the iron complex has been a subject of discus-
sion. For Fe3+–DETC in DMSO experiments are compatible with n = 2 or 3 [16,17]. The
geometrical structure of this complex has not been determined, but the three-ligand structure
is possibly stabilized by hydrophobic interactions between the tails of the ligands.

For MGD ligands in water it was found [17] that n = 2. The value of n for the Fe3+(MGD)2

complex was determined by using the optical absorption of the complexes in strong HEPES
buffer (150 mM, pH 7.4) (Fig. 3) as a function of ligand concentration.

Fig. 3. confirms that the dithiocarbamate ligands are very good chelators for ferric iron,
since half of the available iron ([Fe] = 0.1 mM) is sequestered as Fe3+(MGD)2 at a low
concentration of ligand: [MGD] ∼0.25 mM.

TRAPPING OF FREE NITRIC OXIDE BY IRON–DITHIOCARBAMATE
COMPLEXES

The application of iron–dithiocarbamate complexes as spin trap is motivated by their high
affinity to bind nitric oxide radicals at the axial position of the iron (Fig. 2). Many other
ferric and ferrous iron complexes bind NO to form nitrosyl complexes as well, but the
dithiocarbamate ligands provide the iron complex with high binding rates (Table 1) and good
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Fig. 3. UV/VIS optical spectra of the Fe3+(MGD)2 complex in HEPES (150 mM, pH 7.4, [Fe] = 0.1 mM,
[MGD] = 1 mM). The optical pathlength of the cuvette is 1 cm (VIS) or 0.1 cm (UV). (Curve a) VIS spectrum
of the Fe3+(MGD)2 complex with absorption bands at 314, 340 and 385 nm. Free MGD does not absorb in
this wavelength region. (Curve b) The UV spectrum appears as superposition of spectra of 0.8 mM free MGD
and 0.1 mM Fe3+(MGD)2. It has a pair of non-equal bands at 256 and 283 nm. (Curve c) Reference spectrum
of 0.8 mM free MGD ligands with bands at 256 and 283 nm. (Curve d) Computed difference spectrum b–c.
It shows the spectrum of 0.1 mM Fe3+(MGD)2 with a prominent band at 258 nm. The inset A shows the yield
of Fe3+(MGD)2 as function of ligand concentration and monitored at 340 nm. Inset B shows the same data
plotted as 1/D vs. 1/[MGD]2. The linear dependence shows that n = 2. (From Ref. [17].)

stability of the nitrosyl adduct. Typical trapping rates are of the order 106–108 (Ms)−1, i.e.
orders of magnitude faster than the trapping rate (0.5–1.5) · 10−4 (Ms)−1 reported [18] for
PTIO traps. Interestingly, ferric as well as ferrous iron dithiocarbamate complexes have high
binding rates for NO (Table 1). Rapid binding and stability of the adduct are crucial for good
NO traps. This adduct is a ferric or ferrous mononitrosyl-iron complex (MNIC) which will
preserve the NO ligand indefinitely unless destroyed by oxidation or decomposition of the
dithiocarbamate ligands.

Table 1 Trapping rates of free-NO radicals by various iron–dithiocarbamate complexes. ProDTC = l-proline
dithiocarbamate; DTCS = N -(dithiocarboxy) sarcosine; MGD = N -methyl-d-glucamine dithiocarbamate

Complex NO trapping Solvent Remarks Method Refs.
rate (Ms)−1

Fe2+–ProDTC 1.1 · 108 Phosphate buffer RT, pH = 7.0 Photolysis of [19]
tetrahydro piridazin

Fe3+–DTCS 4.8 · 108 Phosphate buffer RT, pH = 7.4 Pulse radiolysis [20]
of nitrite

Fe2+–MGD 1.2 · 106 Phosphate buffer RT, pH = 7.4 Competition with [21]
oxyhemoglobin

Fe2+–DTCS 1.7 · 106 Phosphate buffer RT, pH = 7.4 Competition with [21]
oxyhemoglobin
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g = 2.035   2.02 2.03

Fig. 4. Typical EPR spectra of paramagnetic NO–Fe2+–(MGD)2 complexes in solution or frozen state. The
spectra show resolved hyperfine coupling with the nitrogen nucleus of the nitrosyl ligand and with the nuclear
magnetic moment of the 57Fe isotope (I = 1/2, abundance 2.2%). (Curve a) Complex with 56Fe in frozen
state. (Curve b) Complex with 56Fe in solution at room temperature. (Curve c) Complex with 57Fe in frozen
state. (Curve d) Complex with 57Fe in solution at room temperature [16].

NO is a π-binding ligand that binds with the nitrogen atom pointing towards the iron
center. Most nitrosyl-iron complexes show a small but significant bending of the Fe-NO
unit. NO would be a pure π-bonding ligand if the NO-axis were perfectly aligned in axial
direction from iron, but bending of the Fe–N–O leads to the admixture of significant pseudo-
σ bonding. For DETC ligands, the MNIC was reported to have a Fe–N–O bond angle of ca
174◦ [22]. The ferric nitrosyl complex NO–Fe3+–(DETC)2 is diamagnetic, but the ferrous
form is paramagnetic (S = 1/2) and may be detected in solutions or frozen tissues with
electron paramagnetic resonance (EPR) if the quantity of complexes exceeds the instrumental
detection limit of a few picomoles. Typical spectra at room temperature and in frozen state
are given in Fig. 4. This property has given iron–dithiocarbamates widespread application as
a spin trap for NO in vitro and in vivo. As such, it still is one of the very few methods to trap
and detect NO in living tissues. A typical application involves laboratory animals in which the
trapping complexes assemble spontaneously endogeneously after separate injection of DETC
ligands and iron. For the final MNIC yield it is irrelevant whether the iron be injected in
ferric or ferrous state, as long as endogenous formation of iron precipitates is avoided. Given
the low solubility of ferric iron, the iron is usually administered as a ferrous citrate complex.
At physiological pH, citrate acts as a tridentate ligand giving good stability, solubility and
some protection of the ferrous complex against oxidation. It allows distribution of the iron
and DETC ligands throughout the animal via the blood circulation and the formation of
adequate numbers of Fe–DETC traps in the various tissues like brain, kidney, heart or liver.
Certain tissues like liver or brain are known to have particularly high MNIC yields. In most
applications, the trapping proceeds in vivo, while the detection and quantification of adduct
yields are done ex vivo on frozen samples at 77 K. Only recently, instrumental advances
in EPR instrumentation have made possible the in vivo detection of ferrous MNIC under
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favorable conditions [5]. Typical experimental protocols for NO trapping in animals have
been described in [3].

It should be mentioned that iron-dithiocarbamate traps are not fully specific for the presence
of free NO. Paramagnetic MNIC adducts are also formed in the presence of S-nitrosothiols
by transnitrosylation of the trap by the nitrosothiol. It was verified [23] that the nitric oxide
is transferred to the iron as the neutral NO radical. However, the rate of these transfer
reaction is orders of magnitude lower than the trapping rate of the highly mobile NO radical
itself. Fe2+–(MGD)2 is transnitrosylated [24] by Cys-NO [k ∼ 30 ± 5 (Ms)−1] and GSNO
[k ∼ 3.0 ± 0.3 (Ms)−1]. Ferric Fe3+-(MGD)2 is transnitrosylated by Cys-NO at a modest
rate of 83 ± 3 (Ms)−1 [23]. In the case of free NO, the trapping rates for iron–dithiocarbamate
complexes in water are far higher in the order of 106–108 (Ms)−1 (cf Table 1).

Dinitrosyliron complexes (DNIC) are also capable of transnitrosylating iron-
dithiocarbamate traps [1] and may form endogenously in living tissues [25]. The transfer
reactions from DNIC are discussed in Chapter 2 of this book. Finally, MNIC adducts are eas-
ily obtained in the presence of nitrite anions. In animal tissues, three mechanisms have been
identified so far. The first pathway is acidic reduction of nitrite to free NO, which is trapped
by the iron–dithiocarbamate. This pathway may be inhibited by preventing acidification. The
second pathway involves enzymatic reduction of nitrite to NO. Dedicated nitrite reductases
are known in plants, algae and cyanobacteria but are lacking in mammals. However, certain
mammalian enzymes have shown some nitrite reductase activity under anoxia. This pathway
is supplementary to their normal physiological function. A detailed discussion of these reac-
tions is given in Chapters 14 and 15. As a third pathway, nitrite is known to induce formation
of nitrosothiols in tissues. It was observed [26] that the nitrosothiol concentration in living
tissues increases proportionally to exogenously administered nitrite, and these nitrosothiol
intermediates will generate MNIC adducts. Additional pathways exist in vitro. For exam-
ple, very high levels of ferrous dithiocarbamate complexes themselves were reported to
release NO from nitrite even at physiological pH [27,28]. Fortunately, in actual spin trapping
experiments such concentrations are unlikely to be met.

Besides these problems with specificity, users of Fe-dithiocarbamates should be aware of
potential artifacts introduced by the method. First, the administration of exogenous iron could
potentially initiate unwanted redox reactions, with Fenton reactions being the most harmful.
The dithiocarbamate ligands are known inhibitors of the nuclear transcription factor kappa B
(NFκB) which affects the induction of NOS enzymes. For example, DETC was reported [29]
to inhibit the induction of NOS in murine bone marrow macrophages when exposed to LPS.
The ligands are known to extract Cu2+ ions from the Cu–Zn superoxide dismutase enzyme,
thereby disabling an important agent in the antioxidant defense mechanism in tissues [30].
The dithiocarbamates themselves were reported to act as reducing agents [27] when applied at
high concentrations. In vitro studies [31] have shown that Fe3+–DTCS and Fe3+–MGD act as
an inhibitor for neuronal NOS with IC50 ∼ 25 µM and 10 µM, respectively. Finally, although
the iron–dithiocarbamate complexes are generally known to have good stability in biological
tissues, they may participate in redox reactions [4,32]. This holds for the traps as well as for
the nitrosylated adduct. In water, the Fe2+–MGD complex is oxidized by dioxygen with a
fast rate [27] of 5 × 105 (Ms)−1. Given the micromolar oxygen concentrations in normoxic
tissues, this rapid oxidation rate makes that the traps exist in predominantly oxidized state
(see below). In contrast, the nitrosylated NO–Fe2+–MGD adduct is only slowly oxidized
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by dioxygen. The ferrous complex has a lifetime of nearly an hour even in the presence of
millimolar oxygen concentrations. For example, only half of initial 1 mM NO–Fe2+–MGD
is oxidized to ferric state by bubbling with air for an hour at ambient temperature. Clearly,
the presence of the nitrosyl ligands helps to maintain the complex in reduced state and this
fact is very important for the success of iron-dithiocarbamates in NO trapping in vivo [17].

Paramagnetic adducts may be lost from observation with EPR via several other mech-
anisms: Halogen and nitrogen dioxide molecules may incorporate into ferrous MNIC
complexes [33] and render the complex diamagnetic. This reaction may be reversed by reduc-
tion. Paramagnetism from ferrous MNIC may also be lost by reactions with peroxynitrite [34]
and superoxide [4,21,34]. The reaction of MNIC-MGD and superoxide produces a diamag-
netic iron-nitroso complex with a fast rate of 3 × 107 (Ms)−1 (37◦C, pH = 7.4). This shows
that the NO moiety retains reactivity with superoxide even when liganded to the iron, in spite
of significant transfer (ca 70%) of the unpaired electron density towards the iron. Still, this
rate is two orders of magnitude below the rate of 7 × 109 (Ms)−1 between free NO and super-
oxide. With Fe-dithiocarbamate traps usually in the millimolar range, we note that binding
to the latter may provide a mechanism to protect free NO against superoxide in biological
tissues. Superoxide levels in tissues are normally kept sufficiently low to avoid significant
loss of paramagnetic MNIC, but caution should be exercised when NO is trapped under con-
ditions where high levels of superoxide are expected. Loss of significant fractions of MNIC
due to superoxide has been explicitly demonstrated in animal tissues [4]. In severe cases,
the lost fraction may be estimated by the so-called ABC method [4]. This transformation to
an EPR silent species can be partially reversed [34] by addition of reductants like ascorbate.
The extent of the reversal depends on the time lapsed. Application of ascorbate within 1 min
achieves complete restoration of the ferrous MNIC. After a delay of ca 10 min, only partial
restoration of about 50% is achieved. It indicates that a reversible reaction with superoxide
produces an intermediate EPR silent species that undergoes slow irreversible interconversion
to a stable EPR silent end-product. This stable end-product was not identified but probably
is some iron–nitrato complex.

The preceding applications describe NO trapping where the traps are distributed throughout
the system. This is not always desirable and not necessary. In principle, solid surfaces of
polymeric composites may be functionalized with iron-dithiocarbamate traps and used for
detection of NO from liquid or gaseous phase without contamination of the system with traps
[35,36]. BSA proteins may be loaded with Fe-DETC traps and infused into the bloodstream
and applications of small colloidal Fe-DETC particles have been reported [37].

SPECTROSCOPIC PROPERTIES OF (NITROSYLATED)
IRON–DITHIOCARBAMATE COMPLEXES

From the above discussion it is clear that applications of iron–dithiocarbamates (Fe-DTC,
where DTC are for example MGD or DETC) as NO traps require the consideration of four
different complexes: ferric and ferrous, with and without a nitrosyl ligand. These forms are
listed in Scheme 1.

These four complexes are easily distinguished by differences in optical and EPR spec-
tra. The optical spectra of Fe3+-MGD and Fe2+-MGD complexes (I and II complexes)
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Scheme 1. The four possible Fe-DTC complexes considered here. Complex I is a high spin (S = 5/2) complex
observable with EPR at g = 4.3. The ferric mononitrosyl-iron complex III is diamagnetic. The ferrous MNIC
complex IV is paramagnetic (S = 1/2) and observable with EPR at g = 2.03. The vertical arrows represent
reversible redox reactions. The nitrosylation reactions are irreversible as the nitrosyl ligand is very strongly
bound to the iron.

or Fe-DETC complexes without or with a nitrosyl ligand (I–IV complexes) are given in
Fig. 3 and Fig. 5, respectively. Optical absorption peaks and extinctions for the various Fe-
MGD complexes are presented in Table 2. Depending on the dithiocarbamate ligand, the IR
NO-stretch vibration in NO-Fe3+-DTC falls in the range 1690–1710 cm−1 [38,39].

Often, the samples contain mixtures of I–IV complexes. In such cases, the optical spectra
appear as superpositions and are difficult to analyze. The EPR spectra are much simpler in
this respect since complexes II and III are EPR silent and the paramagnetic species I and IV
are easily distinguished from differences in g-factor. Species I is a high spin S = 5/2 complex

Fig. 5. Optical absorption spectra of iron-DETC complexes in solution. Complex II does not absorb in the
visible region. (Curve 1) Fe3+-DETC = complex I (orange brown). (Curve 2) NO- Fe3+-DETC = complex III
(yellow). (Curve 3) NO- Fe2+-DETC = complex IV (bright green). Left panel: [Fe] = 50 µM, [DETC] =
200 µM in HEPES (150 mM, pH = 7.4) optical pathway 10 mm. These spectra appear superposed on a
background due to light scattering from small solid particles. Right panel: [Fe] = 100 µM, [DETC] = 1 mM
in DMSO-water mixture (3:1) optical pathway 5 mm. (From Ref. [43].)
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Table 2 Optical absorption peaks and extinctions for the various Fe-MGD complexes. The
extinction coefficients are given in (Mcm)−1 and were compiled from [17]. The single peak of
the yellow complex III appears as a poorly resolved shoulder on a broad smooth background
(Fig. 5)

Complex I II III IV

Color Orange brown Uncolored Yellow Green
UV peaks 258 nm (52,000) –
VIS peaks 340 nm (12,700) – 328 nm (12,500) 327 nm (10,400)

385 nm (9600) 365 nm (6400)
514 nm (2200) 440 nm (2050)
591 nm (1005) 672 nm (670)

Table 3 EPR parameters of NO-Fe2+-DETC crystals [22]

x y z

Sample Crystal Crystal Crystal
g-tensor 2.039 2.035 2.025
A(14N) (G) 13.4 12.1 15.5
A(57Fe) (G) 14 14 2

with prominent absorption near g = 4.3 [32], and the nitrosyl species IV has a characteristic
spectrum near g = 2.035 (Fig. 4, Table 3).

ISOTOPIC SUBSTITUTIONS AFFECT THE EPR LINESHAPES OF THE
MNIC ADDUCTS

Isotopic substitution provides a valuable technique to investigate the reaction mechanisms
involving NO. Isotopic substitution of the natural 14N(I = 1) by 15N(I = 1/2) is commonly
used to establish the identity of the substrate from which the 15NO originates. A good example
is described in Chapter 14 where nitrite is identified as the substrate for anoxic reduction by
endothelial NOS. The difference in multiplicity of the hyperfine coupling is clearly reflected
in the EPR lineshape (cf. Fig. 6). Substitution of iron affects the EPR spectrum as shown in
Fig. 4 and is used to investigate the pool of endogenous iron in tissues. Applications are given
later in this chapter. In a few cases [40], substitution of the oxygen on the nitrosyl ligand
provided valuable information on the reaction pathways. The values of the various couplings
are collected in Table 4 [40]. The wavefunction of the unpaired electron has clearly large
overlap with the iron and nitrogen nuclei, whereas the interaction with the oxygen remains
fairly small at a few Gauss.

After isotopic enrichment of the complexes with 57Fe (I = 1/2), Mossbauer spectroscopy
may be used to investigate the ligand field surrounding the iron atom (cf e.g. [41]). In the
absence of a ligand field, the transitions between nuclear ground state (I = 1/2, gn = 0.181)
and nuclear excited state (I = 3/2, gn = −0.106 with quadrupole moment Q = +0.4 ·
10−24 cm2) are degenerate and the spectrum appears as a single line. If the nucleus is subject
to a ligand field with symmetry lower than cubic or tetrahedral, the interaction between
the quadrupole moment Q and the field gradient tensor lifts the degeneracy of the nuclear
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77  K RT

Fig. 6. EPR spectra of NO-Fe2+-DETC in DMSO with various isotopes. The left column shows frozen
solutions at 77 K. The right column shows liquid solutions at RT. (Curve a + d) with 56Fe and 14NO (natural
abundance). (Curve b + e) with 57Fe and 14NO. (Curve c + f) with 56Fe and 15NO [16].

Table 4 Isotropic EPR parameters of NO-Fe2+-MGD complexes in solution at
room temperature. The hyperfine couplings are in Gauss. The isotropic g-factor
is giso = 2.040 [40]

A
(14

N
)

A
(15

N
)

A
(57

Fe
)

A
(17

O
)

Nuclear gn 0.4038 −0.5664 0.1806 −0.7575
Nuclear spin 1 1/2 1/2 5/2
Coupling (G) 12.6 17.6 8.6 2.5
Refs. [40] [40] [40] [40]

excited state. In the absence of magnetic hyperfine interactions, the spectra appear as doublets.
The spectral shape is characterized by two parameters, the quadrupole splitting �EQ and the
isomer shift δ. The latter measures the offset of the centroid of the Mossbauer spectrum and
reflects the S-electron density at the nucleus. The Mossbauer spectrum of ferrous complex
IV is shown in the lower panel of Fig. 7. It appears as a doublet spectrum with �EQ =
0.87 mm/s and δ = 0.32 mm/s. The ferric complex III appears as a doublet with �EQ =
1.25 mm/s and δ = 0.22 mm/s (upper panel) [32]. These parameters reflect the ligand field
at the iron nucleus. This field is defined by the bidentate sulfur motif of the ligand, so that
the various dithiocarbamate ligands have very similar Mössbauer parameters.

THE DETERMINANTS OF MNIC FORMATION IN TISSUES:
REDOX STATE AND LIGANDS OF IRON

Iron-diethyldithiocarbamate (Fe-DETC) complexes are widely used as in vivo spin traps for
nitric oxide (NO) [1,3,4] and this method has proven very successful by the formation of
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Fig. 7. Mossbauer spectra of 57Fe2+-DETC in DMSO exposed to NO and then treated with NO2 leading
to the formation of NO-57Fe3+-DETC complex (top panel). Subsequent treatment with dithionite causes the
formation of the mononitrosyl NO-57Fe2+-DETC complex (bottom panel) [32]. The spectra are taken at 80 K.

detectable quantities of paramagnetic ferrous MNIC adducts (complex IV) in many animal
experiments.

Conventionally, the formation of complex IV is explained by a straightforward trapping
of the NO radicals by diamagnetic ferrous Fe2+-dithiocarbamate complexes. It is a reaction
as in Fig. 2 with iron being in ferrous state. However, this conventional viewpoint is difficult
to reconcile with the presence of micromolar levels of oxygen in living tissues except under
conditions of hypoxia or ischemia. It also contradicts the experimental observation that the
MNIC yields in animal tissues do not depend on whether the iron was originally added in
ferrous or ferric form [42]. Our recent investigations [17,43] have revealed that the formation
of ferrous MNIC proceeds via a much more complex mechanism whereby the MNIC forms
only one observable compound in a complex reaction network where iron, dithiocarbamate
or other ligands, nitrosothiols and NO are coupled via chemical and redox equilibria. Two
basic ingredients are the charge state of the iron atom, and the choice of iron ligands. The
former is determined by the redox state of the tissue, primarily by local oxygen levels and
the glutathione GSH/GSSH ratio or by exogenous reductants like ascorbate or dithionite.
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The second is largely determined by the presence of strongly binding ligands like citrate or
phenantroline. Both ingredients may be modulated by interventions from outside and have
significant effect on the MNIC yield in the tissue. We will first consider the redox state of
the trapping complex and the reaction pathway which brings the mononitrosyl complexes to
the ferrous paramagnetic state.

Frozen tissue samples usually show a prominent EPR absorption line at g = 4.3 from a
combination of different endogenous ferric high spin complexes (S = 5/2). The intensity of
this line is significantly enhanced by administration of exogenous ferric of ferrous iron, as in
Fe-DETC trapping, for example. This EPR absorption at g = 4.3 is not specific for a given
complex, since many different ferric complexes show such EPR absorption [43], for exam-
ple, Fe3+-citrate and Fe3+-dithiocarbamates. The redox state of the iron–dithiocarbamate
complexes was investigated [17,43] in male adult BALB mice that had been treated with
lipopolysaccharide (LPS) four hours before the experiment in order to stimulate NO pro-
duction. The basal concentrations of endogenous high-spin complexes were ca 10 µmol/kg
wet tissue in various tissues. These results show that mammalian tissues maintain significant
quantities of iron in ferric state, in spite of the ubiquitous presence of endogenous reductants
like ascorbate or glutathione. This iron forms part of the non-transferrin-bound iron (NTBI)
pool since the signal intensity was not diminished by perfusive removal of blood together
with its transferrin content. After injection of DETC ligands together with exogenous fer-
rous sulfate, the EPR absorption near g = 4.3 was increased from 10 to 20 µmol/kg wet
tissue, showing that a significant fraction of the iron was rapidly oxidized to ferric state. We
conclude that endogenous iron as well as exogenous iron exists as a mixture of ferrous and
ferric state.

REDUCTION WITH DITHIONITE ENHANCES MNIC YIELDS IN VIVO

This finding is highly relevant for NO trapping since both charge states of iron bind NO
in vitro, and the nitrosylated adducts should be a mixture of ferric and ferrous complexes as
well. This was confirmed by our experiments on animal tissues [43]. We studied the effect
of ex vivo reduction of tissue extracts with sodium dithionite. Table 5 gives MNIC yields
in various tissues of BALB mice that had been injected with LPS 4 h before the trapping
experiment. The table shows that reduction of the tissue significantly enhances the yield of
complex IV in all tissues by a factor of about 3–4.

These yields show that, contrary to the common assumption, the ferric complex I is the
dominant NO trap in mouse tissues and cell cultures. The minority ferrous population of traps
becomes observable with EPR after nitrosylation produces the paramagnetic complex IV. The
ferric majority binds NO as the diamagnetic complex III and is observed only after ex vivo
reduction with dithionite. It is important to note that a significant population of nitrosylated
ferric complexes is formed and remains undetected in a conventional trapping experiment
where tissue samples are analyzed without reduction. Ex vivo reduction then enhances the
yields.

A similar increase in yield of complex IV by reduction was observed [43] in cultures
of immortalized murine microvascular brain endothelial cells: When stimulated by calcium-
ionophore, 7.5 × 106 BEND3 cells formed a total of 420 ± 60 pmol paramagnetic complex IV
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Table 5 Effect of reduction with dithionite on the yields of paramagnetic complex IV in tissues of BALB mice
pretreated with LPS 4 h prior to NO trapping [43]. The trapping proceeded for 10 or 30 min after injection
of DETC intraperitonally and Fe citrate subcutaneously. For reduction, the tissues were incubated in HEPES
(150 mM, pH = 7.4) for 30 min with solid sodium dithionite (10 mM final). The errors reflect the variation
in MNIC yield between individual mice

Tissue preparation MNIC-DETC yields (in nmol/g)

10 min incubation 30 min incubation

Unreduced Reduced Unreduced Reduced

Liver 2 ± 1 12 ± 3 12 ± 4 33 ± 9
Kidney 0.5 ± 0.2 3 ± 1 3 ± 1 7 ± 3
Heart 0.3 ± 0.1 2 ± 1 0.8 ± 0.3 2 ± 1
Spleen 0.4 ± 0.2 1.0 ± 0.5 1.0 ± 0.5 2 ± 1
Lung 0.4 ± 0.2 1.0 ± 0.5 2 ± 1 4 ± 2

in a conventional trapping experiment (i.e. without reduction). The corresponding EPR spec-
trum is shown in curve (b) of Fig. 8. Subsequent reduction with dithionite raised the yield of
complex IV fivefold to ca 2.0 ± 0.3 nmol (curve c). The yield remained below the EPR detec-
tion limit if the cells were preincubated with the NOS inhibitor l-NNA, clearly identifying
NOS as the most significant source of NO in this experiment.

77 K

326 330 334 (mT)

Fig. 8. EPR spectra at 77 K of MNIC adducts formed in cultured BEND3 cells after stimulation with
Ca-ionophore. The aliquots contain about half of the lipid cell fraction of 7.5 · 106 cells. Scaling factors
are indicated on the right-hand side. (Curve a) Reference spectrum of 25 nmol NO–Fe2+–MGD complexes in
frozen PBS buffer. (Curve b) MNIC signal after 15 min trapping in cell culture, unreduced. (Curve c) absence
of MNIC signal in presence of 1 mM NOS-inhibitor l-NNA. (Curve d) sample (b) after reduction for 30 min
with 10 mM dithionite [43].
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(mT)326 330 334

Fig. 9. EPR spectra at 77 K of MNIC adducts from 0.3 g spinach leaves in HEPES buffer (150 mM, pH = 7.4).
Scaling factors are given on the right-hand side. (Curve a) reference spectrum of 25 nmol NO–Fe2+–MGD
complexes in frozen PBS buffer. (Curve b) MNIC signal after 4 h trapping in spinach, unreduced. (Curve c)
sample (b) after reduction with 10 mM dithionite for 30 min [43].

A similar increase in yield was even observed [43] when Fe-DETC traps were used to
detect the NO production from spinach leaves in strong HEPES buffer (pH = 7.4). A basal
yield of 3.1 nmol MNIC per gram leaf tissue was increased to 10 nmol by reduction with
dithionite (cf Fig. 9, curve c).

OTHER EFFECTS OF REDUCTION ON EPR SPECTRA

The reduction of tissue samples has beneficial effects beyond the enhancement of the MNIC
yield. Fig. 10 gives representative EPR spectra from tissue samples of BALB mice.

In unreduced tissues, the EPR spectra appear as the superposition of complex IV (triplet at
g = 2.035) and signals from other paramagnetic species like the hyperfine quartet of Cu2+-
DETC (S = 1/2, I = 3/2) commonly observed in animal tissues [3,44]. Other contaminants
are a broad line attributed to Hb-NO (g = 2.07, 1.98), a free-radical signal near g ∼ 2.0,
a broad absorption from iron–sulfur proteins near g ∼ 1.94 and the EPR signal at g = 4.3
from high spin ferric complexes described above.

In all cases, the yields of complex IV were sharply increased upon reduction with dithionite.
The high-spin ferric complexes at g = 4.3 were diminished fourfold (data not shown). At
the same time, the peak at g = 2.01 from the overlapping Cu2+-DETC signal decreased
significantly and this facilitated the quantification of the yields of complex IV. In many cases
the Cu2+-DETC signal is so strong that straightforward quantification of the MNIC yield is
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Fig. 10. EPR spectra of frozen tissue sections of BALB mice after 30 min of NO trapping. The mice had been
injected with 2 mg/kg LPS 4 h prior to the experiment. The samples contain ca 1 g tissue in strong HEPES
buffer (150 mM, pH = 7.4). (Curve a) Liver unreduced. (Curve b) The same liver after reduction with 10 mM
dithionite. (Curve c) Four kidneys combined, unreduced. (Curve d) The same four kidneys after reduction
with 10 mM dithionite. A,B,C,D are positions where hyperfine lines of the Cu2+-DETC complex appear.

actually impossible without reduction. Fig. 11 shows EPR spectra from 180 mg brain of a
young (2 week) spontaneously hypertensive rat. In this case, the yields are small because
we trapped the basal NO production, without applying any stimulus like LPS. The strong
Cu2+-DETC signal prevents quantification of the MNIC yield from the unreduced spectrum
(bottom). After reduction of the sample with dithionite, a total quantity of ca 250 ± 25 pmol
MNIC was detected (top). The yield in this case was ca 1.4 nmol MNIC per gram wet tissue.
Reduction also affects the EPR spectra of samples containing blood: In heart, spleen and lung
of BALB mice, reduction enhanced the Hb-NO signal up to a factor two (data not shown).

PREVENTION OF REDUCTION OF ENDOGENOUS NITRITE
BY BUFFERING

Application of strong reducing agents brings the risk of inadvertent release of NO from
endogenous nitrite, in particular under acidic conditions. Therefore, we studied the formation
of paramagnetic complexes IV in aqueous solutions containing 1.5 mM NaNO2, 0.5 mM
DETC and 0.05 mM ferrous sulfate. Significant quantities of complex IV were formed by
adding 10 mM dithionite to unbuffered or weakly buffered solutions: After 5 min, the yields
were 40 µM in distillate water and 10 µM in the mildly buffered PBS (10 mM, pH 7.4).
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Fig. 11. EPR spectra in 180 mg brain of a young spontaneously hypertensive rat after 20 min trapping with
Fe-DETC in vivo. (Curve a) Strong Cu2+-DETC signal in unreduced sample. (Curve b) Same sample after
reduction with dithionite reveals 250 pmol MNIC.

The yield was proportional to the initial nitrite concentration and caused by acidification of
the weak 10 mM PBS buffer. The acidification is caused by the consumption of OH− upon
electron donation by dithionite:

S2O2−
4 + 4OH− → 2SO2−

3 + 2H2O + 2e−

This acidification and the NO release could be prevented by adequate buffering: in 150 mM
HEPES (pH 7.4) the yields of complex IV remained below 10 nM and 80 nM after addition
of 10 mM and 100 mM dithionite, respectively.

Endogenous nitrite levels in biological systems are in the micromolar range for plasma
and normoxic tissues [26,45,46] with higher levels up to 20 µM reported for vascular tissue
(cf Table 5 later in the chapter). This is 2–3 orders of magnitude below the nitrite concentration
considered above. Therefore, dithionite can be safely used for the reduction of complex III to
IV if the buffering is adequate to prevent local acidification. In particular, the reduction does
not significantly distort the yield of NO adducts by the artificial release of NO from nitrite.
Direct proof of this assertion was obtained by reduction of tissue samples in strong HEPES.
The presence of 100 µM exogenous nitrite did not affect the yield of complexes IV before or
after reduction with 10 mM dithionite for 30 min. Interestingly, the reduction with dithionite
did not require disruption of the structural integrity of the tissue, since fine grinding of the
tissue prior to reduction did not affect the MNIC yield. However, the samples had been
subject to freeze-thawing in strong buffer, which is disruptive for membranes and admits
strong buffer into the intracellular space.

Reduction of biological samples also carries the risk of inadvertent release of NO from
nitrosothiols. The latter are not by themselves reduced by mild reductants like ascorbate, but
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may release NO under catalytic action of reduced transition metal ions like Fe2+ or Cu1+.
The levels of these catalytic species are automatically kept very low by the presence of excess
metal chelating dithiocarbamate ligands. However, reduction of tissue samples is known to
release additional iron from the endogenous ferritin stores. The possibility of this artefact
should be carefully considered in experiments with tissue samples.

DIFFERENT LIGANDS COMPETE WITH DETC FOR EXOGENOUS
IRON IN TISSUES

The ligand structure of the iron is known to depend sensitively on the iron charge
state and type of solvents [47]. In water, the solubility of Fe3+-DETC in water is
low, but the dithiocarbamate ligands are strongly bound because 50 µM of this com-
plex remains intact in the presence of 20 mM competing citrate ligands, although the
latter are known as a very strong ligand for Fe3+-ions (log K = 11.4 in water). How-
ever, the Fe-DETC bond is much weaker in non-hydrogen-bonding solvents like DMSO
or DMF where the DETC ligand is easily replaced by 1 mM citrate [43]. This brings to
mind the lipid compartment in cells and tissues. The lipid compartment has low polar-
ity and competing endogenous ligands like citrate could compromise the formation of
iron-DETC complexes, irrespective of whether this iron have endogenous or exogenous
origin. Actual trapping experiments with laboratory animals employ mM DETC concen-
trations [3]. This quantity of DETC is probably insufficient for complete sequestration of
the exogenous iron. A substantial fraction of the iron is bound by other ligands like cit-
rate or phosphate. The presence of Fe3+-complexes with non-DETC ligands was directly
demonstrated by exposing homogenized liver tissue to very high doses of gaseous NO.
Such excessive nitrosylation did not affect the EPR intensity at g = 4.3 although the copi-
ous formation of paramagnetic MNIC-DETC was detected as usual. It suggests that the
high spin signal at g = 4.3 in tissues be dominated by Fe3+-complexes with ligands other
than DETC [43].

DIFFERENT LIGANDS COMPETE WITH DETC FOR EXOGENOUS
IRON IN CULTURED ENDOTHELIAL CELLS

Experiments on BEND3 endothelial cell cultures support this viewpoint. After administration
of a total of 100 nmol ferrous sulfate and 25 µmol DETC to a cell culture containing
ca 7.5 × 106 BEND3 cells, we found a basal, unstimulated yield of 110 pmol of complex IV.
The yield was increased to 400 pmol by stimulation of the cells with 5 µM calcium-ionophore.
The number of Fe-DETC traps in the culture was of the order of 4 nmol, since a MNIC yield
of 4 nmol was found after addition of 2.5 µmol/10 ml = 250 µM nitrite and reduction
by dithionite. Therefore, the number of Fe-DETC traps (4 nmol) remains far below the total
quantity of exogenous iron (100 nmol). It confirms that only a small fraction of the exogenous
iron is bound to DETC ligands. By implication, the majority of iron is being bound to other
ligand species. The process of ligand replacement is a dynamic equilibrium between the
various ligands. Accordingly, the non-DETC majority act as a pool of iron to compensate the
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depletion of Fe-DETC complexes by nitrosylation. As mentioned before, the nitrosyl adducts
of iron-DETC can be considered stable end products of the trapping reaction since they are
very robust against ligand replacement by, for example, citrate.

LOOSELY BOUND IRON PARTICIPATES IN THE REDOX EQUILIBRIUM

We observed that the NTBI in tissues exists as a mixture of ferrous and ferric form. The
ferric species is unambiguously attested by the EPR signal at g = 4.3. The ferrous fraction
was manifest from the enhancement of g = 4.3 upon extraction of Fe-DETC complexes with
DMF and subsequent oxidation by oxygen from air. The EPR intensity showed that the two
fractions were of comparable magnitude in tissue extracts of mice and rats [43].

Exogenous iron also rapidly partitions into ferric and ferrous state. EPR showed that
quantity of high spin ferric iron was increased by administration of ferrous-citrate complexes
to the animals, due to oxidation by dioxygen in the liver tissue.

These experiments on animal tissues showed that the endogenous as well as exogenous
iron finds itself as a mixture of ferrous and ferric redox states. EPR clearly showed that
a significant fraction of iron in the tissue extracts exists in high spin ferric state. This
finding is highly relevant for the trapping of NO, since the nitrosyl ligand binds to both
redox state of iron. The presence of ferrous traps in tissues is evidenced by formation
of complex IV. Trapping by ferric complexes is inferred from the large effect on yields
by a wide range of interventions like reduction, perfusion with chelators and harvesting
of complexes with DMF. Interestingly and contrary to common assumption, both ferric
and ferrous fraction were seen to contribute to the yields of NO-trapping. Upon injec-
tion of DETC, ferrous iron, even when carrying strong ligands like citrate, forms ferrous
NO-DETC complexes that bind NO to form paramagnetic MNIC-DETC (complexes IV)
in animal tissues. This population is observed with EPR in a conventional NO trapping
experiment. The ferric fraction forms ferric traps that bind NO as the ferric diamagnetic
complex III. The latter may be transformed into paramagnetic state ex vivo by dithion-
ite. Accordingly, the reduction enhances the yield of complex IV significantly in animal
tissues (Table 5).

NO trapping in spinach leaves or endothelial cell culture was accomplished simply by
addition of ferrous iron and DETC in the incubation medium [43]. The medium rapidly
acquired a dark appearance due to rapid oxidation of ferrous DETC complexes to ferric state.
With 2.5–5 mM concentration in spinach leaves and cell cultures, DETC is clearly in excess
over endogenous ligands like citrate. So, endogenous and exogenous iron binds mainly with
DETC to form complexes that rapidly oxidize to ferric state. Further experiments on spinach
leaves support the hypothesis. If leaves were incubated with 5 mM DETC, bubbling with
NO led to complete disappearance of the signal g = 4.3. The effect is characteristic of ferric-
DETC and would not happen for ferric-citrate complexes. We conclude that incubation of
leaves with DETC leads to the formation of significant quantities of complex I. Bubbling
with NO forms diamagnetic complexes III that are observed with EPR only after reduction
with dithionite. That is why the reductive increase in MNIC yield is more pronounced in
leaves or cultured cells than in animal tissues. The reduction magnifies yields better if the
iron carries DETC ligands.
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ENDOGENOUS COMPOUNDS AS IMPOSTORS FOR TRUE NITRIC OXIDE

It should be noted that the beneficial effect of dithionite on adduct yield has been observed
before [48,49] in vitro and in tissue preparations. However, inadequate buffering in these cases
suggests that these early observations can be wholly or partially attributed to the artifact of
reduction of nitrite. The ex vivo reduction of tissue samples requires careful consideration of
possible artificial release of NO from nitrite, nitrate, nitrosothiols or other metabolites of NO.
As shown above, the reduction of nitrite may be prevented by adequate buffering. Nitrate is
not reduced unless exposed to far stronger reductants or nitrate reductases as may exist in
certain bacteria.

Alternative compounds have been proposed as endogenous NO donors. First, dinitrosyl-
iron complexes (DNIC) may form endogeneously in living tissues [50] and are capable
of donating the NO moiety to iron-dithiocarbamate complexes in a transnitrosation reac-
tion. Under the conditions used here, the tissue samples showed no EPR signals from
paramagnetic DNIC, so that their concentration should be lower than the detection limit
of ca 10 pmol/250 µl = 40 nM. This upper limit is negligible in comparison with the yields
of complex IV in our samples. S-nitrosothiols may decay into NO and a thiyl radical by
photolysis, thermolysis or by a reaction catalyzed by Fe2+ or Cu+. Alternatively, they may
transfer their NO moiety directly to Fe-DETC in a slow reaction. Cys-NO is known to trans-
fer the NO moiety to Fe2+-MGD with a rate of ca 30 ± 5 (Ms)−1 (see above). The transfer
rates to Fe2+-DETC or Fe3+-DETC in the lipid compartment have not been determined, but
are expected to be slower. It was reported [26,51,52] that the tissue levels of S-nitrosothiols
are in the 30–40 nM range in healthy animals with normal nitrite status. Higher levels were
found in aortic tissues (∼100 nM) and erythrocytes (∼250 nM). At such concentrations,
transnitrosylation by S-nitrosothiols remains a negligible source of NO for MNIC formation.
Typical concentrations of NO-metabolites are collected in Table 6.

The nitroxyl anion NO− has been proposed [53] as an alternative potential source of
paramagnetic adducts by reacting directly with Fe3+-dithiocarbamate complexes I into com-
plex IV. In this proposal, complex III would be bypassed as a reaction intermediate and
only appear at a later stage via the very slow re-oxidation of the paramagnetic complex IV

Table 6 Magnitude of various pools of NO-metabolites in Wistar rats (adapted from Ref. [26]). The rightmost
column gives values from human plasma for reference

NO-metabolite Aorta Brain Heart Plasma Erythrocytes Human
plasma¶

Nitrite (µM) 23 ± 9 1.7 ± 0.3 0.80 ± .08 0.29 ± 0.05 0.68 ± 0.06 0.20 ± 0.02
Nitrate (µM) 49 ± 7 6.1 ± 1.1 5.9 ± 1.7 5.7 ± 0.6 10.2 ± 1.2 14.4 ± 1.7
S-nitroso 96 ± 24 22 ± 6 13 ± 2 1.4 ± 0.5 246 ± 32 7.2 ± 1.1

moieties (nM)
N-nitroso 19 ± 11 61 ± 8 14 ± 2 3.5 ± 0.4 95 ± 14 32.3 ± 5.0

moieties (nM)
Nitrosyl-heme (nM) Below 160 ± 30 15 ± 1 Below 10.8 ± 1.8 n.d.

detection∗ detection∗
∗ Detection limit 1 nM.
¶ [52].
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by oxygen. The known stability of complex IV against re-oxidation makes the nitroxyl
hypothesis incompatible with our observation that the mononitrosyl complexes in biolog-
ical materials appear as a mixture of ferric and ferrous forms. The nitroxyl hypothesis is also
at odds with abundant observations of MNIC formation by trapping of NO in unambigu-
ous neutral radical state (for example, when supplied by true NO donors, gaseous NO, or
identified with NO electrodes).

THE MEANING OF THE FERRIC HIGH-SPIN SIGNAL AT g = 4.3

In conclusion, the EPR signal at g = 4.3 appears as a superposition of several non-heme
high spin ferric iron complexes. A noticeable contribution from ferric DETC complexes
was observed in cells and tissues only at excessive levels of DETC as reached in animal
tissues perfused with 100 mM DETC or in cells and tissues incubated in the media with high
concentration of DETC (a few mM). In actual in vivo trapping experiments in lab animals
such levels are not achieved, and ferric DETC will represent only a minority fraction of total
high spin ferric iron as observed with EPR.

After DETC is injected into animals together with ferrous-citrate complexes, the g = 4.3
signal in tissue extracts is dominated by endogenous ferric and exogenous ferric citrate
complexes. However, quantification of the EPR signal shows that the majority of exogenous
iron remains in ferrous state. Ferric as well as ferrous DETC have high affinity for NO,
and are located in the apolar lipid compartment favored by the NO radical. Therefore, the
mononitrosyl iron complexes are formed as a mixture of ferric and ferrous state, i.e. as a
mixture of complex III and complex IV. Subsequent treatment of tissue preparations with
dithionite leads to transformation of the complex III to complex IV increasing the yield of
the latter in the preparations. As a bonus, the overlapping EPR signal from Cu2+-DETC
complexes is removed.

The solvent has a large influence on the rates of reduction of complex III to complex IV by
excess dithiocarbamate ligands or mild reducing agents like ascorbate and thiols. Water and
DMSO are both rather polar (ε = 80 vs. 46, respectively) but very different with respect to
hydrogen bonding and Gutmann donor number. Reduction of NO-Fe3+-DETC with ascorbate
is slow in aqueous solutions, but is readily achieved in DMSO. It shows that the effect of such
endogenous reductants on the redox balance depends on the local microenvironment and is
different for the cytosolic and lipid compartments. The lipid compartment, where the DETC
complexes accumulate, may occupy a small fraction of the total volume of tissues, but its
properties are clearly determining the effect of the endogenous reductants on the formation
of complex IV in conventional NO trapping experiments in animals or cultured cells.

CONCLUDING REMARKS

During the past fifteen years, iron dithiocarbamate complexes were proven to be a valuable
tool for the detection and quantification of nitric oxide in biological systems. EPR detection of
MNIC adducts has reasonable sensitivity in the sense that basal NO levels can now be detected
in animal tissues and certain cell lines, without need for stimulation of the NO release.
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The ambition to achieve NO imaging with MRI is driving the technical development at a
rapid pace. The shape of the EPR spectrum is affected by isotopic substitution of the Fe, N
and O constituents of the iron-nitrosyl moiety. Isotopic labelling provides a very valuable
tool for elucidation of the reaction pathways that release NO in vivo. Additionally, DETC
ligands have allowed us to study the nature and redox state of various endogenous iron pools
in animal tissues. The iron appears to be a dynamic mixture of ferric and ferrous iron, and
we found that loosely bound iron is the subject of competition between various endogenous
ligands. Given the importance of loosely bound iron for human health we expect that the
combination of dithiocarbamate ligands with EPR will provide an important experimental
tool for future investigations into the role of iron in physiology.
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CHAPTER 19

Protection against allograft rejection by
iron–dithiocarbamate complexes

Galen M. Pieper

Division of Transplant Surgery and Free Radical Research Center, Medical College of Wisconsin,
Milwaukee, WI, USA

INTRODUCTION

The expression of inducible nitric oxide synthase (iNOS) has been implicated in graft
rejection. Despite caveats of certain experimental designs, the role of iNOS in cardiac
rejection has been investigated by a broad range of pharmacological and gene deletion
strategies. The pharmacological strategies concentrate on either inhibition of NOS enzyme
activity or on scavenging and neutralizing nitric oxide (NO). Iron–dithiocarbamates are a class
of compounds that scavenge NO in vitro and in vivo. Iron–dithiocarbamates appear to have
unique attributes as well: besides scavenging NO they were found to have anti-inflammatory
and immunosuppressant properties. This chapter reviews the experimental evidence for the
role of NO in cardiac allograft rejection with special emphasis on the protective action of
iron–dithiocarbamates.

Acute rejection of solid organ grafts involves a complex array of inflammatory mediators.
Among leading candidates for these mediators are lymphokines, cytokines and NO derived
from iNOS. Much of the work analyzing a role of iNOS in graft rejection has been performed
in rodent models of cardiac transplant rejection. The clinical relevance of the upregulation of
iNOS was shown in human cardiac transplants in which cardiac contractile dysfunction [1]
and graft rejection [2] was associated with strong expression of iNOS.

ROLE OF INOS IN CARDIAC REJECTION: EVIDENCE FROM
PHARMACOLOGICAL APPROACHES

NO release from iNOS plays an important role in cardiac graft rejection. The evi-
dence comes from several experimental studies performed in rodent models using
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pharmacological approaches. Most investigators in this area of research have utilized one
of two criteria to determine benefits on graft rejection: graft survival time and/or histo-
logical scoring for rejection. A few investigators have examined contractile dysfunction
assessed in ex vivo preparations such as isolated papillary muscles or isolated, perfused
hearts. In our laboratory, we have extended functional analysis to in situ evaluation using
sonomicrometry.

Original studies were conducted using non-specific, substrate-based, NOS inhibitors. Many
studies indicated that treatment with these inhibitors extended the survival time of the grafts
[3–5]. However, disparate findings were observed in which inhibitors left unchanged [6] or
even decreased [7] graft survival time. One possible explanation for these disparate findings
is the fact that the inhibitors used in the studies were not specific for inhibition of iNOS or
that the doses used for the studies were too high, thereby, potentially inhibiting beneficial
properties of constitutive NOS activity as well. Subsequent studies in our laboratory [8] and
elsewhere [9] used inhibitors that were selective for the iNOS isoform only. These selective
inhibitors consistently extended the survival time of the grafts or decreased histological
rejection scores. In addition to substrate-based NOS inhibitors, one study using a pterin-
based NOS inhibitor also showed significant improvement in graft survival time [10]. This
finding suggests that NOS activity can be controlled at the pterin-binding domain of iNOS
protein as well.

Taken collectively, the preponderance of experimental evidence confirms that treatment
with iNOS inhibitors protects against rejection of cardiac allografts. Upon closer examination
of the literature; however, it appears in many studies that the protective effect of non-selective
and selective iNOS inhibitors on prolonging graft survival time or decreasing histological
rejection scores occurred under conditions of incomplete inhibition of iNOS. A number of
studies seemed to show a residual increase in NO production from upregulation of iNOS
[9,11,12]. This phenomenon in fact was first reported in our studies using an iNOS selective
inhibitor. Our experiments revealed that the protective action on graft survival time was lost
if the inhibitor was administered at higher concentrations that ablated the increase in NO
bioactivity. This observation suggests that NO may possess both detrimental and beneficial
properties in allograft rejection. This state of affairs may explain the contradictory conclusions
reported in various previous studies on graft survival. For histological rejection scores the
situation appears simpler: our experiments with the selective iNOS inhibitor showed that
histological rejection scores were consistently improved for all doses of inhibitor. This is in
contradistinction to the nonconsistent effects on graft survival per se [8]. This surprising but
important finding indicates that the two common criteria for determining transplant rejection
have significantly different etiologies. This consideration should be kept in mind when the
two criteria are used to determine the beneficial effects of drugs or treatments of cardiac
transplant rejection.

It is also important to consider that the application of NOS inhibitors may change iNOS
expression as a secondary effect. In fact, this has been shown using aminoguanidine [5]
and certain inhibitors of iNOS dimerization [9]. This side effect greatly complicates the
interpretation of experiments on the role of NO in rejection of cardiac allografts. Fortunately,
this problem does not occur for all inhibitors. For example, this property was not found
in our own experiments using the iNOS inhibitor, N6-(1-iminoethyl)-l-lysine (denoted as
l-NIL) [8].



Protection against allograft rejection by iron–dithiocarbamate complexes 409

ROLE OF INOS IN CARDIAC REJECTION: EVIDENCE FROM GENE
DELETION STRATEGIES

Controlled deletion of certain genes is a well established and powerful tool to investigate the
role of particular genes in the etiology of various pathologies. Such tools have already been
applied to acute cardiac allograft rejection relating to the iNOS gene. As with pharmacological
approaches, the experimental studies produced contradictory findings as well. An initial report
indicated a decrease in rejection based upon histological criteria [13]. In this study, graft
survival per se as an endpoint had not been examined. The conclusion of this research group
was not confirmed by a second study [14]. In this second study, the investigators observed no
change in either histological rejection or graft survival time between BALB/c mouse donor
hearts transplanted into iNOS wild-type and iNOS-/- recipients nor between iNOS wild-type
and iNOS-/- donor hearts transplanted into BALB/c recipient mice. The lack of differences
in either rejection or graft survival between wild-type and iNOS-/- mice in the second study
was corroborated by a third study [15].

The experimental design of this third study provided some important insights that could
help explain the divergent observations using the gene deletion approach. A significant find-
ing was that iNOS deletion strategies applied to either the donor or the recipient did not
prevent iNOS upregulation within the cardiac allograft. This finding had not been under-
stood previously. The primary reason for this unexpected finding in the heterotopic cardiac
transplant model is that the upregulation of iNOS was caused by two different sources. One
source is from inflammatory cells that infiltrate the graft at early stages but which are derived
from the recipient of the transplant. The second source is from parenchymal cells (i.e. cardiac
myocytes and endothelial cells) of the donor graft. Both contributions appear to be significant
in the problem of allograft rejection. This poses a significant limitation for the traditional
gene deletion strategy against upregulation of iNOS. The consequences are potentially prob-
lematic in the heterotopic cardiac transplant model where the upregulation of iNOS is not
eliminated but rather only the distribution of iNOS changes.

Hypothetically, it is interesting to speculate that the localization of iNOS expression could
account for the fact that iNOS deletion strategy did not alter either rejection or graft survival
in the cardiac allograft transplantation model. This hypothesis would provide a plausible
explanation for the independent finding in which the proliferation of splenocytes stimulated
ex vivo by alloantigen was found to be higher in splenocytes isolated from iNOS-/- vs. wild-
type mice [16]. Thus, any benefit of ablated iNOS expression within the tissue parenchymal
per se could be potentially offset by compensatory increases in activation and proliferation
of inflammatory cells.

EFFECTS OF IRON–DITHIOCARBAMATES ON GRAFT SURVIVAL
AND REJECTION

Iron dithiocarbamate complexes may easily bind free NO radicals to form a stable mono-
nitrosyl iron complex. Therefore, iron–dithiocarbamates may be used to scavenge free NO.
In a rat model of acute cardiac transplant rejection in the absence of any immunosuppres-
sant therapy, daily post-operative intraperitoneal injections with Fe2+-diethyldithiocarbamate
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caused a dose-dependent increase in graft survival time (Fig. 1, top panel) [17]. This effect
approaches the magnitude of protection seen with low-dose cyclosporine, a common agent
used for immunosuppression following transplantation. To determine if efficacy was unique
to Fe2+-diethyldithiocarbamate (Fe-DETC), we also showed a similar level of protection
using the same daily dose of the water-soluble derivative, Fe2+-N -methyl-d-glucamine-
dithiocarbamate (Fe-MGD) (Fig. 1). The two types of complexes have very different physical
properties as the first is hydrophobic and preferentially partitions into the low-polarity mem-
brane and protein compartments. The second, Fe-MGD remains dissolved in the aqueous
compartments (cytosol, plasma, urine etc.). Oral administration of the precursor agent
N -methyl-d-glucamine-dithiocarbamate at the dose of 2.5 and 5 mg/ml in drinking water
also prolonged graft survival time. This latter finding indicated that the protective activity on
cardiac allograft survival occurs via different routes of administration and may not require
pre-bound Fe2+ for efficacy (Fig. 1, bottom panel).

In addition to the assessment of graft survival time, some agents were also examined
in our laboratory for histological rejection. Histological rejection scores were elevated in
untreated allografts vs. isograft controls. Rejection was significantly decreased at post-
operative days 5 and 6 using these agents (Fig. 2). Interestingly, decreased rejection scores
could be achieved by administration of either Fe2+-N -methyl-d-glucamine-dithiocarbamate
or iron-free, N -methyl-d-glucamine-dithiocarbamate. This suggests that there may be suf-
ficient quantity of loosely bound endogenous iron available inside the inflamed tissue
during graft rejection to bind the N -methyl-d-glucamine-dithiocarbamate and serve as a
neutralizer of NO bioactivity. Our work has clearly shown the benefits of daily treatment
with iron–dithiocarbamates against cardiac allograft rejection. The complexes significantly
improved graft survival. We are not aware of any other reports in the literature where these
iron–dithiocarbamates were applied to other models of transplant rejection.

EVIDENCE THAT IRON–DITHIOCARBAMATES ACT IN VIVO TO
SCAVENGE NITRIC OXIDE

In cell-free systems, there is ample evidence that iron–dithiocarbamates scavenge NO in
solution. Iron complexes with a variety of dithiocarbamate ligands have been used to detect
increases in NO in a wide range of experimental conditions (e.g. septic shock, ischemia-
reperfusion injury). We note that the NO trapping takes place in vivo over an interval
of 20–30 min before sacrifice of the lab animal for analysis. The nitrosylated NO–Fe–
dithiocarbamate complexes are subsequently detected ex vivo in tissue samples using electron
spin resonance spectroscopy. The principal of this activity is that NO rapidly binds to fer-
ric or ferrous Fe-diethyldithiocarbamate complexes. The resulting mononitrosyl complex
is stable in tissues in frozen state. The ferrous mononitrosyl complexes are paramagnetic
and amenable to detection by EPR spectroscopy. When measured under liquid nitrogen
temperatures, the detection of mononitrosyl iron complexes consists of an EPR signal giv-
ing a characteristic three-line spectra (g⊥ = 2.035 with 12.5 G splitting). The properties
of the ferric and ferrous species and details of the detection technique were discussed in
Chapter 18.
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Fig. 1. Upper Panel: Effects of treatment with iron–dithiocarbamate derivatives vs. low-dose cyclosporine
on cardiac allograft survival time. Fe2+-diethyldithiocarbamate, DETC-Fe; Fe2+-N -methyl-d-glucamine-
dithiocarbamate, MGD-Fe. ‡P < 0.01 vs. untreated allografts. Lower Panel: Effects of oral administration
of iron-free methyl-d-glucamine-dithiocarbamate (MGD) on cardiac allograft survival time. ‡P < 0.01 vs.
untreated allografts.
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Fig. 2. Effects of iron-free methyl-d-glucamine-dithiocarbamate (MGD) and Fe2+-diethyldithiocarbamate
(400 mg/kg injected twice daily) and low-dose cyclosporine (2.5 mg/kg injected daily) on histological rejection
scores at post-operative day 5 (upper panel) and day 6 (lower panel). ‡P < 0.01 vs. untreated allografts and
∗P < 0.05.

Akizuki et al. [18] were the first research group to document NO formation within graft tis-
sue using EPR spectroscopy. This group used a rat model for cardiac transplantation in which
ACI donors hearts were transplanted into Lewis recipients. In this study, a single injection of
Fe2+-diethyldithiocarbamate was followed about 30 min later by saline perfusion to remove
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contamination of NO trapped in circulating blood. NO was then detected unambiguously by
EPR analysis of tissue samples at 110 K. The EPR spectra showed the presence of a three-line
spectra characteristic of the paramagnetic species, mononitrosyl-Fe2+-diethyldithiocarbamate
complex.

We have investigated [17,19] a different rat strain model for cardiac rejection where hearts
were transplanted from Wistar–Furth to Lewis rats. We expanded on this initial observa-
tion by documenting NO formation within cardiac allograft tissue per se. The NO was
detected using either Fe2+-diethyldithiocarbamate or other derivatives [17,19]. We also
observed that the yield of NO trapping within cardiac allograft tissue by a single injec-
tion of Fe2+-diethyldithiocarbamate was canceled if NO production had been inhibited by
previous administration of a selective inhibitor of iNOS [17]. This is illustrated in Fig. 3
which indicates the formation of the three-line EPR spectra from NO-Fe2+-DETC. This
signal is superimposed on a background signal of nitrosylated ferrous heme ascribed to nitro-
sylated myoglobin. Formation of NO-Fe2+-DETC was prevented by co-administration of the
iNOS inhibitor, l-NIL. This was the first study to determine that the NO trapped actually
derived from enzymatic production via iNOS. This finding is potentially important because it
refutes speculations in other models that trapping of NO might arise from NOS-independent
pathways [20,21]. Such alternative pathways are discussed in Chapters 14 and 15.

Peripheral measurements of NO metabolites, nitrate plus nitrite, have also been tradition-
ally used to determine NO levels in biological systems. Experiments have confirmed that
allograft rejection indeed significantly raises the plasma concentrations of NO metabolites.
We have shown that this increase seen in rejecting allografts is inhibited by treatment with

A

B

C

D

DETC-Fe-NO
@ g = 2.038

Fig. 3. EPR spectra of rat cardiac allograft tissue. Spectra A: Spectrum showing intragraft trapping of NO
within cardiac allografts denoted by the DETC-Fe-NO complex at g = 2.038 after a single pulse injection
of DETC-Fe at 30 min prior to freezing sample for EPR analysis. Spectrum B: Background spectrum of an
untreated allograft showing the signals arising from endogenous MNIC. Spectrum C: Blockade of trapping of
DETC-Fe-NO by a single treatment of iNOS inhibitor, l-NIL, prior to injection with DETC-Fe. Spectrum D:
Spectrum of isograft control. Spectra are analyzed at the same time under identical instrument settings.
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Fe2+-diethyldithiocarbamate. This gives secondary evidence that this agent acts in vivo as a
NO scavenger.

Collectively, these studies demonstrate that iron–dithiocarbamates fulfill two independent
roles in allograft rejection. First, a therapeutic role by acting as scavenger of NO. Second, they
are very useful for diagnostic purposes. This may sound preposterous given that the lab
animals in the above experiments were all sacrificed in order to extract their tissues for EPR
detection. This is not a fundamental restriction, however. The use of water-soluble Fe-MGD
complexes allows extraction of NO adducts from body fluids like blood or urine, so that
sacrifice of the animal is not necessary for NO detection. In these cases, however, the spatial
selectivity for given tissue sections (like heart or kidney) is lost. This area of study has been
fully developed to date.

IRON–DITHIOCARBAMATES FOR QUANTIFYING
NITRIC OXIDE LEVELS

The trapping of NO and evaluation by EPR spectroscopy for diagnosis of increased levels
in NO in biological systems is highlighted above. In principal, this property can potentially
be extended to the actual quantification of NO levels. A limitation of this procedure was
highlighted in early studies indicating the potential oxidation of Fe2+ to Fe3+ under aerobic
conditions in physiological settings producing the diamagnetic NO-Fe3+-dithiocarbamate
species which are visible by EPR spectroscopy [22,23]. Thus, this EPR technique might
considerably underestimate NO levels and limit its value for quantitative analysis of NO levels
in tissue. This limitation seems to be circumvented by appropriate modifications including
exogenous reducing agents [22,24,25]. Details of the protocols are given in Chapter 18. Thus,
it is possible that this may be a more direct, alternative approach to quantifying NO levels
in cardiac grafts than the NO electrode technique previously described [26].

Reports using EPR techniques for quantifying NO content in transplanted organs are
extraordinarily rare. To our knowledge there has been only one published report and this
was a study performed in an experimental rat renal transplant model [27].

EFFECT OF IRON–DITHIOCARBAMATES TO INHIBIT TARGETS
OF NITRIC OXIDE

The precise mechanism of how NO plays a role in cardiac allograft rejection remains an area
of ongoing research. It has been known for quite some time that NO has an avid affinity for
metalloproteins particularly those involved in mitochondrial respiration. Hence, interaction
with such biomolecules has been implicated in cell injury. Among the array of intracellular
metalloproteins are heme- and non-heme containing proteins.

Lancaster et al. [28] were the first research group to report the formation of mononitrosyl
iron complexes (MNIC) in both packed red blood cell samples and within cardiac tissue
after cardiac transplantation in rats. The MNIC formed were attributed to nitrosylation of
heme proteins, presumably, hemoglobin and myoglobin, respectively. In our laboratory, we
have documented that the formation of MNIC within rejecting cardiac allografts, but not in



Protection against allograft rejection by iron–dithiocarbamate complexes 415

Isograft

↓

∗

2800 3000 3200 3400 3600
Magnetic Field (Gauss)

Untreated

L-NIL + allopurinol

L-NIL

Fig. 4. EPR evidence showing the formation of mononitrosyl iron complexes (MNIC) in untreated cardiac
allografts vs. isograft controls is predominantly inhibited by chronic treatment of allograft recipients with the
iNOS inhibitor, l-NIL. The EPR signal is shown by the broad signal at g = 2.08 (shown by asterisk, ∗) and
the triplet hyperfine component at g = 2.014 (shown centered by the arrow, ↓). There is only a small portion
of l-NIL-resistant MNIC formation which is inhibited by the xanthine oxidase inhibitor, allopurinol. Spectra
are analyzed at the same time under identical instrument settings.

isograft controls nor in native hearts of allograft recipients (not shown), is attributed primarily
to enzymatically-derived NO via iNOS within cardiac allografts (Fig. 4). This conclusion is
based upon the observation that EPR signals for these complexes are mostly prevented by
post-operative treatment with a selective inhibitor of iNOS, l-NIL. This inhibitor inhibits
the enzymatic activity of iNOS but does not affect the expression of iNOS protein. The
finding in this study is important because of evidence in other models that NO can be derived
from NOS enzyme independent pathways. Indeed, a xanthine oxidase-dependent reduction of
endogenous nitrate or nitrite has been shown to be a significant source of NOS-independent
NO formation in anoxic/ischemic tissue models [20,21]. Subsequent studies in our model
show that concomitant treatment with iNOS inhibitor plus allopurinol, an inhibitor of xanthine
oxidase, fully inhibited MNIC formation in cardiac allografts. Thus, we conclude that there
is potentially only a very small contribution of xanthine-oxidase catalyzed NO formation to
MNIC formation.
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In our laboratory, various agents have been shown to decrease the levels of MNIC formation
in rejecting cardiac allografts. These same agents have also been shown to display protective
action by prolonging graft survival and decreasing histological rejection. While these studies
show that interaction with heme protein is a major pathway of processing NO in cardiac
allograft rejection, the biological significance of the formation of MNIC in this pathological
state is not determined. Whether or not MNIC formation per se is a causative factor in
rejection has not been ascertained to date.

Fe-S cluster proteins are known to bind NO and inhibit enzymatic activity in the case
of aconitase, a key mitochondrial protein. In this context, we have shown that aconitase
activity is lower in rejecting cardiac allografts. This lowering is ameliorated by agents
such as cyclosporine that inhibit iNOS expression or l-NIL, an inhibitor of iNOS enzyme
activity [29]. Here we show that treatment of allografts with Fe2+-diethyldithiocarbamate
also protect against the loss of aconitase activity. The effects of Fe2+-diethyldithiocarbamate
are very similar to those seen with l-NIL (Fig. 5). This is consistent with the hypothesis that
NO or a downstream product of NO mediates inhibition of myocardial aconitase activity.

Considering that NO has this property of interacting with metals, iron-containing com-
pounds such as the iron–dithiocarbamate class of agents have been developed as tools to trap
NO in biological tissue for detection by biophysical techniques such as electron paramag-
netic resonance (EPR) spectroscopy [30]. This is especially true for Fe2+-dithiocarbamates vs.
Fe3+-dithiocarbamates that have lower affinity for NO. As such competition for binding NO
by these agents may also be expected to have therapeutic efficacy in limiting the interaction
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Fig. 5. Decrease in aconitase enzyme activity in cardiac allografts is reversed by treatment with Fe2+-
diethyldithiocarbamate. Aconitase activity is restored to levels seen in the native heart of allograft recipients
treated with Fe2+-diethyldithiocarbamate and similar to levels restored by alternative treatment with the
selective inhibitor of iNOS, l-iminoethyllysine (l-NIL). ‡P < 0.01 vs. isograft controls.



Protection against allograft rejection by iron–dithiocarbamate complexes 417

of intracellular NO or NO-derived species such as peroxynitrite with target molecules within
biological systems during inflammatory states including allograft rejection.

ANTI-INFLAMMATORY ACTIONS OF DITHIOCARBAMATES

Fe2+-diethyldithiocarbamates have undisputed merits as scavengers of NO. As such they
provide protection against rejection of cardiac allografts. However, it appears that they have
other properties as well when used in the in vivo setting. Indeed, we have shown that Fe2+-
diethyldithiocarbamate inhibited activation of redox-activated transcription factors, nuclear
factor κB and activator protein-1 [17]. This could explain its action to partially inhibit iNOS
gene expression as well as inflammatory cytokine gene expression such as interferon-γ. These
are properties that are shared with traditional antioxidant treatments such as dimethylthiourea
[31] and the spin-trap agent, α-phenyl-N-tert-butylnitrone [32]. The similarity suggests that
iron–dithiocarbamate treatments may have antioxidant efficacy as well.

An interesting concept is that iron–dithiocarbamate preparations are never traditionally
constructed in a 1:1 ratio of iron:dithiocarbamate. Thus it is possible that the actions on
inhibiting activation of redox-sensitive transcription factors might reflect antioxidant prop-
erties of iron-free dithiocarbamates. The antioxidant could result from scavenging of iron or
by scavenging other reactive oxygen species [33,34]. An example of this is the protective
action of pyrollidine dithiocarbamate. This compound inhibits activation of nuclear factor
κB and prolongs the survival time of grafts. These effects were shown in early experiments
conducted in our laboratory [35]. Subsequently, we found prolonged graft survival using
ruthenium (III) polyaminocarboxylate complexes. These have an entirely different chemical
structure from dithiocarbamates. This suggests that the protection was achieved primarily
via the NO scavenging action [36]. The findings of protection with the ruthenium-metal-
based NO scavenger, however, does not exclude the antioxidant contributions to protection
by iron–dithiocarbamate derivatives.

EFFECTS ON LYMPHOCYTE ACTIVATION AND PROLIFERATION

The mechanisms of the benefits of in vivo treatment of cardiac allografts with iron–
dithiocarbamate complexes is not fully explored. An outstanding issue is the possible
multi-site action of iron–dithiocarbamates. Of interest is the possibility that these agents
might have direct effects as immunosuppressant agents to inhibit T-lymphocyte activation
and proliferation which occur in vivo during the process of organ rejection. Studies conducted
in our laboratory give preliminary insight to support this role.

In one portion of the study, the pro-drug, NOX700, caused a concentration-dependent
inhibition of cell proliferation in splenocytes stimulated ex vivo with concanavalin A [19]. In
a second portion of the study, NOX700 enhanced the effects of cyclosporine A to inhibit
concanavalin-A-induced proliferation. In addition to these findings, splenocytes isolated
from animals treated with NOX700 also displayed decreased expression of interferon-γ in
response to alloimmune activation ex vivo in a mixed lymphocyte response assay. Further-
more, expression of cyclin D3 was also inhibited. These studies illustrate the latent action of
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in vivo treatment with NOX700 to make cells refractory ex vivo to activation and prolifera-
tion in response to alloimmune stimuli. Thus, it is intriguing to speculate on how this finding
might explain our original findings of the induction of long-term graft acceptance by chronic
treatment and removal of these types of agents given in combination with cyclosporine [37].

These findings may have some potential bearing on the potential immunosuppressive prop-
erties of iron–dithiocarbamates. However, we know of no studies which have yet specifically
examined iron–dithiocarbamates per se as immunomodulators.

THE ROLE OF NITRIC OXIDE IN LYMPHOCYTE PROLIFERATION

NO per se also has significant immunosuppressant activity [38–43]. This complicates a better
understanding of the role of dithiocarbamates on cell proliferation. This action is very com-
plex and contradictory findings in the literature show that the phenomenon is incompletely
understood [44]. An interesting finding is one report indicating that the immunosuppressive
activity of NO on lymphocyte proliferation was inhibited by superoxide production [45].
Again, this highlights that there is much information that is not fully understood in this area
of research.

Related to this discussion is the possibility that dithiocarbamate agents may have direct
antioxidant properties or that certain dithiocarbamate derivatives only partially neutralize NO
levels. All these considerations have the potential to explain how these agents act to inhibit
lymphocyte proliferation. Implicit in all these studies is that a better understanding of the
amount of NO produced in vivo and the environment of that production is needed in this
area of research to delineate how and when NO acts as an immunosuppressant agent vs. a
cytotoxic agent.

OTHER ACTIONS OF IRON–DITHIOCARBAMATES INVOLVING
IMMUNOSUPPRESSION

Several studies conducted in our laboratory revealed that simultaneous administration of
dithiocarbamates and low-doses of cyclosporine act synergetically to improve graft sur-
vival and benefits to histological rejection [19,35]. Classically, it has been understood that
immunosuppressive agents act via limiting IL-2 production as a mechanism to promote
immunosuppression. More recently, it has been appreciated that transforming growth factor-β
(TGF-β) is implicated in the action of a range of clinical immunosuppressant drugs that find
clinical use to suppress tissue rejection in human organ transplantation. Examples of such
drugs are cyclosporine, tacrolimus and rapamycin [46–48].

To examine a possible role of TGF-β, we measured serum TGF-β levels from rat
cardiac graft recipients using ELISA. Our analysis revealed increases in serum TGF-β lev-
els if allograft recipients were treated with Fe2+-diethyldithiocarbamate. Treatment with
Fe2+-diethyldithiocarbamate caused a nearly 5-fold increase in serum TGF-β (Fig. 6). An
analogous increase was obtained by the oral pro-drug, dithiocarbamate derivative, NOX700.
Although the mechanism behind this phenomenon remains unclear at this moment, it appears
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Fig. 6. Blood levels of the immunosuppressant mediator, TGF-β are increased at post-operative day 6 by treat-
ment with Fe2+-diethyldithiocarbamate (DETC-Fe) and derivative, NOX700 vs. isografts (Iso) and untreated
allografts (Allo) at post-operative days 4 and 6. ∗P < 0.05 vs. allografts and isografts at post-operative day 6
(Iso6, Allo6, respectively).

beyond doubt that dithiocarbamates have significant potential for immunosuppression as
needed in clinical tissue transplants.

CONCLUSION

In conclusion, this paper has described the protective action of iron–dithiocarbamates in
cardiac allograft rejection. It is clear that the action of this type of compound is complex and
may involve not only NO scavenging but also antioxidant, anti-inflammatory and immune
modulation properties. The mechanisms remain complex and not fully understood.
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(square-plane or tetrahedral structures),
50, 51

DNIC with thiosulfate, 25, 64, 65,
75, 76, 80

DNIC with 3-mercaptotriazole ligands
(DNIC-MT) in crystalline state, 48

DNIC-GS degradation by
superoxide, 66

57Fe-DNIC/56Fe-DNIC, 21, 31, 35,
58, 59, 132–134

low-molecular DNIC, 19, 42, 64, 77,
79, 131, 165, 238

monomeric paramagnetic DNIC, 25,
26, 33, 48, 87, 236, 244

protein-bound DNIC, 36, 37, 40, 77, 80,
81, 83, 90, 128, 131, 149, 152, 238

diphenyleneiodonium (DPI), 317
disulfiram/teturam, 383
dithiocarbamates, 383, 410

diethyldithiocarbamate (DETC), 66, 78,
81, 85, 86, 323, 384, 399, 410

l-proline dithiocarbamate (ProDTC), 384
N-dithiocarboxysarcosine (DTCS), 384
N-methyl-d-glucamine dithiocarbamate

(MGD), 321, 384, 386, 410
N-methyl-l-serine dithiocarbamate, 384
Pyrrolidine dithiocarbamate (PDTC), 384

divalent metal transporter 1 (DMT 1),
98, 100

E

electron nuclear double resonance
(ENDOR), 139

electron paramagnetic resonance (EPR)
spectroscopy, 3, 19, 98, 101, 139,
189, 414

2.03 EPR signal of DNIC, 20, 21, 56, 59–61,
63, 341

EPR spin trapping of NO, 296, 359,
383, 412

endonucleases III or IV, 126, 150, 154
endothelium-derived nitric oxide, 269
endothelium-derived relaxing factor (EDRF), 13,

87, 89, 201, 348
Enemark–Feltham notation, 119, 227, 304
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Escherichia coli (E.coli), 126, 149, 155, 341
ethyl nitrite (EtONO), 351

F

Fe homeostasis, 98, 101
Fe(NO)2 group/Fe+(NO+)2 moiety, 39,

60, 67, 134
{Fe(NO)2}7, {Fe(NO)2}8, {Fe(NO)2}9

notations, 5, 28, 34, 46
ferritin, 101, 103, 104
ferroportin-1, 99, 111, 112
FeS clusters, [4Fe-4S]2+, [3Fe-4S]+,

[2Fe-2S] clusters, 98, 101, 109,
122, 124, 140, 141, 147, 153, 416

FeS nitrosylation, 154

G

γ -glutamyl transferase, 184
γ -glutamyltranspeptidase, 204
geminate recombination, 306
gene deletion, 409
glucocorticoid receptor, 190
glutathione (GSH), 173
glutathione peroxidase, 184
glutathione reductase, 190
glutathione S-transferase, 42, 107, 190,

294, 364
glyceraldehydes 3-phosphate dehydrogenase

(GAPDH), 207, 209
glyceryl-1,2-dinitrate (1,2-GDN), 365
glyceryl-1,3-dinitrate (1,3-GDN), 365
glyceryl trinitrate (GTN), 347–368
graft rejection/graft survival time, 408
GSH-dependent formaldehyde

hydrogenase, 184
guanosine-3′,5′-cyclic monophosphate

(cGMP), 92, 269, 329
guanylate cyclase, 97, 201, 327, 329

H

heme carrier protein 1 (HCP1), 98
hemoglobin (Hb), 87

nitrosyl-Hb, 63, 269, 282
oxy-Hb, 182, 203, 269

S-nitrosated Hb (SNO-Hb), 209,
269, 282

hemojuvelin, 100
hepcidin, 100
hephaestin, 99
HIF-1α protein, 190, 209
histidyl-iron-nitrosyl complex, 142, 144
human immunodeficiency, 191
hydralazine, 350
hydrogen peroxide, 64
hyperfine structure (HFS, EPR spectra),

19, 38, 227, 237
hypertensive rats, 80, 84
hypotensive activity, 75, 83, 87, 90
hypoxia, 63, 293, 308
hypoxia-inducible factors (HIFs), 190, 209,

210, 293

I

immunosuppressive activity of NO, 418
impostors for true nitric oxide, 401
iron:

iron bioavailability, 166
iron-DETC complex, 5, 383, 385, 407, 410
iron efflux (Fe mobilization), 102, 111
iron-responsive element (IRE), 100
iron-regulatory protein-1 (IRP-1), 98, 100
iron–sulfur cluster (ISC), 34, 36, 57, 66, 90,

119, 124, 126, 127, 337, 339
iron–sulfur protein (ISP), 34, 119, 139,

149, 339
labile iron pool (LIP)/free iron, 100, 124
loosely bound iron, 66, 124

ischemia/reperfusion injury, 269, 308, 323, 331
iso-amyl nitrite (IAN), 351
isomeric shift (IS, Mössbauer spectra), 31, 33,

34, 392
isosorbide dinitrate (ISDN), 348
isotopic substitution 296, 323, 328, 391

L

lactoferrin, 101
l-arginine, 304
l-cysteine, 173
lipopolysaccharide (LPS), 20, 394
lymphocytes, 418
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M

macrophages, 20, 112, 120, 189
mass spectrometry, 207
membrane ion channels, 210
metal chelators (neocuproine,

bathophenanthroline disulfonate,
o-phenanthroline, etc.), 102,
182, 186

metal transporter protein 1 (MTP1), 99
methemoglobin, 292, 338
metmyoglobin, 338
Michaelis–Menten kinetics, 320
mitochondria, 124, 166
mononitrosyl-iron complexes (MNIC), 5,

26, 299
MNIC with cysteine, 27, 232
MNIC with DETC, 78, 81, 85, 296, 298,

301, 416
MNIC with MGD, 297, 320, 389, 395
MNIC with sulfide, 34

Mössbauer spectra of DNIC, 31–33
multi-drug resistance-associated protein 1

(MRP1, ABCC1), 105, 108,
109, 112

MRP1 inhibitors (difloxacin, verapamil,
probenecid, MK571), 105, 110

Mycobacterium tuberculosis, 208

N

neocuproine (2,9-dimethyl-phenanthroline),
36, 225, 226

nicorandril, 350
nipradilol, 350
nitrate (NO3

−), 56, 277, 282, 339
nitrate reductase, 13, 162, 163
nitrate tolerance, 368
nitric oxide synthases (NOS), 20, 66, 97,

162, 253, 269, 313
endothelial NOS (eNOS), 87, 205,

255, 279, 295, 302, 304, 306,
308, 348

inducible NOS (iNOS), 65, 101, 348,
407, 409, 417

neuronal NOS (nNOS), 305, 306,
308, 348

nitrite (NO2
−), 56, 62, 162, 185, 254, 276,

282, 291, 292, 337, 347, 353
nitrite-antimicrobial activity, 337, 338
nitrite reductase, 203, 301–303
nitroalkanes, 355
nitrogen oxides (N2O, NO2, N2O3,

N2O4), 6–10, 44, 177, 178, 202, 223,
246, 253, 254, 340

nitroglycerol/nitroglycerin (GTN), 76,
348, 365

nitronium ion (NO2
+), 356

nitrosating species/nitrosating
reactions, 178

nitrosoamines (RNNO), 269, 273, 340
nitrosonium ion (NO+), NO+ generation,

6, 44, 47, 50, 65, 79, 177, 201,
203, 206, 223, 237, 261, 272

nitrosylation of heme proteins, 280, 305,
328, 338

nitrous acid (HNO2), 294, 295
nitrovasodilators, 350
nitroxyl ion (NO−), 7, 44, 203, 261, 401
N-nitrosamine derivative of albumin, 273
NO dismutation (disproportionation)

reaction, 44, 241
NO-donating non-steroidal anti-inflammatoty

drugs (NO-NSAID3), 348, 359
NO-mediated Fe release (mobilization), 103–106,

108–110
NO stores, 84, 86, 87, 90, 91
NONOates, 140, 351
non-enzymatic reduction of nitrite to NO,

162, 271
non-transferrin-bound iron, 293, 394, 400
normotensive rats, 80
NorR protein, 155
NOS-independent NO synthesis,

313, 319, 326
NOS inhibitors, 279

aminoguanidine, 408
Nω-nitro-l-arginine (NLA), 65, 90,

298, 299
Nω-nitro-l-arginine methylester (NAME),

165, 299, 324
NG-(1-iminethyl)-l-lysine (l-NIL), 408,

413, 415
nuclear factor κB (NF-κB), 190, 417
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O

organic nitrates (RONO2), 347, 361
organic nitrites (RONO), 347, 353
oscillatory time dependence of the DNIC

concentration, 246
oxypurinol, 300, 317

P

peroxidases, 281
peroxiredoxin, 207
peroxynitrite, 6, 63, 102, 166, 203,

253, 272, 273, 317, 323, 326,
347, 389

persulfide bond, 36
1-10-phenanthroline, 48, 58, 156, 241
photolysis-chemiluminiscence, 206
plant iron nutrition, 161
plants, NO production in, 161, 165,

337, 400
plasmic nitrate/nitrite, 279, 280
platelet aggregation/anti-aggregative activity,

13, 75, 92, 93, 173, 184, 188
post-translational protein

modifications, 208
protein disulfide isomerase (PDI), 104,

183, 202, 257
protein tyrosine phosphatase, 190, 211
pulmonary hypertension, 351

Q

quadrupole splitting (QS, �EQ) (Mössbauer
spectra), 31, 32, 34, 392

R

RBC NOS activity, 271, 272
reactive nitrogen species (RNS), 340,

352, 355
reactive oxygen species (ROS), 164, 340
red blood cells (RBC), 270, 271, 331, 414
RNA-binding activity of IRP1, 101
Roussin’s Black Salt (RBS), 90, 93, 259
Roussin’s Red Salt, 33
Ryanodine receptors, 190, 210

S

Salmonella, 340
Saville–Griess method, 206
septic shock, 410
serum albumin, 273
S-glutathiolation, 183, 184, 191, 211
shear stress, 281
sinitrodil, 350
S-nitrosation/denitrosation, 175, 184, 190, 226,

253, 257, 273
S-nitrosated glyceraldehyde 3-phosphate

dehydrogenase (GAPDH), 207, 209
S-nitrosation of β93 cysteine of hemoglobin,

179, 209, 270
S-nitrosation of NF-κB, 210
S-nitrosation of proteins, 201, 204,

254, 359
S-nitrosoglutathione reductase (SNOR),

184, 185, 204, 205
S-nitrosothiols (thionitrites) (RS-NO), 36,

37, 75, 88, 89, 162, 173, 178, 201,
223, 269, 272, 292

decomposition of RS-NO (reductive or
oxidative mechanisms), 181, 225

detection and quantification of
RS-NO, 179

homolytic cleavage of the S-NO bond, 203
low-molecular-weight RS-NO, 165, 202,

203, 208, 253, 273
S-nitrosoalbumin (SNO-Alb), 163, 175,

182, 190, 257, 272
S-nitrosocysteine (Cys-NO), 173, 257
S-nitrosoglutathione (GS-NO), 161, 163,

173, 179, 202, 208, 235, 257, 351
S-nitroso-N -acetylpenicillamine (SNAP), 90,

102, 165, 173, 202
thermal decomposition of GS-NO and

Cys-NO, 180
transport of RS-NO, 186, 254

sodium nitroprusside (SNP), 76, 79, 92, 102,
165, 201

SoxR/SoxR protein, 126, 149, 153–155
soxRS regulon, 150, 151, 250
spermine NONO-ate (Sper-NO), 102, 141
S-transnitrosation reaction, 182, 183, 187, 202,

205, 254, 255, 272



428 Index

sulfenic acid, 208
superoxide, 11, 48, 63, 148, 188, 203, 322
superoxide dismutase, 64, 87, 148, 184, 203,

204, 388

T

tetrahydrobiopterin (BH4), 162, 304
tetramethylurea, 24
thionitrates, 357, 363
thioredoxin, 190, 204, 209, 257
thioredoxin reductase, 184, 204
thiosulfate, 64, 129
thiram (tetramethyl thiuram disulfide), 383
thiyl radical (RS•), 46
transcription factor Yin Yang, 190
transferrin, 99, 100, 102

V

vasodilation (vasorelaxation), 85, 88, 173, 184,
188, 291

vasorelaxing activity, 87, 90, 203

X

xanthine oxidase (XO), 64, 184, 203, 204, 279,
280, 294, 299, 314, 364, 365, 415

XO-catalyzed NO production from nitrite, 316,
317, 322, 323

Z

zinc-finger type transcription factor, 210




