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Hydrogen sulfide has recently been considered to have an important role as a gasotransmitter in the car-
diovascular system as well as in the central nervous system, but its action seems directly related to the
presence of nitric oxide/nitric oxide-derivatives. We report here chemical evidence that emphasizes a
prominent role of the hydrogen sulfide as cofactor of NO-derivatives in inducing nitric oxide release.

� 2009 Elsevier Ltd. All rights reserved.
In the last decade, much attention has been devoted to the role
of hydrogen sulfide (H2S), in vivo, as a possible gasotransmitter,1–3

and how it affects cardiovascular functions.4,5 In the light of these
stated roles, nowadays, the attention has been focalized on the
possible synergy between H2S and nitric oxide (NO); for example,
the positive role of H2S in improving the NO production from
NO-releasers,6 or the action of NO in inducing an increase in the
amount of enzyme responsible of the H2S production.7 In fact, for
several physiological processes the direct interaction between
H2S and NO is claimed, and hypothesized to lead to the formation
of an S-nitrosothiol intermediate even if it has never been identi-
fied. In support of this, results obtained in vitro in the direct inter-
action between NO-gas and H2S or in the incubation of an H2S-
donor, such as the sodium hydrosulfide (NaSH), with different
NO-donors have been claimed.8 The aim of this research has been
to prove that the formation of NO in the interaction between the
NaSH and the sodium nitrite (NaNO2), an NO-donor, in buffer solu-
tions at pH <7, can take place directly with no involvement of oxi-
dants, as well as the release of NO from NO-derivatives, for
example the sodium nitroprusside (SNP).

In our previous study9 on the interaction between thiol deriva-
tives and the sodium nitroprusside (SNP), we proved that thiol
groups induce an Electron Transfer process leading to the forma-
tion of the corresponding S-nitrosothiol; a mechanism also invoked
for metals participating in NO-mediated nitrosation chemistry. In
fact, for NO–FeIII (ferric) species with significant nitrosonium ion
character, the possibility to react with nucleophiles, for instance
thiols, for generating nitrosated nucleophiles, that is, the corre-
sponding S-nitrosothiols, and a ferrous species was reported.10
All rights reserved.
Moreover, we proved that S-nitrosothiols can spontaneously re-
lease NO via homolysis.11 In the light of this evidence the mecha-
nism of NO production from SNP was accounted for.9 But, in a
recent paper8 on the interaction between NaHS and SNP, it has
been reported that only a small quantity of NO can be released
unless an oxidant is involved. This was in net contrast with our
results,9 and those in vivo that observed an enhancement, dose-
dependent, of the vasorelaxant effect of SNP on rat aortic tissues
when NaHS was added.12

To settle these discrepancies, a direct method for the NO detec-
tion instead of an indirect-method such as the Griess assay, unable
to discriminate among different nitrite sources, was necessary. The
EPR spectroscopy was able to fulfill this, and then experiments26

between SNP and NaSH were carried out. The SNP-reduced radical,
[FeII(CN)5(NO)]3�, aN = 1.49 mT and g = 2.0255, was the only
detectable species, Figure 1a. That confirmed the capability of sulf-
hydryl-containing molecules to induce the SNP reduction13 with-
out the intervention of any extra reagent.14 But, it was still
necessary to verify if an oxidant species was needed for inducing
NO release from the likely S-nitrosothiol intermediate, as hypoth-
esized in the literature.8,15 Experiments26 with equimolar amounts
of NaHS and SNP, in the presence of an efficient NO trap such as the
iron(II) N,N-diethyldithiocarbamate, [Fe(DETC)2], were carried out.
The formation of the corresponding paramagnetic nitrosyl
derivative, (Scheme 1), was clearly shown by EPR spectroscopy,
[NO–Fe(DETC)2], aN = 1.28 mT and g = 2.039, Figure 1b.

In the light of these results, it is impossible to accept the mech-
anism reported in the literature. In fact, it is a reducing agent and
not an oxidant that can induce such a process. Moreover, the claim
of the direct detection of the NO radical by EPR spectroscopy is also
unverifiable:8 experiments with such a goal cannot be conducted
for technical reasons.16 However, it is necessary to underline that
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Figure 1. EPR spectra. Scale: 1 mT = 10 G. (a) Radical deriving from the SPN reduction induced by NaHS. (b) Paramagnetic NO adduct to the Fe(DETC)2.
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Scheme 1. pH-independent reduction of SNP by HS� and/or H2S; trapping of the
spontaneous released NO.
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the S-nitrosothiol intermediate hypothesized by the authors8 is
reasonable, since we have detected the formation of the S-nitro-
sogluthatione (GS–NO) in the interaction between the glutathione
and the SNP;9 but the S–N bond which characterizes these species
is known to be very weak, and undergoes a rapid and spontaneous
homolytic cleavage.11 In particular, in the interaction between H2S
and SNP, the expected intermediate should be the thionitrous acid
(HS–NO), a well-known unstable molecule.11,17

Our experiments stressed the role of the H2S/HS� in inducing
the NO release from an exogenous NO-releaser, but the key aspect
to know was the reactivity of these species in comparison to
endogenous NO and/or NO-releasers, that is, mimicking biological
conditions. In fact, the reported18 hypothesis of a direct interaction
between NO and H2S was in net contrast with the chemistry of NO,
which allows only the interaction with radical species, or the coor-
dination with metal ions. On the contrary, the interaction between
H2S and NO-derivatives, for instance oxidized species such as the
nitrous acid (HNO2) and/or the dinitrogen trioxide (N2O3), could
account for the results reported in the literature. In particular,
the nitrite, which is considered the main pool of NO in vivo,19 could
be the species involved. To verify this hypothesis, experiments26

with equimolar amounts of NaHS and NaNO2 were carried out.
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Scheme 2. pH-dependent reduction of the nitrite by HS� and/or H2S; trapping of
the spontaneous released NO.
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Unfortunately, no paramagnetic species were detected. Neverthe-
less, it is known that the nitrite reduction can take place through
its aci-form,20,21 (HNO2), but in these experiments, due to the
hydrolysis of both reagents, the pH increases to ca. 10 and, the con-
centration of HNO2 becomes very low; consequently the reductive-
release of the nitric oxide was hampered Scheme 2.

Experiments were then repeated in buffer solution at pH <7.22

In these conditions a very intense EPR signal, due to the NO–Fe(-
DETC)2 radical, aN = 1.28 mT and g = 2.039, was immediately de-
tected Figure 1b. Moreover, lengthening the experiment at pH
6.15 for 48 h, a yellow precipitate of elementary sulfur (S8) was
recovered from the aqueous solution.23 These results definitely
demonstrated the straightforward reducing capability of HS�/H2S
in comparison to the nitrite, and how it depends on the pH of
the solution; but, they weakened the hypothesis of H2S acting as
a direct gasotransmitter, a characteristic which had already been
claimed to depend on the interaction with NO-releasers.24

Actually, the role of H2S as a gasotransmitter is usually sup-
ported by evidence based on final observations, that is, cause-
and-effect, but no mechanism of the interaction between H2S
and NO-derivatives has ever been reported. Therefore, a careful
examination of the role of H2S, for example in some vascular dis-
eases such as the hypertension, or its cardio protective effect in
ischemic myocardium, as well as its action in septic and endotoxin
shock,25 can lead to a different outcome. In fact, all these patholo-
gies are characterized by blood-acidity, that is, pH-values lower
than the physiological, and that creates the right conditions for
the H2S/HS� to act as reducing agent in comparison to the nitrite,
whose acid equilibrium has now fairly shifted towards the aci-
form, HNO2, that is, the species able to undergo the reductive-re-
lease of NO.

In conclusion, the role of the H2S as a possible direct gaso-
transmitter is still far from being proved. In the literature the
chemical conditions, in particular the pH of the medium in
which the bio-chemical processes occur, have usually not being
carefully taken into consideration. On the contrary, it seems def-
initely conceivable to consider H2S a cofactor of NO-releasers in
inducing the formation of free nitric oxide, the proven neuro-
transmitter, and the nitrite the species most probably involved
in vivo.
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