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Abstract: Decades of chemical, biochemical and patho-
physiological research have established the relevance
of post-translational protein modifications induced by
processes related to oxidative stress, with critical reflec-
tions on cellular signal transduction pathways. A great
deal of the so-called ‘redox regulation’ of cell function is
in fact mediated through reactions promoted by reactive
oxygen and nitrogen species on more or less specific ami-
noacid residues in proteins, at various levels within the
cell machinery. Modifications involving cysteine residues
have received most attention, due to the critical roles they
play in determining the structure/function correlates in
proteins. The peculiar reactivity of these residues results
in two major classes of modifications, with incorpora-
tion of NO moieties (S-nitrosation, leading to formation
of protein S-nitrosothiols) or binding of low molecular
weight thiols (S-thionylation, i.e. in particular S-glutath-
ionylation, S-cysteinylglycinylation and S-cysteinylation).
A wide array of proteins have been thus analyzed in detail
as far as their susceptibility to either modification or both,
and the resulting functional changes have been described
in a number of experimental settings. The present review
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aims to provide an update of available knowledge in the
field, with a special focus on the respective (sometimes
competing and antagonistic) roles played by protein
S-nitrosations and S-thionylations in biochemical and cel-
lular processes specifically pertaining to pathogenesis of
cardiovascular diseases.
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Introduction

The role of nitric oxide (NO) in several signaling routes
has been clearly established (Grisham et al., 1999; Pacher
et al., 2007). NO, one of the most important substances
produced by the endothelium, plays a key role in home-
ostasis maintenance and has gained recognition as a
crucial modulator in vascular pathophysiology. NO has
a number of intracellular effects, e.g. vasorelaxation,
endothelial regeneration, inhibition of leukocyte chemo-
taxis, and platelet adhesion. The physiological chemistry
of NO is complex, for it encompasses numerous potential
reactions. Increasing attention has been paid to its ability
to produce covalent post-translational protein modifi-
cations, and among these, the modification of cysteine
residues has received more attention due to the functional
relevance of many of them. The cysteine thiol may be modi-
fied by incorporation of a NO moiety (S-nitrosation) or of a
glutathione moiety (S-glutathionylation). Both modifica-
tions may ensue from different reactions induced by nitric
oxide-related species, especially S-nitrosoglutathione
(GSNO). GSNO is one of the most important intracellular
S-nitrosothiols (Martinez-Ruiz and Lamas, 2007), and as
will be detailed below, a number of studies have investi-
gated its potential use as a therapeutic agent in selected
conditions, including cardiovascular dideases (Hornyak
et al., 2011).
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In the present review, the first part will focus on the
role of NO as a signaling molecule, by analyzing the main
post-translational modifications (PTMs) it can induce in
cellular proteins. The second part will explore the simi-
larities, differences and commonalities between the pro-
cesses of protein S-nitrosation and S-glutathionylation.
In fact, both modifications share many mechanistic and
functional features, making them solid candidates as
general mechanisms for intracellular signal transduc-
tion. Finally, the third section will focus on the identifi-
cation of proteins individually modified by S-nitrosation
and S-gluthathionylation. The most abundant protein
thiol is the free cysteine of albumin, which makes of this
abundant protein an inevitable target of both processes.
S-nitrosylation of albumin has been recognized since the
beginning as a mechanism involved in the bioactivity of
endothelium-derived NO, at that time denoted as EDRF
(Stamler et al., 1992; Keaney et al., 1993). Our review will
be focused on the resulting effects of these PTMs on other
protein targets critical in cardiovascular pathophysiology.
The competition of the two processes on the same protein
targets will also be discussed, taking into account the dual
ability of GSNO to both S-nitrosate as well as S-glutathio-
nylate proteins.

NO signaling in the cardiovascular
system

NO is a gaseous radical with a short half-life, continuously
synthesized from L-arginine by the nitric oxide synthase
(NOS) (Palmer et al., 1988). There are three distinct iso-
forms of NOS that differ in structure and function (Stuehr,
1997). Endothelial NOS (eNOS) and neuronal NOS (nNOS)
are constitutively expressed and are referred as Ca*-
dependent enzymes (Ayajiki et al., 1996) and generate
small amounts of NO for signaling. The third type is the
inducible isoform (iNOS), Ca*-independent and inducible
by immunological stimuli (Schulz et al., 1992). This latter
is activated in response to inflammation and generates
high amounts of NO (Knowles and Moncada, 1994).

From a functional point of view, NO acts as a chemical
messenger particularly in vascular and immune systems,
where it participates in the regulation of a wide range of
physiological processes. Its production within the cell is
finely adjusted to ensure appropriate effects. Indeed, in
physiological conditions, the low concentrations of NO
(10 nm) produced by eNOS can act both as a vasodilator
and an inhibitor of platelet aggregation. Through nitros-
ylation, NO released from the endothelium stimulates
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soluble guanylyl cyclase (sGC), producing increased con-

centrations of cyclic guanosine monophosphate (cGMP).

Cyclic GMP interacts with three types of intracellular pro-

teins: cGMP-dependent protein kinases (PKGs), cGMP-reg-

ulated ion channels, and cGMP-regulated cyclic nucleotide
phosphodiesterases (PDEs). Thus, cGMP can alter cell
function through mechanisms dependent or independent
of protein phosphorylation. Depending on the sites of NO
release and cGMP activation, different biological effects
can be observed. In vascular smooth muscle cells (VSMCs),
increased cyclic GMP concentrations will activate cGMP-
dependent kinases capable of decreasing intracellular

calcium, thus producing relaxation (Moncada et al., 1991),

whereas increased cGMP in platelets will decrease platelet

activation and adhesion to the surface of the endothelium

(Radomski and Moncada, 1993).

Conversely, the activation of iNOS, induced during
pathophysiological processes such as inflammation, pro-
duces much higher concentrations of NO (>1 um). iNOS
is expressed physiologically, but is induced by certain
inflammatory cytokines (IL-1, INFy, TNF-a), LPS and oxi-
dizing agents. The effects of NO will depend on the site of
its formation, concentrations achieved, as well as the type
of targeted tissue.

Generally, modulation of protein function by NO can
occur through three main reactions:

1. Nitrosylation, a reversible coordination of NO to tran-
sition metal ions in enzymes, such as ferrous (Fe*)
heme prosthetic groups within the sGC enzyme, lead-
ing to enzyme activation and increased formation of
cGMP.

2. Protein nitrosation, with formation of a covalent bond
between NO and cysteine (S-nitrosation) or tryptophan
(N-nitrosation) residues. Modifications of free cysteine
residues present at active sites of effector proteins and
peptides will change the activity or function of these
proteins. This configures a mode of post-translational
protein modification as important as phosphorylation
(Lima, 2010; Heikal, 2011). A number of studies have
focused on the mechanistic aspects of protein nitro-
sation (see e.g. Wolhuter and Eaton, 2017), however
it has been shown that de-nitrosation reactions also
play critical roles in the control of nitrosated proteins
levels as well as of NO release. In the specific case of
S-nitrosation, the formed S-nitrosothiols (RSNOs) can
undergo spontaneous or assisted trans-nitrosations,
resulting in the transfer of the NO moiety from high
molecular weight (protein) thiols to low molecular
ones, and inversely.

3. Nitration, i.e. the addition of a nitro group (NO,)
covalently bound to the aromatic ring of tyrosine
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or tryptophan residues. This often results in a loss
of protein function, due to the involvement of func-
tionally important residues, as well as in proteolytic
degradation of damaged proteins. Nitration mainly
consists in the formation of nitrotyrosine, occur-
ring either via peroxynitrite or via the one-electron
oxidation of nitrite by peroxydases in the context of
heavy tissue inflammation and oxidative stress (van
der Vliet et al., 1997; Wu et al., 1999). Nitrotyrosine is
identified as an indicator or marker of cell damage,
of inflammation as well as of high NO production.
Previous studies have demonstrated that nitrotyros-
ine is enriched in human atherosclerotic lesions and
low-density lipoprotein (LDL) obtained from human
atheromas (Shishehbor et al., 2003).

Decreased levels of endogenously produced NO have been
linked to a number of cardiovascular diseases (CVD).
Decreased NO bioavailability can have different origins,
e.g. (i) the impairment of endothelial membrane recep-
tors that mediate the release of NO in response to agonists
or mechanical stimuli, (ii) decreased levels or impaired
utilization of L-arginine substrate, or cofactors for NOS
(such as BH,), (iii) decreased concentration or activity of
NOS, (iv) enhanced degradation of NO by oxygen free radi-
cals, (v) impaired diffusion from endothelium to smooth
muscle cells (SMCs), (vi) impaired interaction of NO with

NO  + 0,~ =»ONOO-

|

® Protein nitration = P-Tyr-NO,

® Protein S-nitrosation =% P-SNO e

/\
/

NO reservoir

>1 um iNOS
cGMP
SMCs Endothelium
Vasorelaxation Antiaggregation
=10 nm eNOS
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soluble guanylate cyclase and limitation of the increase
in intracellular cGMP levels, (vii) generalized decrease in
smooth muscle cell sensitivity to vasodilators (Briasoulis
et al., 2012). Decreased NO bioactivity is a consequence of
endothelial dysfunction, and may thus contribute to the
development of atherosclerosis and its clinical expression
in several CVD forms (Tousoulis et al., 2012).

Conversely, excess NO produced during inflam-
mation and oxidative stress has also been repeatedly
involved at the basis of cardiovascular pathologies. Such
relationships can be summarized as follows: (i) NO is
released during inflammation processes (mainly fol-
lowing the activation of inducible NO synthase), (ii) it
induces positive or negative effects on vascular homeo-
stasis, depending on its concentration and other concur-
rent factors, with deleterious impacts during oxidative
stress and inflammation, and (iii) the released NO can
itself modulate the production and action of inflam-
matory mediators. The reasons for such multiplicity of
effects lie in concentrations, duration of exposure, and
origin of increased NO: i.e. direct production from NOSs,
as opposed to release of NO from the endogenous res-
ervoir represented by S-nitrosothiols (RSNOs). The role
of the latter as an important storage form of NO will be
discussed below.

A summary of NO effects related to its concentration
and cardiovascular conditions is reported in Figure 1.

Proliferation
Apoptosis

Inflammation

Figure 1: Pathophysiological effects of protein modifications induced by increasing concentrations of NO in the cardiovascular setting.

sGC, soluble guanylyl cyclase; cGMP, cyclic guanosine monophosphate.
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S-nitrosothiols: post-translational protein
modifications and nitric oxide donors

The delivery of supplementary NO in the form of NO-donor
drugs represents an attractive therapeutic option for the
treatment of cardiovascular diseases as well as other
pahologies. NO donors, i.e. agents capable to release NO,
are often complex chemicals such as nitrosamines, organic
nitrates and metal-NO complexes, but simpler molecules
such as S-nitrosothiols have recently come center stage.
Over time, several comprehensive reviews have appeared
in the literature to which the reader is addressed for more
details (see e.g. Feelisch and Stamler, 1996; Wang et al.,
2002). Basically, three NO release mechanisms were pro-
posed, depending on the chemical structure of the spe-
cific NO donor. The first type is spontaneous NO donation,
which releases NO through thermal or photochemical
self-decomposition (e.g. S-nitrosothiols, N-diazenium-
diolates, oximes). The second type is a chemically catal-
ized NO release triggered by acid, alkali, metals and thiols.
This is the case for organic nitrates, nitrites, sydnonimines
and S-nitrosothiols. The third type is an enzymatically cat-
alized NO donation depending on enzymatic oxidation or
reduction: e.g. N-hydroxyguanidines, following the action
of NOS’s or oxidases, or S-nitrosothiols, following the
action of redoxins (Perrin-Sarrado et al., 2016). Peptidases
are also implicated in NO release from S-nitrosothiols, as
shown by y-glutamyltransferase (GGT) implication in NO
release from GSNO, thus mediating its rapid vasorelaxant
effects (Dahboul et al., 2012).

Some NO-donor drugs are already in widespread clin-
ical use, in particular organic nitrates (e.g. nitroglycerin,
isosorbide dinitrate or isosorbide-5-mononitrate), organic
nitrites (e.g. amyl nitrite), the ferrous nitro-complexes
(e.g. sodium nitroprusside) and the sydnonimines (e.g.
molsidomine) (Tullett and Rees, 1999).

Conversely, Stamler and co-workers postulated the
existence of an endogenous NO reserve in the plasma,
where NO is in equilibrium with S-nitrosoproteins and/
or S-nitrosopeptides characterized by a covalent S-NO
bond and serving in NO transport, signal transduction
pathways and regulation of gene expression (Stamler
et al., 1992; Stamler, 1994). Indeed, part of the action of
the endothelium-derived relaxing factor (EDRF) was sug-
gested to be effected through a protein-SNO adduct with
serum albumin (Keaney et al., 1993).

The formation of S-nitrosothiols may also play an
important role in leukocyte adhesion to microvascular
endothelium. S-nitrosothiols are in fact known to inhibit
leukocyte adhesion to microvascular endothelial cells
in vivo, presumably via the release of NO. Sulfhydryl
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groups are essential for normal leukocyte-endothelial
cell adhesion (Grisham et al., 1998). S-nitrosation of these
critical -SH groups on the surface of endothelial cells and/
or neutrophils could therefore decrease adhesion, thereby
limiting leukocyte infiltration. Furthermore, the formation
of endogenous antiadhesive S-nitrosothiols may be inhib-
ited by O,~ due to formation of peroxynitrite, suggest-
ing that enhanced O,~ production during inflammation
may promote the adhesion of neutrophils to endothe-
lium (Wink et al., 1997). Indeed it is well established that
exogenous NO donors are very effective at inhibiting the
adhesion of neutrophils in vivo (Granger and Kubes, 1996;
Grisham et al., 1998).

In contrast to classic NO donors used in pharmaco-
therapy, S-nitrosothiols could be promising substitutes
as they do not induce the development of tolerance or
cyanide poisoning (Al-Sa’doni and Ferro, 2000; Belcastro
et al., 2017). S-nitrosothiols proved effective in a variety
of cardiovascular disorders, including e.g. myocardial
infarction (Lima et al., 2009). Alterations of NO homeo-
stasis are implicated in atherosclerosis and the potential
therapeutic benefit of NO donors (e.g. organic nitrates,
nicorandil and sydnonimines) or drugs increasing the
availability of endogenous NO (e.g. statins, angiotensin-
converting enzyme inhibitors, L-arginine and tetrahydro-
biopterin) has been proposed (Gori et al., 2001; Herman
and Moncada, 2005; De Meyer et al., 2012). The rationale
for this implication lies in the potential effects of NO on
macrophages, SMCs and endothelium, the main cellu-
lar components of atherosclerotic plaque. However, it
should also be considered that NO by itself (Chang et al.,
1994; Wang et al., 1994) or in combination with superox-
ide anions (Darley-Usmar et al., 1992) can also stimulate
the oxidation of LDL, which constitutes a critical trigger-
ing event in atherogenesis and makes the picture more
complex.

Endothelium and SMCs are two critical components
in the pathogenesis of atherosclerotic plaques, forming
the basis for a number of cardiovascular diseases. The
effects of S-nitrosothiols in normal endothelial cells and
SMCs were first analyzed by comparing the effects on
native LDL oxidation of S-nitroso-N-acetyl-penicillamine
(SNAP), a RSNO, and two other known NO donors, SIN-1
and sodium nitroprusside (Jaworski et al., 2001). These
authors demonstrated that sodium nitroprusside strongly
oxidizes LDL in medium alone, as well as in endothe-
lial or smooth muscle cell cultures, and it should there-
fore be used carefully in therapy for vascular conditions,
especially in case of high concentrations and prolonged
administration. SIN-1 also oxidized LDL in the absence of
cells, and clearly enhanced the LDL oxidation in cultures
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(Darley-Usmar et al., 1992; Mital et al., 1999). At vari-
ance, SNAP was not able to oxidize LDL either in acellu-
lar systems or in the presence of cells, showing that the
amount of superoxide and other reactive oxygen species
released by these cells did not suffice, contrary to those
liberated by macrophages, to combine with NO and
produce prooxidant effects. Conversely, it has been shown
that other S-nitrosothiols such as GSNO could protect
endothelial cells from the toxic effect of oxidized LDL
(Struck et al., 1995). In addition, SNAP was reported to be
useful in the treatment of heart failure, by reducing myo-
cardial oxygen consumption (Mital et al., 1999), inducing
vasodilation in rat femoral arteries (Megson et al., 1997)
and inhibiting platelet activation and aggregation (Salas
et al., 1994; Gordge et al., 1998). Taken together, these
observations suggest that S-nitrosothiols could limit the
progression of atherogenesis without increasing oxidative
stress, and thus encourage the pharmacological applica-
tion of these compounds.

S-Nitrosoglutathione (GSNO): the main
endogenous NO donor

Among endogenous RSNOs, the attention has been mainly
focused on S-nitrosoglutathione (GSNO) and S-nitroso-
cysteine (Cys-NO), the most represented low-molecular
weight (Imw) S-nitrosothiols in vivo, because of their
potential pharmacological and therapeutic applications.

GSNO, formed by the S-nitrosation of reduced glu-
tathione, is the main Imw form for storage and transport of
NO. It exhibits higher stability than NO, mediates protein
S-nitrosation processes and is thought to play an impor-
tant role in vascular signaling and protection, especially
in a context of inflammation (Khan et al., 2006). The bio-
logical activity of GSNO and particularly its vasorelaxant
effect have been reported in ex vivo isolated vessel models
(Sogo et al., 2000; Alencar et al., 2003; Dahboul et al.,
2012; Perrin-Sarrado et al., 2016), and is directly linked
to its decomposition resulting in the release of NO. Gen-
erally, RSNOs are quite stable in vitro at 37°C and pH 74
(McAninly et al., 1993) but are degraded in vivo, especially
by enzymatic activities. Indeed, GSNO decomposition
in vitro is promoted by factors such as pH, temperature
and metal ions, while in vivo it is effected by enzyme activ-
ities such as GSNO reductase (GSNOR), carbonyl reduc-
tase 1 (CR1), protein dislfide isomerase (PDI), thioredoxin
system (Trxs) and y-glutamyltransferase (GGT). Cellular
mechanisms of GSNO degradation are widely described in
the literature (Broniowska et al., 2013; Corti et al., 2014),
and are summarized in Table 1.
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In view of its primary relevance as endogenous RSNO,
as well as of the interest it has raised as potential thera-
peutic agent in cardiovascular diseases and other condi-
tions, GSNO will represent the main focus of this review.
Cellular responses to GSNO have in fact received great
attention during the last few years (Broniowska et al.,
2013). Indeed, GSNO does not induce any tolerance or oxi-
dative stress (Al-Sa’doni and Ferro, 2000; Belcastro et al.,
2017). To date, there have been nearly 20 clinical trials
investigating the therapeutic efficacy of GSNO in multi-
ple pathological contexts, and most of them have focused
on its effects in cardiovascular diseases (Gaucher et al.,
2013). The best-characterized effects of GSNO in humans
are its direct and selective actions on platelets (Langford
et al., 1994; Kaposzta et al., 2002). GSNO has been shown
to decrease embolism from symptomatic carotid plaques
and after carotid endarterectomy or angioplasty (Kaposzta
et al., 2002) or vein graft (Salas et al., 1998) by limiting
platelet activation. Its beneficial effects in the vasculature
extend to cardiac left ventricular function and systemic
vasodilation (Rassaf et al., 2002), and preeclampsia (Lees
et al., 1996) (Table 1). Although with some discrepancies
related to the analytical method used (Giustarini et al.,
2006; Bramanti et al., 2009), GSNO was found at nano-
to low micromolar concentrations in extracellular fluids
and tissues (Gaston et al., 1993; Kluge et al., 1997; Gius-
tarini et al., 2006), and due to its nature of endogenous
compound and its important role in NO signaling and
S-nitrosation, it has been considered an attractive can-
didate for therapeutic applications (Snyder et al., 2002;
Corti et al., 2014). However, despite its powerful anti-
platelet activity, vasodilator effects, antimicrobial and
antithrombotic effects, this molecule is not yet present
in any pharmaceutical composition for the treatment of
vascular diseases. Considering that its stability is limited
by enzymatic and non-enzymatic degradations, and
therefore is too low to provide a long-lasting effect and
to deliver appropriate NO concentrations to target tissues
for clinical application, GSNO (like RSNOs in general)
has to be protected. GSNO encapsulation is an interest-
ing response to provide protection from degradation,
but its hydrophilic nature and the instability of the S-NO
bond during the formulation process raise difficulties for
encapsulation. The direct encapsulation of GSNO within
polymeric nanoparticles and nanocomposite particles has
been recently described, with preservation of the activ-
ity of this fragile molecule after the formulation process
(Wu et al., 2015a,b). As far as protection against degrada-
tion effected by y-glutamyltransferase, useful hints could
derive from previous studies on glutathione. In in vitro
experiments, it was in fact shown that complexation of
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GSH with o-cyclodextrin (o-CyD) could afford 50% pro-
tection against GGT at 2 h (Garcia-Fuentes et al., 2006).

These formulations for chronic oral treatments with
GSNO showed a sustained in vitro release of GSNO (Wu
et al., 2015b) and a storage of NO in the vascular wall
17 h after oral administration to wistar rats (Wu et al.,
2016). Other formulations developed for subcutane-
ous long lasting delivery of GSNO also showed poten-
tial for stroke treatment (Parent et al., 2015). Even if the
potential of GSNO for NO supplementation is limited by
its poor stability and high hydrophilicity, causing NO
release to not be sustained long enough for a chronic
in vivo therapeutic effect, these studies however repre-
sent a starting point for the implementation of chronic
oral treatments with GSNO, e.g. for the treatment of vas-
cular diseases.

S-Nitrosation vs. S-glutathionylation:
differences, similarities and
commonalities

NO can affect cardiovascular physiology in different
ways. In addition to the classic NO-mediated activation of
the cGMP-dependent pathway, in recent years increasing
attention has been paid to the ability of NO to produce
covalent post-translational protein modifications, in con-
junction with other reactive oxygen (ROS) and nitrogen
species (RNS). Among these, the modification of cysteine
residues has been shown to be of particular importance
due to the functional relevance of many of them. In this
second part we are focussing on the modification of
the cysteine thiol by the incorporation of a NO moiety
(S-nitrosation) or the formation of a mixed disulfide
between a protein thiol and a Imw thiol (S-thionylation).
Levels of glutathione (GSH) are remarkably high at intra-
cellular level, and S-glutathionylation, the reversible
addition of glutathione to thionylate anions of cysteines
in target proteins, is the most abundant type of thionyla-
tion, and likely the most important (Chai et al., 1994a;
Ravichandran et al., 1994; Schuppe-Koistinen et al.,
1994).

Both S-nitrosation and S-thiolation can indeed result
from the action of nitric oxide-related species. Conversely,
as the intrinsic instability of the nitrosothiol bond facili-
tates its rapid reaction with other species to generate
more stable disulfide bonds, it has been suggested that
protein (mixed) disulfides formed in this way, via a nitro-
sothiol intermediate redox state, likely represent the end
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modifications actually mediating functional alterations
in target proteins (Wolhuter and Eaton, 2017). There are
emerging data suggesting that both PTMs play an impor-
tant role in cardioprotection, for they not only lead to
changes in protein structure and function but also protect
these thiol(s) from further irreversible oxidative/nitrosa-
tive modification. A better understanding of these mecha-
nisms and their roles is needed, in view of new therapeutic
opportunities and targets for interventions in cardiovas-
cular diseases.

The perturbation of thiol-disulfide homeostasis is a
critical process in many diseases. The reduced/oxidized
glutathione (GSH/GSSG) redox couple is of great impor-
tance in maintaining cellular redox status, including
modulation of protein thiols. The estimated in vivo redox
potential for the GSH/GSSG couple ranges from -260 mV to
-150 mV depending on the conditions (Jones, 2002). Thus,
changes in the GSH/GSSG ratio are fundamental in the fine
tuning of signal transduction related, for example, to cell
cycle regulation (Schafer and Buettner, 2001). Under oxi-
dative stress, the concentration of GSH decreases leading
to irreversible cell degeneration and death. In fact, shift-
ing the GSH/GSSG redox toward the oxidizing state acti-
vates several signaling pathways including protein kinase
B, calcineurin, NF-kB, c-Jun N-terminal kinase, apoptosis
signal-regulated kinase 1, and mitogen-activated protein
kinase, thereby reducing cell proliferation and increasing
apoptosis (Sen, 2000). In recent years, additional roles of
GSH related to signal transduction have emerged.

The most common covalent protein PTMs of cysteine
residues are those involving NO, i.e. S-nitrosation, or
a thiol, by incorporation for example of a glutathione
moiety, S-glutathionylation (Figure 2).

S-Nitrosation is a redox-dependent, thiol-based,
reversible post-translational protein modification (Gow
et al., 2002; Gaston et al., 2006; Paige et al., 2008; Foster
et al., 2009) and it is analogous to phosphorylation,
S-glutathionylation, palmitoylation, acetylation and other
physiological modifications of proteins. When compared
to other signaling mechanisms such as phosphorylation,
it presents unique features, e.g. the fact that S-nitros-
othiols can be also formed and degraded depending on
spontaneous chemical reactions without the aid of enzy-
matic catalysis. Thus, some concepts like specificity are
based on different biochemical principles, and hence this
may represent a new paradigm in signal transduction
(Martinez-Ruiz and Lamas, 2004).

Conversely, S-glutathionylation provides protection
of protein cysteines from irreversible oxidation and serves
to transduce a redox signal by changing structure/func-
tion of the target protein (Ghezzi, 2005, 2013). This process
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