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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 

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.

Keywords: cardiovascular diseases; glutathione; mixed 
disulfides; nitric oxide; RNS; ROS; S-glutathionylation; 
S-nitrosation.

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 (Martínez-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 (Hornyák 
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 Ca2+-
dependent enzymes (Ayajiki et  al., 1996) and generate 
small amounts of NO for signaling. The third type is the 
inducible isoform (iNOS), Ca2+-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 

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  μm). iNOS 
is expressed physiologically, but is induced by certain 
inflammatory cytokines (IL-1, INFγ, TNF-α), 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 (Fe2+) 
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 (NO2) 
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 BH4), (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 

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.

Protein nitration

ONOO–·NO O
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Endothelium
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+

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 γ-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 

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 O2˙− due to formation of peroxynitrite, suggest-
ing that enhanced O2˙− 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 (lmw) 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 lmw 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 7.4 
(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 γ-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.

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 γ-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 α-cyclodextrin (α-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 lmw 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 

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-κB, 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 
(Martínez-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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is observed both under physiological redox signaling or 
oxidative stress. Protein S-glutathionylation involves the 
reaction of protein cysteine residue, or an oxidized deriva-
tive such as S-nitrosyl (S-NO), sulfenic acid (S-OH), thiyl 
radical (S˙), with GSH. The reversal of S-glutathionylation 

(i.e. de-glutathionylation) is catalyzed by glutaredoxin 
(Grx) at the expense of GSH as a cosubstrate (Kalinina 
et al., 2014).

The PTMs described above can alter protein func-
tion, by regulating the activities of several redox-sensitive 

Figure 2: Chemical pathways leading to the formation of protein S-nitrosation and S-glutathionylation.
The thiol group in side chain of a cysteine residue is susceptible to several oxidative modifications. Its oxidation can result in the forma-
tion of a cysteinyl radical (P–S, not shown) or a sulfenic (PSOH) (A), sulfinic (PSO2H) (B) or sulfonic (PSO3H) acid (C). The formation of PSOH 
can be reversed, for example by GSH, while the two other species are usually irreversible. Alternatively, oxidation can result in the forma-
tion of disulfide bridges (D, D′). Disulfides can form between two adjacent proteins (intermolecular cystine, or interprotein disulfide) (D) or 
between two adjacent sulphydryl groups within the same protein (intramolecular cystine, or intraprotein disulfide) (D′), causing changes in 
protein aggregation and conformation. Reaction between protein -SH grous and lmw. thiols such as GSH and free cysteine can yield protein-
glutathione (E), protein-cysteine (F) or protein-cysteinylglycine mixed disulfides (G), respectively (i.e. S-glutathionylated, S-cysteinylated 
or S-cysteinylglycinylated proteins). Protein thiols found in consensus motifs wherein the cysteine is adjacent to basic and acid residues or 
aromatic residues can serve as sites of S-nitrosation, which can be mediated by NO, S-nitrosothiols (i.e. GSNO) or several higher N-oxides 
(H), or catalyzed by transition metals.
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proteins. This has been discussed for both sets of modifi-
cations (Nathan, 2003), although each modification has 
special and unique features. In this regard, S-nitrosation 
shows some parallels with sulfenic acid formation, as it 
is easily reversible (Poole et  al., 2004). Sulfinic and sul-
fonic acid formation are more stable modifications, which 
have been considered as irreversible in cell systems until 
the description of reversion enzymatic mechanisms 
for sulfinic acid (Biteau et  al., 2003; Woo et  al., 2003). 
Disulfide bond formation is a well-known redox modifica-
tion in proteins, largely dependent not only on the redox 
environment but also on protein structure. However, 
S-glutathionylation can be considered as the most impor-
tant thionylation, as it has been also shown to be the most 
abundant (Chai et  al., 1994a; Schuppe-Koistinen et  al., 
1994).

Numerous reports have shown the importance of 
oxidative cysteine modification in proteins in modulat-
ing cardiovascular function, and both protein S-nitros-
ation and S-glutathionylation are emerging as a critical 
signaling mechanism in cardiovascular diseases. Both 
PTMs in fact appear to regulate several physiologi-
cal processes involved in cardiovascular homeostasis, 
including myocyte contraction, oxidative phosphoryla-
tion, protein synthesis, vasodilation, glycolytic meta-
bolism and response to insulin. Thus, perturbations in 
protein nitrosation/glutathionylation status may con-
tribute to the etiology of many cardiovascular diseases, 
such as myocardial infarction, cardiac hypertrophy and 
atherosclerosis.

There are several chemical mechanisms that can lead 
to both S-nitrosation and S-glutathionylation in protein-
cysteine thiols. First, it is necessary to assume that the 
formation of both modifications does not occur directly by 
addition of the species, nitric oxide (·NO) or glutathione 
(GSH), to the cysteine thiol (P–SH), but a redox reac-
tion is needed by losing one electron per sulfur atom in 
the case of nitrosation, and two electrons in the case of 
S-glutathionylation.

A direct reaction is only possible if a thiyl radical 
is formed on the cysteine thiol (P–S˙), that would easily 
react with nitric oxide (a) or with glutathione thiyl 
radical (b):

	 P S NO P S NO− +⋅ → − −i � (a)

	 P S GS P S SG− + → − −i i � (b)

Moreover, oxidized species are the most important 
candidates for modifying a reduced thiol, and N2O3, 
the higher oxidation state among nitrogen oxides (c), is 
considered the S-nitrosating species par excellence (Wink 

et  al., 1993; Hogg, 2002). Oxidized glutathione (GSSG) 
would be the equivalent for glutathione (d):

	 2 3 2N O RSH RSNO H NO+ −+ → + + � (c)

	 P SH GS SG P S SG GSH− + − → − − + � (d)

Another mechanism, sharing some common fea-
tures, is the transfer of the modification between two 
distinct thiols. In the case of S-nitrosation, this is termed 
transnitrosation (e), a fast reaction likely to occur quite 
easily in cells (Rossi et  al., 1997; Liu et  al., 1998). The 
disulfide exchange between glutathione and another thiol 
(including S–glutathionylation by GSSG) could be called 
‘transglutathionylation’ (f), and is a slow, thermodynami-
cally unfavored reaction basing on typical redox poten-
tials for cysteine residues (Gilbert, 1995):

	 R SH R NO R NO R SHS S− + − − → − − + −′ ′ � (e)

	 R SH R SG R SG R SHS S− + − − → − − + −′ ′ � (f)

Transnitrosations are likely to occur promptly, but can 
be easily reverted by other thiols, a circumstance that may 
explain in part the high lability of protein S-nitrosation. In 
contrast, S-glutathionylation by GSSG is less likely if not 
assisted by enzymes, such as those described below, but 
may become more stable in the presence of other thiols, 
e.g. glutathione itself.

An alternative mechanism for protein mixed disulfide 
formation derives from the intriguing observation that 
this modification may occur in intact cells in various 
experimental models of ROS generation, even without 
any detectable changes in the GSH/GSSG ratio (Chai et al., 
1994a,b). This has been explained by direct oxidation of 
protein cysteines by ROS generating a reactive protein 
thiol intermediate such as a thiyl radical or sulfenic acid 
(g), which further reacts with GSH to form the mixed 
disulfide (h) (Poole et al., 2004):

	 − + → − +2 2 2P SH H O P SOH H O � (g)

	 2P SOH GSH P S SG H O− + → − − + � (h)

In support of this hypothesis, it was demonstrated 
that the active-site CyS-215 of protein tyrosine phosphatase 
(PTP-1B) can be oxidized by superoxide and H2O2 to a 
short-lived sulfenate (Denu and Tanner, 1998; Lee et al., 
1998), which is rapidly converted into the relatively more 
stable mixed disulfide by GSH (Barrett et  al., 1999a,b), 
preventing it from being overoxidized. These findings are 
important for interpretation of previous work (reviewed in 
Claiborne et  al., 1999) proposing that protein sulfenates 
may represent a stable and functionally relevant oxidized 
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form of a protein thiol. However, although there is evi-
dence that some protein sulfenates may be stable oxida-
tion end products when they are stabilized and protected 
against reaction with other thiols by the protein structure, 
the possibility should be considered that sulfenates can 
only survive in unnatural oxidizing conditions in vitro, 
i.e. in experiments carried out in the absence of GSH 
(Claiborne et al., 1993).

Finally, an emerging concept suggests that S-nitro
sation could be considered as an intermediate step to 
S-glutathionylation (Wolhuter and Eaton, 2017). Indeed, 
the S-nitrosothiol itself represents another activated form 
of the protein cysteine thiol, and can react with GSH 
leading to S-glutathionylation (i):

	 − = + → − +PS N O GSH PS SG HNO � (i)

which is chemically equivalent to the S-glutathionylation 
produced by GSNO (j):

	 + → − +PSH GSNO PS SG HNO � (j)

Individual analysis of each single mechanism is very dif-
ficult, especially if we consider the fast transnitrosation 
reaction between the two types of nitrosothiols (k):

	 + +PSNO GSH  PSH GSNO� � (k)

Thus, the role of S-nitrosothiols as primers for S-glutath-
ionylation should be considered as a whole, with special 
emphasis given to GSNO as a reagent that can induce not 
only S-nitrosation but also S-glutathionylation in proteins.

Although S-nitrosation and S-glutathionylation in cells 
can be explained by mere chemical reactions, some enzy-
matic systems have been described as capable of acceler-
ating some of the steps involved. Regarding S-nitrosation, 
and apart from the fact that certain protein targets are spe-
cifically assisted in their modification (Hess et al., 2005), 
the main enzymatic mechanism described so far is the one 
assisted by GSNOR activity. The latter is otherwise known 
as the GSH-dependent formaldehyde dehydrogenase activ-
ity (Jensen et al., 1998) and would presumably have a func-
tion in controlling the levels of intracellular GSNO (and, 
indirectly, of protein S-nitrosothiols as well) as it promotes 
the formation of GSNHOH, a non-NO donating molecule.

Although GSNOR is the most ubiquitous and well- 
studied enzyme in GSNO metabolism, other enzymes 
are also involved, such as plasma membrane 
γ-glutamyltransferase (GGT). GGT is able to hydrolize GSNO 
to the less-stable dipeptide S-nitroso-cysteinylglycine 
(CGSNO), which rapidly releases NO in presence of trace 
metal ions (Hogg et al., 1997; Angeli et al., 2009). Although 
GGT activity resides on the outer aspect of cell membrane, 
it can be envisaged that, by cleaving extracellular GSNO, 

GGT may facilitate SNO uptake and S-nitrosation of intra-
cellular proteins (Hogg et al., 1997; Zhang and Hogg, 2005). 
In this regard for instance, it was demonstrated that GSNO-
induced Akt kinase activity and the subsequent down-
stream HIF-1α stabilization are blocked by acivicin, a GGT 
inhibitor (Carver et al., 2007). Many studies have provided 
evidence in favor of a crucial role of plasma membrane-
bound GGT enzymatic activity in the modulation of the 
redox status of cellular protein thiols, with special refer-
ence to proteins of the cell surface. Dominici et al. found 
that GGT activity is associated with the transient loss of 
free protein thiols on the surface of U937 lymphoma cells 
(Dominici et al., 1999), suggesting that this occurs through 
GGT-dependent S-glutathionylation. The mechanism by 
which GGT induces protein thionylation may involve H2O2 
and reactive thiol metabolites (thiyl radicals), both gener-
ated as by-products of GGT mediated GSH metabolism. It 
was in fact shown that reactive cystinyl-glycine, produced 
during GGT-dependent GSH metabolism, can bind protein 
thiols thus producing a protein S-cysteinyl-glycinylation 
(Corti et al., 2005). In this way the redox status of protein 
thiols can be modulated, with potential reflections on cell 
proliferation as well as on the resistance against drugs 
such as chemoterapeutics (Corti et al., 2010). Interestingly, 
GGT expression levels vary considerably among cells types 
(Hanigan and Frierson, 1996; Pompella et  al., 2006) and 
may increase upon cell activation (Khalaf and Hayhoe, 
1987; Corti et al., 2010).

Other important enzymes involved in this context and 
their corresponding mechanisms of action are described 
in Table 2.

As far as disulfide exchange with S-thionylation, this 
is a slow chemical reaction that is accelerated in the intra-
cellular environment by several enzyme activities helping 
to maintain the reduced state of intracellular thiols 
by transferring the oxidizing equivalents to an accep-
tor cosubstrate. Trx, Grx and PDI have been involved in 
catalyzing the breaking of protein-GSH mixed disulfides 
(Shelton et al., 2005; Biswas et al., 2006). More recently, 
sulfiredoxin, the enzyme that reverts protein sulfinic acid, 
has been shown to potentially play the same role (Findlay 
et al., 2006). In addition, glutathione S-transferase P has 
also been involved in S-glutathionylation (Tew, 2007), and 
a role has been recently described for glutathione trans-
ferase omega-1 (GSTO1-1) (Menon and Board, 2013).

Another important factor affecting S-nitrosation and 
S-glutathionylation is subcellular compartmentation. This 
is specially important due to submolecular and hence 
multimolecular specificites, derived from diffusibility and 
structural features of individual compounds (Nathan, 
2003). Indeed, the probability of the reaction between 
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Table 2: S-nitrosated and/or S-glutathionylated protein targets, as assessed after treatment of cells or purified proteins with nitric oxide, 
GSNO or other RNS.

Protein Stimulus S-Nitrosation S-Glutathionylation References

Hb GSNO, diamide, 
superoxide, GSSG

+ + Klatt et al. (2000)

Creatine kinase GSNO, diamide, 
GSSG

+ + Klatt et al. (2000);
Giustarini et al. (2005)

Alcohol dehydrogenase GSNO, diamide + + Klatt et al. (2000);
Giustarini et al. (2005)

Ryanodine receptor GSNO + + Aracena et al. (2003);
Sun et al. (2006b)

Papain GSNO + + Giustarini et al. (2005)
GAPDH GSNO, diamide, 

superoxide, GSSG
+ + Klatt et al. (2000);

Giustarini et al. (2005);
Mohr et al. (1999);
Tao and English (2004)

Actin GSNO + + Dalle-Donne et al. (2003)
c-Jun GSNO, NO/GSH, 

GSSG
+ + Klatt et al. (1999, 2000)

Caspase-3 GSNO, 
SNAP + GSH

+ + Klatt et al. (2000);
Mitchell and Marletta (2005);
Zech et al. (1999)

H-Ras GSNO, ONOO- + + Ji et al. (1999)
BSA Decomposed 

GSNO (diamide)
+ + Tao and English (2004);

Klatt et al. (2000)
Myosin GSNO + + Buttkus (1971);

Pastore and Piemonte (2013)
p50 GSNO, GSSG + Klatt et al. (2000)
Cathepsin K GSNO + Percival et al. (1999)
Aldose reductase GSNO, GSSG + Chandra et al. (1997); 

Srivastava et al. (2003)
Glycerol phosphate 
dehydrogenase

GSNO, diamide + Klatt et al. (2000)

Glutaredoxin GSNO, diamide + Klatt et al. (2000)
Thioredoxin GSNO, diamide + Klatt et al. (2000)
Carbonic anhydrase GSNO, diamide + Klatt et al. (2000);

Ji et al. (1999)
Glycogen phosphorylase b GSNO, diamide + Klatt et al. (2000);

Ji et al. (1999)
Cu, Zn-SOD GSNO, diamide + Klatt et al. (2000);

Tao and English (2004)
Ca2+-ATPase (SERCA) ONOO− + Viner et al. (1999)
Glutathione reductase GSNO + Becker et al. (1995)
Mitochondrial complex I/IV GSNO + Burwell et al. (2006);

Zhang and Hogg (2005)
Citocrome c oxidase GSNO + Reynaert et al. (2004)
NF-KB GSNO + Reynaert et al. (2004)
Trx GSNO + Haendeler et al. (2002)
HIF-1α GSNO + Marshall et al. (2004);

Reynaert et al. (2004)
Actin, Aortic smooth muscle GSNO + Belcastro et al. (2017)
Myosin light chain RCL-A GSNO + Belcastro et al. (2017)
Transgelin GSNO + Belcastro et al. (2017)
Transgelin-2 GSNO + Belcastro et al. (2017)
Tubulin β-2 chain GSNO + Belcastro et al. (2017)
Filamin-A GSNO + Belcastro et al. (2017)
Pdz and Lim domain protein 5 GSNO + Belcastro et al. (2017)
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certain reactive species and certain proteins will be higher 
if they have the same subcellular localization. In the case 
of S-nitrosation, this has been studied mainly in terms of 
the NOS enzymes, as they are the initial source for NO. 
Undoubtedly, the most important mode of regulation of 
eNOS in endothelial cells is related to its acylation and 
interaction with a significant number of proteins, deter-
mining its topological fate. Acylation and other PTMs of 
eNOS – such as phosphorylation and S-nitrosation – can 
in fact dynamically regulate eNOS activity by altering its 
subcellular localization. Iwakiri et al. (2006) showed that 
S-nitrosation is preferentially taking place at cell sites 
where transfected eNOS is located, and can alter Golgi traf-
ficking function by altering S-nitrosation sensitive proteins.

Conversely, S-glutathionylation is related to a different 
subcellular localization/distribution of GSH. Early experi-
ments detected an important presence of glutathione in the 
nucleus (Hjelle et al., 1994; Voehringer et al., 1998) while a 
more recent study has highlighted the presence of GSH in 
perinuclear sites including mitochondria, with an irregular 
distribution in nuclear, perinuclear and discrete membrane 
localizations (Söderdahl et al., 2003).

Other factors are involved in modulation of 
S-nitrosation and S-glutathionylation. The half-life of 
Cys-NO in vitro was shown to be shorter than that of GSNO 
across the entire pH range tested (Kuo et al., 2003). The 
stability of GSNO was higher in basic conditions, while 
mildly acidic pH can favor S-nitrosation of target proteins 
in vitro (Hornyák et al., 2012). S-Nitrosation of cysteamine 
by peroxxynitrite was shown to be maximal at strongly 
acidic pH (Mbiya, 2013). The acid dissociation constant 
(pKa) of protein cysteines involved is critical in facilita-
tion of S-glutathionylation. In carbonic anhydrase, dis-
tinct Cys residues were shown to possess higher or lower 
pKa values, and corresponding S-glutathionylation rates, 
depending on their position with respect to specific adja-
cent aminoacid residues in the polypeptide chain (Kim 
and Levine, 2005).

S-Nitrosation vs. S-glutathionylation  
in the cardiovascular system: a 
matter of competition?
When ROS/RNS levels are modified (increased), changes 
are observed in protein activity, stability, conformation 
and/or ability to interact with other molecules, resulting 
in modulation of cellular function. A significant number 
of clinical disorders or pathophysiological entities have 
been in fact related to redox PTMs, and often the same 

protein targets may be affected by either S-nitrosation or 
S-glutahionylation, depending on several factors. In the 
heart, redox modified proteins include proteins involved 
in calcium handling and contractile function, e.g. calmo-
dulin kinase II, calcium channels, ryanodine receptor, 
sarco/endoplasmatic reticulum calcium ATPase (SERCA) 
and phospholamban (Burgoyne et  al., 2012; Steinberg, 
2013; Tullio et  al., 2013), as well as proteins involved 
in various signaling pathways and/or transcriptional 
activities.

The last section of this review is focused on the 
identification of proteins individually modified by both 
S-nitrosation and S-glutathionylation, and on their status 
in cardiovascular disesases. The competition between 
these two PTMs on the same protein targets will be also 
discussed, keeping in mind the dual ability of GSNO to 
promote both types of modification.

Protein S-nitrosation

S-Nitrosation of proteins plays important roles both in 
normal physiology and in a broad spectrum of human 
diseases. As regards the regulation of vascular tone, the 
balance between angiotensin II (Ang-II) and NO appears 
crucial in the cardiovascular and renal systems, where 
homeostasis is lost when the effects of Ang-II predominate 
over those of NO (Schulman et al., 2006). Pathophysiology 
often correlates with hypo- or hyper-S-nitrosation of spe-
cific protein targets, rather than with a loss of or enhanced 
NOS activity (Foster et al., 2009). Dysregulated S-nitrosa-
tions are usually the result of a modification of NO avail-
ability, in dependence of the specific context in which it is 
released, e.g. in concomitance with reactive oxygen, H2S 
and/or other reactive species (Cortese-Krott et  al., 2017). 
In turn, NO availability results not only from alterations 
of the expression, compartmentation and/or activity of 
NOSs, but also reflects the contribution of denitrosylases, 
including GSNO-metabolizing enzymes such as GSNOR, 
producing the non-bioactive molecule GSNHOH, or GGT, 
producing instead reactive S-nitroso-cysteinylglycine, 
CGNO (Dahboul et  al., 2012). The irreversible oxida-
tion of thiols can prevent physiologic modifications by 
S-nitrosation or S-glutathionylation and thereby interfere 
with normal physiologic signaling (Adachi et al., 2004a). 
However, it has been suggested that nitrosation can also 
protect cells from oxidative stress (Sun et  al., 2006a). 
Protein S-nitrosation not only leads to changes in protein 
structure and function, but may also prevent those thiols 
from further irreversible oxidative/nitrosative modifica-
tion. The direct antioxidant properties of NO itself are well 
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established (Wink et  al., 2001). It is not surprising thus 
that the loss or inhibition of NOS can sometimes enhance 
oxidative stress.

High spatial and temporal specificities have been 
shown to affect protein S-nitrosation and its redox 
reversibility. A determinant governing its specificity is 
in fact provided by the colocalization of NO sources and 
target proteins, and is based at least in part on specific 
protein–protein interactions with NO synthases. In addi-
tion, S-nitrosation dependent signaling is also subject 
to temporal constraints, which depend on the timing 
of formation of NO and other nitrosylating equivalents. 
Many Cys-containing proteins in signal transduction cas-
cades are potential targets, as they can undergo a range 
of ROS- or RNS-dependent oxidative and nitrosative 
modifications. Several and diverse cellular responses 
have been described. S-nitrosation can have antioxidant 
effects by inhibiting NADPH oxidase activity (Selemidis 
et al., 2007), or by promoting the ROS scavenging activ-
ity of thioredoxin-1 via S-nitrosation on Cys-69 residue 
(Haendeler et  al., 2002; Liu et  al., 2004a,b). Indeed, 
endothelial cells subjected to physiological shear stress 
produce NO (Gaucher et  al., 2007; Gaucher-Di Stasio 
et al., 2009) and increase protein S-nitrosation indepen-
dently of cGMP-dependent signaling (Hoffmann et  al., 
2003; Huang et  al., 2009). In contrast, after TNF-α or 
mild oxidized LDL treatment endothelial cells present 
with decreased S-nitrosation (Hoffmann et  al., 2001). 
Early studies demonstrated that the activity of AP-1 [an 
important transcription factor regulating gene expres-
sion in response to a variety of stimuli and involved in 
several cellular processes including differentiation, 
proliferation, and apoptosis (Ameyar et  al., 2003)] was 
altered by S-nitrosation (Marshall et al., 2000) or oxida-
tion of Cys residues (Xanthoudakis et al., 1992). Indeed, 
transcriptional activators NF-κB, AP-1 and p53 all contain 
reactive thiols in their DNA binding regions, whose mod-
ification, e.g. by S-nitrosation, can alter their binding 
to DNA. For example in neuronal development, brain-
derived neurotrophic factor can activate nNOS, with sub-
sequent S-nitrosation of histone deacetylase 2 (HDAC2, 
on cysteines 262 and 274) causing its dissociation from 
chromatin (Nott et al., 2008). This increases histone acet-
ylation, permitting transcription of target genes required 
for regulation of dendritic growth (Nott et  al., 2008). 
Additionally, S-nitrosation and denitrosation of critical 
proteins appear to affect cell cycle regulation and are 
involved in the mitotic process (Marozkina and Gaston, 
2012; Rychter et al., 2016).

A number of protein interactions at nuclear level 
are indeed modulated by S-nitrosation. For example, the 

hypoxia-inducible factor 1-α (HIf1-α) is stabilized by phys-
iological levels of S-nitrosothiols following S-nitrosation 
of von Hippel Lindau protein (VHL, C162), preventing its 
degradation (Pawloski et al., 2001). Then HIf1-α can inter-
act with HIF1-β to bind to hypoxia-responsive elements in 
gene promoter regions, resulting in transcription of genes 
such as vascular endothelial growth factor (VEGF). HIF1-α 
can itself undergo both S-nitrosation (Li et al., 2007) and 
S-glutathionylation (Watanabe et al., 2016), both resulting 
in its direct stabilization.

S-nitrosation also affects NF-κB activity, as it can 
involve both p50 (C 62) and p65 (C 38) subunits, as well 
as IκB kinase, IKK (Marshall et al., 2004; Reynaert et al., 
2004). The net effect of these reactions is generally an 
increased cytosolic NF-κB-IκB interaction, preventing 
nuclear translocation and binding of NF-κB to inflam-
matory gene promoters, with overall anti-inflammatory 
action. As with other cellular effects, however, the under-
standing of the role of S-nitrosation signaling in regula-
tion of gene expression is just beginning.

Altogether, modulation of S-nitrosation can offer, in 
principle, novel therapeutic opportunities in a wide range 
of pathologies, firstly in cardiovascular diseases associ-
ated with oxidative stress. As mentioned above, in a thera-
peutic perspective S-nitrosothiols (GSNO in the first place) 
may represent promising NO-donor molecules, compared 
to other NO-related therapeutics limited by tolerance phe-
nomena and oxidant stress (Al-Sa’doni and Ferro, 2000; 
Hornyák et al., 2011).

Protein S-glutathionylation

Protein S-glutathionylation is emerging as a critical sign-
aling mechanism in cardiovascular diseases, as it regu-
lates several relevant physiological processes such as 
oxidative phosphorylation, protein synthesis, myocyte 
contraction, vasodilation, glycolytic metabolism, and 
response to insulin (Mieyal et al., 2008; Pimentel et al., 
2012). Thus, perturbations in protein S-glutathionylation 
status may contribute to the etiology of cardiovascular 
diseases such as atherosclerosis, cardiac hypertrophy 
and myocardial infarction. Protein S-glutathionylation 
is increased following ischemia-reperfusion (IR), with 
the majority of the S-glutathionylation events occurring 
early in the reperfusion period (Eaton et al., 2002). Glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) was 
identified as a cardiac protein S-glutathionylated during 
IR with loss of enzyme function, suggesting that GAPDH 
S-glutathionylation is likely inhibitory in vivo. The 
effects of this inhibition may be multifold: (i) a block of 
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glycolysis, otherwise characteristic of ischemic injury, (ii) 
an interference with its nuclear translocation, resulting 
in increased apoptosis, or (iii) a homeostatic answer to 
the excess of oxidants generated at reperfusion. Of note, 
GAPDH activity is restored at the end of reperfusion, thus 
suggesting that S-glutathionylation may constitute a tem-
porary protection of catalytic cysteines from irreversible 
oxidation. Additional studies highlighted the S-glutath-
ionylation of actin in a rat model of in vivo IR (Chen and 
Ogut, 2006). Studies on isolated G-actin indicated that its 
S-glutathionylation can delay its rate of polymerization 
and decrease the cooperativity of its binding to tropo-
myosin, suggesting that the phenomenon may contribute 
to the decline in cardiac contractility observed during 
ischemia (Wang et al., 2001a,b).

Other targets of S-glutathionylation are the mito-
chondrial complexes I and II. The latter seems to be 
deglutathionylated during IR (Chen et al., 2007), indicat-
ing that a single oxidative stimulus can affect S-glutath-
ionylation in different directions. The potential critical 
role of Grx in myocardial infarction was highlighted 
through experiments in a mouse model of embryonic 
Grx1 knock-out, suggesting a cardioprotective role for 
Grx isoforms (Malik et al., 2008). S-Glutathionylation of 
the mitochondrial complex I, with associated increased 
superoxide production, would be expected to increase 
cytochrome c release and caspase activation, contribut-
ing to infarct size and cardiac dysfunction (Malik et al., 
2008).

The precise role of S-glutathionylation in the devel-
opment and progression of atherosclerosis is unknown. 
However, conditions existing within atherosclerotic 
plaques (i.e. hypoxia, oxidative stress, oxLDL accum-
lation and inflammation) have been shown to promote 
S-glutathionylation in other contexts (Eaton et al., 2002; 
Wang et al., 2006), and Grx has been reported to asso-
ciate with areas of oxidative stress within the vascula-
ture (Okuda et  al., 2001). Protein S-glutathionylation 
increases in human macrophages exposed to oxLDL, 
a major component of atherosclerotic plaques (Wang 
et al., 2006) and, together with GSH depletion, increased 
S-glutathionylated proteins seem to be implicated in 
oxLDL-induced macrophage death in vitro (Kher and 
Marsh, 2004). The role of specific S-glutathionylated 
proteins in macrophage cell death is not yet deter-
mined, nor is it known whether global protein S-glu-
tathionylation increases in other cells types exposed to 
oxLDL. Patients with atherosclerosis obliterans (ASO) 
exhibit increased S-glutathionylation of serum proteins, 
and a positive correlation between disease progression 
and the level of protein S-glutathionylation was found 

(Nonaka et al., 2007). ApoB100, the major component of 
LDL, was identified as a target for increased S-glutath-
ionylation in ASO, but whether the S-glutathionylated 
apoB-100 represents a disease marker or contributes to 
the pathogenesis of ASO remains an open issue (Nonaka 
et al., 2007).

Another target of S-glutathionylation is the 
sarco(endo)plasmic reticulum Ca2+ ATPase (SERCA), a key 
protein regulating the intracellular storage of Ca2+. SERCA 
glutathionylation represents a physiological, cGMP-
independent mechanism of vessel relaxation, which is 
disrupted during atherosclerosis (Adachi et  al., 2004b). 
Molecular biology and mass spectroscopic analysis sug-
gested that S-glutathionylation of Cys-674  was responsi-
ble for SERCA activation. The irreversible oxidation (i.e. 
sulfonic acid formation) at Cys-674 during atherosclerosis 
prevents its reversible S-glutathionylation, and may thus 
contribute to impaired vasodilation of atherosclerotic 
smooth muscle. Analysis of cysteine modifications in 
atherosclerotic vs. normal rabbit aortas showed increased 
sulfonate formation, corresponding to decreased S-glu-
tathionylation, as well as reduced NO-induced relaxation 
and Ca2+ reuptake (Adachi et al., 2004b).

Oncoprotein Ras, one of the major regulators in 
growth factor signaling in the vasculature, can also 
undergo S-glutathionylation, which could contribute to 
vascular hypertrophy associated with atherosclerosis 
and hypertension in rat (Adachi et al., 2004a). Indeed, 
treatment in vitro of VSMCs with angiotensin II, known 
to induce vascular hypertrophy, led to S-glutathio-
nylation and activation of Ras, resulting in increased 
phosphorylation of p38 and Akt and increased protein 
synthesis. These effects were dependent upon NADPH 
oxidase activation and ROS formation, and were 
blocked by overexpression of Grx1 or mutation of Ras 
at the site of S-glutathionylation (Cys-118) (Wang et al., 
2001a,b; Landmesser et  al., 2002). S-Glutathionylated 
Ras may contribute to atherosclerosis by mediating the 
response to oxLDL in endothelial cells. Treatment of 
bovine aortic endothelial cells with peroxynitrite led to 
Ras S-glutathionylation and activation of both ERK and 
Akt pathways (Clavreul et al., 2006). Akt is emerging as 
a signaling molecule within the heart and vasculature, 
implicated in various pathological signaling events 
as well as in normal development and homeostasis. 
Deglutathionylation by Grx could participate in regulat-
ing the balance between physiological and pathophysi-
ological Akt activation; overall, a complex relationship 
exists between protein S-glutathionylation, Grx and Akt 
activity within the cardiovascular system (Wang et al., 
2007).
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S-Nitrosation vs. S-glutathionylation: 
competition for the same protein 
targets?
In some proteins, a competition between S-nitrosation 
and S-glutathionylation has been described, and the 
suceptibility to either PTM has been compared. It was thus 
shown that there are sensible differences as regards the 
tendency of a protein to undergo one or the other of such 
modifications (Ji et al., 1999; Mallis et al., 2001; Giustarini 
et al., 2005). GSNO is known for its dual ability to S-nitro-
sate as well as S-glutathionylate proteins. As previously 
described, GSNO-dependent protein S-nitrosation occurs 
through the direct transfer of a nitroso group from GSNO 
or another lmw. S-nitrosothiol to a protein thiol through 
transnitrosation. Despite a plethora of studies examin-
ing the effects of GSNO both in vitro and in vivo, few to 
date have identified the compound that actually effects 
S-nitrosation of a specific protein thiol, i.e. whether it 
may be GSNO or rather another lmw. S-nitrosothiol, e.g. 
L-Cys-NO. Nevertheless, GSNO is the source of the nitroso 
moiety and a likely intermediate in the protein S-nitrosa-
tion process.

S-nitrosation of specific proteins has been proposed 
to play a role in several disease states. Some proteins are 
S-nitrosated in their native state, and variations of basal 
S-nitrosation may control cellular responses with both 
deleterious or beneficial effects. Loss of S-nitrosation 
(hypo-nitrosation) in natively S-nitrosated proteins has 
been found in association with selected pathologies, and 
the same was reported for hyper-nitrosation of other pro-
teins that are not natively S-nitrosated. Attempts to iden-
tify a so-called S-nitrosoproteome, and the specific role 
for GSNO in the process in vivo, have dealt with comparing 
S-nitrosated proteins from different organs in wild-type 
and NOS-knockout mice. These studies have revealed the 
existence of tissue- and context-specific protein targets of 
S-nitrosation, with conflicting results as to pathophysiol-
ogy. NOS-ko mice were in fact protected from heart failure 
(Lima et al., 2009) and asthma (Que et al., 2005), but suf-
fered from increased mortality in models of septic shock 
(Liu et al., 2004a,b).

In addition to transnitrosation, GSNO can slowly form 
disulfides with protein thiols, resulting in S-glutathionyla-
tion. In acellular systems, selected protein thiols appear 
to have a preference for GSNO-dependent S-thionylation 
over S-nitrosation. For example, bovine serum albumin 
showed extensive S-nitrosation after incubation with both 
SNAP and GSNO, whereas creatine kinase favored S-thio-
nylation when exposed to GSNO, but S-nitrosation when 

exposed instead to SNAP (Konorev et al., 2000). In a ther-
modynamic perspective, it is likely that in these contexts 
disulfide formation is the eventual end-point, as the reac-
tion is actually irreversible (at least in the in vitro setting). 
The preference for S-nitrosation or S-thionylation is likely 
due to tuning of reaction kinetics by the thiol environment 
and, as in the example above, the nature of the initial 
S-nitrosothiol. There is evidence that it is not GSNO per se 
but a product of its degradation, glutathione disulfide-
S-oxide, that actually effects protein S-glutathionylation 
(Li et al., 2001; Tao and English, 2004). This may limit the 
biological relevance of the reaction, as it is not clear if this 
oxide can be formed from GSNO in vivo.

Once ascertained that both modifications are possi-
ble if GSNO is produced in the cell, it will become criti-
cal to discriminate which of the cellular proteins will be 
more easily or more stably modified by one or the other 
PTM. The functional relevance of the modifications can 
also become significantly different depending on the site 
of modification. For example, in transcription factors 
that bear in their DNA binding domain a Cys residue that 
needs to be in the reduced state to allow transcriptional 
activity, both modifications can impair this functional-
ity, as it is the case for c-Jun in AP-1 or p50 in NF-κB (Klatt 
et al., 1999; Marshall and Stamler, 2001). Altogether, these 
PTMs likely represent a general mechanism for transduc-
ing oxidative stress into a repression of gene expression. 
Differences between the two PTMs will gain importance in 
terms of stability or potential reversibility. A few examples 
of protein targets modified by both PTMs, likely in a com-
petitive way, are reported below.

Ryanodine receptor channel (RyR2)

It was established that different reactive thiols are 
present in the RyR2 protein, with preferential selectivity 
for S-nitrosation (Sun et al., 2001) or S-glutathionylation 
(Aracena et al., 2003), each leading to specific functional 
consequences. RyR2 is a large ligand-activated intracellu-
lar Ca2+ release channel located at the endoplasmic and 
sarcoplasmic reticulum (SR). Calcium release through the 
cardiac RyR2 triggers heart muscle contraction, and there-
fore RyR2 plays a crucial role in mediating excitation con-
traction coupling after an action potential. The regulatory 
role of S-glutathionylation is not surprising, considering 
that RyR2 contains 364 cysteines with about 84 of them 
having free thiol groups. Basal S-glutathionylation of 
RyR2 was discovered in microsomal fractions enriched in 
SR vesicles isolated from dog cardiac ventricular muscle 
(Sanchez et  al., 2005). Under physiological conditions, 
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such as tachycardia and exercise, RyR2 S-glutathionyla-
tion increases, and this suggests that cardiac cells utilize 
this redox modification to increase RyR2 activity when 
the functional demand is increased (Sanchez et al., 2008). 
The RyR2 activity is enhanced also in heart failure, which 
likely contributes toward decreasing Ca2+ content in SR 
and inducing the Ca2+ release abnormalities observed in 
heart failure. The physiological sources of ROS responsi-
ble for RyR2 redox modifications are poorly understood. 
With both exercise and tachycardia, the administration of 
the NADPH oxidase (Nox) inhibitor, apocynin, prevented 
RyR2 S-glutathionylation and attenuated Ca2+ release 
from the SR (Donoso et al., 2011). Greater understanding 
of RyR2 redox modulation is necessary to counteract the 
deleterious consequences of its deregulation caused by 
oxidative stress.

However, S-nitrosation of cardiac RyR2  has been 
shown to increase its channel opening probability. Con-
versely, the decreased S-nitrosation of RyR2 in hearts of 
nNOS knock-out mice has been suggested to expose its 
Cys residues to oxidation under oxidative stress, leading 
to Ca2+ leakage from SR and arrhythmogenesis (Gonzalez 
et al., 2007).

The cardiac L-type Ca2+ channel, acting as a RyR2 
activator, is also a target of S-nitrosation, which is reported 
in the literature to decrease the channel activity in hearts 
under adrenergic stimulation (Sun et al., 2006b), oxidative 
stress during ischemia (i.e. preconditioning) (Sun et  al., 
2007) and atrial fibrillation (Carnes et al., 2007).

Sarco(endo)plasmic reticulum Ca2+ ATPase 
(SERCA)

SERCA, the key protein regulating the intracellular storage 
of Ca2+ as it enhances refilling of Ca2+ in sarcoplasmic 
and endoplasmic reticula, is another common target of 
both PTMs. Two major SERCA2 splice variants have been 
characterized: the muscle-specific isoform, SERCA2a, is 
expressed in the SR of the heart and slow-twitch skeletal 
muscle. SERCA2b is found instead in the ER of most cell 
types, and is considered the housekeeping isoform.

A key finding was the observation that SERCA may 
be modified by different post-translational mechanisms 
in the presence of NO-related species (Viner et al., 1999, 
2000). NO can stimulate calcium uptake in SR, thereby 
decreasing intracellular Ca2+ concentration, facilitating 
the uncoupling of the contractile machinery and favoring 
vasorelaxation (Cohen et al., 1999).

Adachi et  al. showed that NO-dependent S-glutath-
ionylation of SERCA2a (occurring via peroxynitrite and 

therefore dependent on superoxide generation, beyond 
NO and GSH) results in an increased activity (Adachi et al., 
2004b). Similarly, in preconditioned (ischemic) hearts, 
Sun et  al. found that SERCA activity was also increased 
by S-nitrosation (Sun et  al., 2007). Peroxynitrite is able 
to activate SERCA by promoting its S-thionylation in the 
context of arterial relaxation, an effect recapitulated by 
eNOS agonists (Eu et al., 2000). A specific target (CyS-674) 
seems to be present, whose S-thionylation results in the 
suppression of NO-mediated increase of activity. Such 
modification occurs in vivo, and a decrease in its levels due 
to irreversible -SH oxidation was found in a rabbit model 
of atherosclerosis, where SERCA S-glutathionylation in 
abdominal aorta was increased, resulting in decreased 
relaxation (Adachi et al., 2004b). In the heart, stimulation 
of SERCA activity and cardiomyocyte contractility by the 
nitroxyl anion generator, Angeli’s salt, also is accompa-
nied by S-glutathionylation (Lancel et al., 2009).

Overall, these data suggest a potential pathophysi-
ological role of SERCA S-nitrosation and S-glutathionyla-
tion in vascular disease. However, whether S-nitrosation 
of SERCA can increase activity per se, or rather it does so 
by enhancing S-glutathionylation, remains to be clarified.

Oncoprotein Ras

The oncogenic Ras protein may become S-nitrosated, and 
this may convert it to its biologically active GTP-bound state 
(Lander et al., 1997). Heo et al. have contributed to explain 
the structure-functional relationships of Ras S-nitrosation 
in CyS-118, hence gaining mechanistic insight into the 
process of NO-mediated Ras guanine nucleotide dissocia-
tion in the presence of O2 (Heo and Campbell, 2006). Con-
versely, Ras may also undergo S-glutathionylation at the 
same cysteine residue (Ji et al., 1999; Mallis et al., 2001), 
and it was suggested that this modification may mediate 
signaling by Ang-II in vascular SMCs (Adachi et al., 2004a). 
Peroxynitrite, albeit at moderately high concentrations, is 
able to promote S-thionylation of Ras in endothelial cells, 
and this has been correlated with the activation of its 
downstream signaling effectors (Clavreul et al., 2006). Of 
interest, modifications of Ras cysteines (not yet identified) 
in myocites are potentially reversible by Trx (Kuster et al., 
2005). In terms of pathophysiology, one of the most inter-
esting observations situates ROS-induced S-thionylation 
of Ras as a mediator of cardiac myocyte hypertrophy in a 
strain-stimulated model. The modification of Ras likely 
occurs at CyS-118 and consists in a S-nitrosation followed 
by an exchange reaction, leaving Ras S-glutathionylated 
(Pimentel et al., 2006).
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Hemoglobin (Hb)

Hb is a target for S-nitrosation and this modification may 
play a physiological role. NO binds to the most reactive 
thiol in human Hb, Cys-93, which led to hypothesize the 
ability of the resulting S-nitroso-Hb to serve as a storage 
and transport form of NO participating in the control of 
vascular tonus (Jia et  al., 1996). Following this observa-
tion, a number of studies have investigated in detail the 
roles potentially played by S-nitrosohemoglobin, actually 
fueling a long controversy. On the one hand, experimental 
results were confirming the ability of S-nitrosohemoglobin 
to serve as a generator of NO, thus providing a precious 
source of the mediator in the vascular system (Stamler 
et al., 1997; Allen et al., 2009). On the other hand, numer-
ous studies also highlighted that the prompt reaction of 
hemoglobin with NO would rather configure its opposite 
role as a NO scavenger/depletor, especially in conditions 
of inflammation (reviewed in Roche et  al., 2013). The 
dispute was also fueled by divergences in the blood levels 
of S-nitrosohemoglobin reported by different laborato-
ries, possibly a result of methodological issues (Giustarini 
et al., 2004). Presently, the interpretation has eventually 
prevailed that S-nitrosohemoglobin indeed participates 
in stabilization and delivery of NO in the vascular bed, 
contributing to the regulation of vascular tone, blood flow 
and platelet aggregability (Zhang et al., 2016).

The binding of GSH to Cys-93 of Hb β chain has been 
known for more than 20  years, and was associated with 
inhibition of Hb S polymerisation, increased oxygen affin-
ity and reduced alkaline Bohr effect (Garel et  al., 1986). 
This made it an interesting candidate to combat sickle cell 
anemia; however, neither the modification of Hb by GSH 
nor by NO have translated into effective treatments for such 
disease (Head et al., 1997). In contrast, S-glutathionylated 
Hb has been widely documented in disease states such as 
uremia or diabetes (Niwa, 2006), and it is currently believed 
to be a consequence of the oxidative stress underlying 
these diseases. At least three different types of glutath-
ionylated Hb can exist in erythrocytes: a mixed disulfide 
between GSH and normal Hb; a disulfide bond between 
GSH and the CyS-93 of metHb β-chain; and a disulfide 
bond between GSH and other cysteine residues of met-Hb 
α- and/or β-chain (Mawatari and Murakami, 2004; Regaz-
zoni et al., 2009). Rat erythrocytes treated with diamide, a 
thiol oxidizing agent, also presented Hb S-glutathionyla-
tion (Kosower et  al., 1977). Besides Cys-93, Hb glutathio-
nylation also occurs at Cys-112 in the β-chain (Metere et al., 
2014). These authors found that CO treatment of whole 
blood increases the GSH concentration in red blood cells 
cytosol, a result of significant Hb deglutathionylation. This 

process does not activate glycolytic metabolism, boosts 
the pentose phosphate pathway, increases glutathione 
reductase activity and decreases GSSG concentration, thus 
highlighting a CO-dependent redox signaling in human 
erythrocytes driven by Hb S-glutathionylation.

Caspase-3

Several years ago the antiapoptotic effect of NO was 
related to a potential inhibition of caspase-3 activation, 
through both cGMP-dependent and independent mecha-
nisms (Kim et al., 1997). It has been documented that Fas 
ligand is under the control of the NO pathway, and that 
S-nitrosation/denitrosation of caspase-3, probably linked 
to subcellular locallization, may be the mechanism by 
which this ligand controls the general process of apoptosis 
(Mannick et al., 1997, 1999). In immune-response lineage 
cells, procaspase-3 basally presents with S-nitrosation 
on its catalytic CyS-163 (Mannick et  al., 1999), and other 
caspases, such as caspase-9, could also undergo S-nitros-
ation (Mannick et al., 2001). Interestingly, Trx is involved 
in the process of S-nitrosation of caspase-3 (Mitchell and 
Marletta, 2005) and S-nitrosation of the catalytic site Cys 
residue might be assisted by a nitrosopeptide that mimics 
the substrate configuration, thus providing an elegant 
example for a specific transnitrosation mechanism (Mitch-
ell et al., 2006).

Yin et al. (2013) investigated the effects of GSNO pre-
treatment on the S-nitrosation of Fas and subsequent 
events in the Fas pathway, revealing the correlation 
between Fas S-nitrosation and nNOS activation in rat hip-
pocampus after global cerebral ischemia. Results showed 
that GSNO pre-treatment not only facilitated the survival 
of hippocampal CA1 pyramidal neurons, but also abol-
ished the activation of pro-apoptotic caspase-3, 8 and 9, 
as well as of the pro-apoptotic protein Bid. Consistently, 
a moderate dose of GSNO would confer neuroprotection 
against ischemic injury via inhibiting FaS-dependent 
apoptosis. Fas S-nitrosation could represent the critical 
regulation hinge in such a neuroprotective mechanism. 
Actually, GSNO-generated NO S-nitrosates and inacti-
vates nNOS itself, resulting in the inhibition of endog-
enous NO production and a decrease in Fas S-nitrosation. 
This insight into GSNO-mediated neuroprotection might 
suggest therapeutic approaches for ischemic brain injury 
(Yin et al., 2013).

S-glutathionylation of caspase-3 by GSNO, or SNAP 
plus GSH, has been described by several studies (Klatt 
et al., 2000; Mitchell and Marletta, 2005). Recent observa-
tions claim that caspase-3 experiences S-glutathionylation 
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on several thiol residues and that this process is intracel-
lularly regulated by Grx, a mechanism relevant for the reg-
ulation of TNF-α-dependent endothelial cell death (Pan 
and Berk, 2006). Clearly, caspase-3 constitutes an inter-
esting model to study both types of PTMs at the cellular 
level, particularly with respect to regulation of cell death. 
However, definitive evidence establishing implications at 
whole organism level is still missing.

Myosin

NO is synthesized in skeletal muscle and its production 
increases during contractile activity. Although myosin 
is the most abundant protein in muscle, it is not known 
whether myosin is a target for NO or its derivatives. 
Nogueira et al. (2009) have shown that exercise increases 
S-nitrosation in muscle proteins, and, among contrac-
tile proteins, myosin is the principal target of exogenous 
S-nitrosothiols in both skinned skeletal muscle fibres and 
differentiated myotubes. Myosin contains 42 Cys residues, 
and different populations have been described based on 
their reactivity to sulfhydryl-specific reagents and the 
resulting changes in ATPase activity (Buttkus, 1971; Schaub 
et  al., 1975). The reaction of isolated myosin with GSNO 
results in S-nitrosation at multiple cysteines and produces 
two populations of protein-bound SNOs with different 
stabilities. The less stable population inhibits the physi-
ological Mg2+-ATPase activity without affecting the affinity 
of myosin for actin. However, myosin is neither inhibited 
nor S-nitrosated by the NO-donor diethylamine NONOate, 
indicating a requirement for transnitrosation between 
lmw. SNOs and myosin cysteine thiols rather than a direct 
reaction of myosin with NO or its auto-oxidation products. 
Interestingly, alkylation by N-ethylmaleimide of the most 
reactive thiols in myosin does not inhibit formation of a 
stable population of protein-SNOs, suggesting that these 
sites are located in regions of the protein less accessible 
than those affecting activity. This early study established 
thus a link between exercise and S-nitrosation of contrac-
tile proteins that may be important in pathophysiology of 
skeletal muscle (Buttkus, 1971).

High levels of GSNO-dependent S-nitrosation of pro-
teins from the cytoskeleton and the contractile machinery 
were recently identified under oxidative stress conditions 
(Belcastro et al., 2017). In particular, the detailed pattern of 
S-nitrosated proteins indicates that most of S-nitrosylated 
proteins are of primary relevance for the performance of 
SMC functions being often altered in vascular diseases, 
such as cell communication, cytoskeletal organization, 
morphogenesis, contraction and movement. Interestingly, 

the process involves actin and cytoskeleton dynamics at 
several key regulatory proteins, including myosin light 
polypeptide 6 (MYL6). The role of S-nitrosation in regu-
lating these proteins is largely unknown, particularly 
during oxidative stress. Each of them has been shown to 
play a role in modulating smooth muscle contraction. In 
vitro S-nitrosation of skeletal muscle myosin, for example, 
increases the force of the actomyosin interaction while 
decreasing its velocity, indicating a relaxed state (Evan-
gelista et al., 2010). MYL6 regulates light chain of myosin 
and does not bind calcium, but is anyway involved in 
muscle contraction and development of skeletal muscle 
tissue. Other proteins S-nitrosated by GSNO under oxi-
dative stress conditions include calponin-2 (CNN2) and 
transgelin (TAGLN). Together these proteins, implicated in 
Ca2+-dependent contractility and NO signaling, constitute 
a potential interactome, and discovering their behavior as 
S-nitrosated proteins may further help our understanding 
of processes such as contraction-relaxation signaling in 
SMCs, or their phenotype switching during atherosclero-
sis progression.

S-glutathionylation of myosin has an important 
impact on the protein structure, as documented by the 
lower fluorescence quantum yield of S-glutathionylated 
protein and its increased susceptibility to proteolytic 
cleavage. Myosin ATPase activity is also sensitive to modu-
lation by S-glutathionylation, depending on GSSG redox 
balance. Thus, similar to the phosphorylation/dephos-
phorylation cycle, S-glutathionylation may represent a 
mechanism by which glutathione modulates sarcomere 
functions depending on the tissue redox state, and myosin 
may constitute the muscle redox-sensor (Passarelli et al., 
2008; Pastore and Piemonte, 2013).

α-Actin

Actin filaments are important components of the cell 
cytoskeleton, where they are often involved in the 
process of exocytosis. Actin of rabbit skeletal muscle 
has five cysteine residues at different positions, but only 
CyS-374 in the C-terminal region is exposed and impor-
tant for polymerization (Aspenström et  al., 1993). The 
same residue is a decisive site for S-nitrosation (Dalle-
Donne et  al., 2000). Recently it has been demonstrated 
that NO-induced S-nitrosation is an effective inhibitor of 
actin polymerisation (Lu et al., 2009). Actin was rapidly 
S-nitrosated in vitro by exogenous NO-generating donors 
(e.g. GSNO), and in vivo in the spinal cord of a mouse 
model of inflammatory pain. NO showed an inhibitory 
action on inhibitory synaptic transmission in the spinal 
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dorsal horn, implicating S-nitrosation in pain transmis-
sion via disinhibition of inhibitory neurons (Lu et  al., 
2009, 2011). In rat aortic SMCs stressed in vitro with a free 
radical generator (2,2′-azobis(2-amidinopropane dihydro-
chloride, AAPH), actin was S-nitrosated following expo-
sure to GSNO (Belcastro et al., 2017), but the real impact 
of this modification on SMCs functions remains to be 
elucidated.

α-Actin is also particularly sensitive to binding of 
glutathione, as shown in isolated cardiac and skeletal 
myofibrils under conditions of oxidative stress (Passarelli 
et al., 2010). S-glutathionylation of cardiac α-actin occurs 
non-enzymatically, via spontaneous oxidation of a Cys 
residue to a cysteinyl-sulfenic acid intermediary (Dalle-
Donne et  al., 2003; Johansson and Lundberg, 2007). It 
has been shown that cardiac α-actin polymerizes slower 
than the native protein, when S-glutathionylated in vitro. 
Thus, like cytoskeletal β-actin (Dalle-Donne et al., 2003; 
Fiaschi et  al., 2006) and skeletal muscle actin (Dalle-
Donne et al., 2003), even α-actin could constitute a direct 
target for oxidative modification in human heart, and its 
S-glutathionylation may represent a mechanism by which 
glutathione can modulate sarcomere function, depending 
on the redox state of the tissue.

The balance between nitrosation 
and glutathionylation of thiols: 
general considerations
How proteins become S-glutathionylated and S-nitrosated 
in vivo is not yet well established, despite continuing 
attempts to clarify this issue. The effects of S-nitrosation 
and S-glutathionylation on protein activity may be similar, 
and both modifications are reversible, but the resulting 
products, PSNOs and PSSGs, do possess different bio-
logical properties. The list of proteins undergoing these 
changes is long and not definitive; a summary of the main 
protein targets modified by S-nitrosation and/or S-glu-
tathionylation is however reported in Table 2.

The relative importance of S-nitrosation and S-glutath-
ionylation likely depends not only on the environment sur-
rounding the protein -SH groups, but also on the chemical 
nature of the intervening lmw. RSNO, which can affect the 
accessibility of the protein thionylate to either the nitro-
gen or the sulfur of the RSNO. This was shown in vitro for 
CPK, which is predominantly either S-glutathionylated or 
S-nitrosated, depending on the different species of RSNOs 
it is exposed to (Konorev et  al., 2000). CPK is reversibly 

inhibited by incubation with S-nitrosothiols (Giustarini 
et al., 2005). Loss of enzyme activity is associated with the 
depletion of 5,5′-dithiobiS-(2-nitrobenzoic acid)-accessi-
ble thiol groups, and is not due to nitric oxide release from 
RSNOs. Full enzymatic activity and protein thiol content 
are restored by incubation of the S-nitrosothiol-modified 
protein with GSH. SNAP, which contains a more steri-
cally hindered S-nitroso group than GSNO, predominantly 
modifies the CPK protein thiols via a transnitrosation 
reaction. In contrast, GSNO modifies CPK thiols predomi-
nantly by S-thionylation, while bovine serum albumin 
is nitrosated by both SNAP and GSNO. Therefore, using 
CPK as a model, the degree of S-thionylation and S-nitro-
sation appears to depend both on the protein structure 
and the chemical nature of the S-nitrosothiol, and these 
differences are likely due to both steric factors and pKa 
of the protein thiols (Konorev et al., 2000). Data suggest 
that S-glutathionylation can be a quantitatively relevant 
process likely running in parallel to S-nitrosation in some 
proteins, and that denitrosation is a largely faster process 
than deglutathionylation. In addition, it may be hypoth-
esized that stable intracellular protein RSNOs pools exist, 
likely located either in hydrophobic protein pockets inac-
cessible to GSH and other reducing agents, or in other spe-
cific cellular microenvironments (Zhang and Hogg, 2004).

Concluding remarks
In this review we have discussed the biologically relevant 
role of NO as a conveyor of signals, as well as the function 
of the endogenous nitrosating agent, GSNO, in protein 
activation and/or inactivation through S-nitrosation, 
transnitrosation, disulfide bond formation, and/or S-glu-
tathionylation. In a general perspective, these processes 
represent just one aspect of a much wider array of reac-
tions and processes related with the redox homeostasis of 
the cell, involving reactive species of oxygen and nitrogen 
but also, as increasingly recognized in recent years, of 
sulfur itself. By now, such reactive species (ROS, RNS and 
RSS) are considered as players in a complex redox signal-
ing network that interacts with protein thiol targets, acting 
as redox switches to control protein structure and func-
tion. Such a complex network has intriguingly been named 
‘reactive species interactome’ (RSI), a novel concept in cell 
biology liable to provide critical insights for the develop-
ment of prevention and treatment strategies, in what could 
be called today ‘redox medicine’ (Cortese-Krott et  al., 
2017). The RSI perspective is somehow complementary to 
(and integrated with) the redox code, and within that, to 
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the redox proteome, another concept recently introduced 
to describe how protein redox-sensitive Cys residues par-
ticipate in a wider network of redox switches, linked to the 
NAD and NADP systems and, through those, to the general 
metabolism of the cell (Jones and Sies, 2015).

Much work is still needed to more precisely define 
how the different modifications may be balanced, the 
detailed mechanisms underlying their relationships, 
and their functional implications in physiological set-
tings. The recent development of new methodologies 
(proteomics, subcellular localization studies) has moved 
knowledge some steps further, but significant analytical 
improvements are still needed in order to gain deeper 
insight into the physiological relevance of S-nitrosa-
tion and S-glutathionylation. The low, negligible levels 
of protein S-nitrosation/S-glutathionylation generally 
detectable in homeostatic conditions suggest that these 
PTM may often lack true pathophysiological roles, playing 
as mere bystanders. On the other hand, the combined 
effects of altered S-nitrosation/denitrosation and S-glu-
tathionylation/deglutathionylation on different or the 
same proteins could represent a coordinated adaptive 
response aimed to promote cell survival during short-
term oxidative/nitrosative stress. In the cardiovascular 
system, evidence is accumulating of the (patho)physi-
ological relevance of these PTMs in ensuring protection of 
Cys residues from oxidation. It will be important then to 
determine exactly which proteins and Cys residues, which 
would otherwise undergo oxidation, can be S-nitrosated 
and/or S-glutathionylated. S-Nitrosation of some proteins 
can be beneficial, whereas it can be detrimental in others, 
while S-glutathionylation of the same proteins could still 
have other effects. In the future, it will be necessary to 
understand how these processes can combine many indi-
vidual protein modifications into a global metabolic map, 
in order to fully understand the importance of reversible 
oxidative/nitrosative protein modifications. As advances 
in both the methodology and technology accelerate the 
study of S-nitrosated and S-glutathionylated proteins, the 
critical role they play in CVD is beginning to emerge. In 
perspective, the full understanding of these modifications 
may offer indications for the development of new drugs, 
and they may be as well exploited as biomarkers or predic-
tors in cardiovascular pathology.

Acknowledgments: The authors are indebted to Prof. H. 
Sies for having inspired and encouraged the compila-
tion of this work. Financial supports by the Université 
de Lorraine and the Région Lorraine, Programme VINCI 
2014 – Université Franco Italienne (Project no. C2-56) and 
the Italian Cystic Fibrosis Research Foundation (Verona, 

Italy; Project FFC #18/2014) are gratefully acknowledged. 
Additional funds were provided by University of Pisa, Italy 
(P.R.A. 2015 funds).

References
Adachi, T., Pimentel, D.R., Heibeck, T., Hou, X., Lee, Y.J., Jiang, B., 

and Cohen, R.A. (2004a). S-glutathionylation of Ras mediates 
redox-sensitive signaling by angiotensin II in vascular smooth 
muscle cells. J. Biol. Chem. 279, 29857–29862.

Adachi, T., Weibrod, R.M., Pimentel, D.R., Ying, J., Sharov, V.S., 
Schoneich, C., and Cohen, R.A. (2004b). S-glutathionylation by 
peroxynitrite activates SERCA during arterial relaxation by nitric 
oxide. Nature Med. 10, 1200–1207.

Al-Sa’doni, H. and Ferro, A. (2000). S-Nitrosothiols: a class of nitric 
oxide-donor drugs. Clin. Sci. 98, 507–520.

Alencar, J.L., Lobysheva, I., Chalupsky, K., Geffard, M., Nepveu, F., 
Stoclet, J.C., and Muller, B. (2003). S-Nitrosating nitric oxide 
donors induce long-lasting inhibition of contraction in isolated 
arteries. J. Pharmacol. Exp. Ther. 307, 152–159.

Allen, B.W., Stamler, J.S., and Piantadosi, C.A. (2009). Hemoglobin, 
nitric oxide and molecular mechanisms of hypoxic vasodilation. 
Trends Mol. Med. 15, 452–460.

Ameyar, M., Wisniewska, M., and Weitzman, J.B. (2003). A role for 
AP-1 in apoptosis: the case for and against. Biochimie 85, 
747–752.

Angeli, V., Tacito, A., Paolicchi, A., Barsacchi, R., Franzini, M., Bal-
dassini, R., Vecoli, C., Pompella, A., and Bramanti, E. (2009). 
A kinetic study of γ-glutamyltransferase (GGT)-mediated 
S-nitrosoglutathione catabolism. Arch. Biochem. Biophys. 481, 
191–196.

Aracena, P., Sanchez, G., Donoso, P., Hamilton, S.L., and Hidalgo, 
C. (2003) S-glutathionylation decreases Mg2+ inhibition and 
S-nitrosylation enhances Ca2+ activation of RyR1 channels. 
J. Biol. Chem. 278, 42927–42935.

Aspenström, P., Schutt, C.E., Lindberg, U., and Karlsson, R. (1993). 
Mutations in β-actin: influence on polymer formation and 
on interactions with myosin and profilin. FEBS Lett. 329, 
163–170.

Ayajiki, K., Kindermann, M., Hecker, M., Fleming, I., and Busse R. 
(1996). Intracellular pH and tyrosine phosphorylation but not 
calcium determine shear stresS-induced nitric oxide production 
in native endothelial cells. Circ. Res. 78, 750–758.

Barrett, W.C., DeGnore, J.P., Konig, S., Fales, H.M., Keng, Y.F., Zhang, 
Z.Y., Yim, M.B., and Chock, P.B. (1999a) Regulation of PTP1B via 
glutathionylation of the active site cysteine 215. Biochemistry 
38, 6699–6705.

Barrett, W.C., DeGnore, J.P., Keng, Y.F., Zhang, Z.Y., Yim, M.B., 
and Chock, P.B. (1999b). Roles of superoxide radical anion 
in signal transduction mediated by reversible regulation 
of protein-tyrosine phosphatase 1B. J. Biol. Chem. 274, 
34543–34546.

Becker, K., Gui, M., and Schirmer, R.H. (1995). Inhibition of human 
glutathione reductase by S-nitrosoglutathione. Eur. J. Bio-
chem. 234, 472–478.

Belcastro, E., Wu, W., Fries-Raeth, I., Corti, A., Pompella, A., Leroy, P., 
Lartaud, I., and Gaucher, C. (2017). Oxidative stress enhances 

Unauthenticated
Download Date | 3/21/18 4:29 PM



E. Belcastro et al.: S-nitrosation and S-glutathionylation in cardiovascular pathophysiology      1287

and modulates protein S-nitrosation in smooth muscle cells 
exposed to S-nitrosoglutathione. Nitric Oxide 69, 10–21.

Benhar, M., Forrester, M.T., Hess, D.T., and Stamler, J.S. (2008). 
Regulated protein denitrosylation by cytosolic and mitochon-
drial thioredoxins. Science 320, 1050–1054.

Biswas, S., Chidam A.S., and Rahman, I. (2006). Redox modifi-
cations of protein thiols: emerging roles in cell signaling. 
Biochem. Pharmacol. 71, 551–564.

Biteau, B., Labarre, J., and Toledano, M.B. (2003). ATP-dependent 
reduction of cysteine-sulphinic acid by S. cerevisiae sulphire-
doxin. Nature 425, 980–984.

Bramanti, E., Angeli, V., Franzini, M., Vecoli, C., Baldassini, R., 
Paolicchi, A., Barsacchi, R., and Pompella, A. (2009). Exoge-
nous vs. endogenous γ-glutamyltransferase activity: implica-
tions for the specific determination of S-nitrosoglutathione in 
biological samples. Arch. Biochem. Biophys. 487, 146–152.

Briasoulis, A., Tousoulis, D., Androulakis, E.S., Papageorgiou, N., 
Latsios, G., and Stefanadis, C. (2012). Endothelial dysfunction 
and atherosclerosis: focus on novel therapeutic approaches. 
Rec. Pat. Cardiovasc. Drug Disc. 7, 21–32.

Broniowska, K.A., Diers, A.R., and Hogg, N. (2013). S-Nitrosoglu-
tathione. Biochim. Biophys. Acta 1830, 3173–3181.

Burgoyne, J.R., Mongue-Din, H., Eaton, P., and Shah, A.M. (2012). 
Redox signaling in cardiac physiology and pathology. Circ. Res. 
111, 1091–1106.

Burwell, L.S., Nadtochiy, S.M., Tompkins, A.J., Young, S., and 
Brookes, P.S. (2006). Direct evidence for S-nitrosation of mito-
chondrial complex I. Biochem. J. 394, 627–634.

Buttkus, H. (1971). The sulfhydryl content of rabbit and trout myosins 
in relation to protein stability. Can. J. Biochem. 49, 97–107.

Carnes, C.A., Janssen, P.M.L., Ruehr, M.L., Nakayama, H., Nakay-
ama, T., Haase, H., Bauer, J.A., Chung, M.K., Fearon, I.M., 
Gillinov, A.M., et al. (2007). Atrial glutathione content, calcium 
current and contractility. J Biol Chem. 282, 28063–28073.

Carver, D.J., Gaston, B., Deronde, K., and Palmer, L.A. (2007). Akt-medi-
ated activation of HIF-1 in pulmonary vascular endothelial cells by 
S-nitrosoglutathione. Am. J. Respir. Cell Mol. Biol. 37, 255–263.

Chai, Y.C., Hendrich, S., and Thomas, J.A. (1994a). Protein S-thionyla-
tion in hepatocytes stimulated by t-butyl hydroperoxide, mena-
dione, and neutrophils. Arch. Biochem. Biophys. 310, 264–272.

Chai, Y.C., Ashraf, S.S., Rokutan, K., Johnston, R.B., and Thomas, 
J.A. (1994b). S-Thionylation of individual human neutrophil 
proteins including actin by stimulation of the respiratory 
burst: evidence against a role for glutathione disulfide. Arch. 
Biochem. Biophys. 310, 273–281.

Chandra, A., Srivastava, S., Petrash, J.M., Bhatnagar, A., and  
Srivastava, S.K. (1997). Active site modification of aldose 
reductase by nitric oxide donors. Biochim. Biophys. Acta. 1341, 
217–222.

Chang, G.J., Woo, P., Honda, H.M., Ignarro, L.J., Young, L., Berliner, 
J.A., and Demer, L.L. (1994). Oxidation of LDL to a biologically 
active form by derivatives of nitric oxide and nitrite in the 
absence of superoxide. Dependence on pH and oxygen. Arteri-
osc. Thromb. Vasc. Biol. 14, 1808–1814.

Chen, F.C. and Ogut, O. (2006). Decline of contractility during 
ischemia-reperfusion injury: actin glutathionylation and its 
effect on allosteric interaction with tropomyosin. Am. J. Physiol. 
Cell. Physiol. 290, C719–C727.

Chen, Y.R., Chen, C.L., Pfeiffer, D.R., and Zweier, J.L. (2007). 
Mitochondrial complex II in the post-ischemic heart: oxidative 

injury and the role of protein S-glutathionylation. J. Biol. Chem. 
282, 32640–32654.

Claiborne, A., Miller, H., Parsonage, D., and Ross, P.R. (1993). Pro-
tein sulfenic acid stabilization and function in enzyme catalysis 
and gene regulation. FASEB J. 7, 1483–1490.

Claiborne, A., Yeh, J.I., Mallett, T.C., Luba, J., Crane, E.J., Charrier, V., 
and Parsonage, D. (1999). Protein-sulfenic acids: diverse roles 
for an unlikely player in enzyme catalysis and redox regulation. 
Biochemistry 38, 15407–15416.

Clavreul, N., Adachi, T., Pimentel, D.R., Ido, Y., Schoneich, C., and 
Cohen, R.A. (2006). S-glutathionylation by peroxynitrite of 
p21ras at cysteine-118 mediates its direct activation and down-
stream signaling in endothelial cells. FASEB J. 20, 518–520.

Cohen, R.A., Weisbrod, R.M., Gericke, M., Yaghoubi, M., Bierl, C., 
and Bolotina, V.M. (1999). Mechanism of nitric oxide-induced 
vasodilatation: refilling of intracellular stores by sarcoplasmic 
reticulum Ca2+ ATPase and inhibition of store-operated Ca2+ 
influx. Circ. Res. 84, 210–219.

Cortese-Krott, M.M., Koning, A., Kuhnle, G.G.C., Nagy, P., Bianco, 
C.L., Pasch, A., Wink, D.A., Fukuto, J.M., Jackson, A.A., van 
Goor, H., et al. (2017). The reactive species interactome: evolu-
tionary emergence, biological significance, and opportunities 
for redox metabolomics and personalized medicine. Antioxid. 
Redox Signal. 27, 684–712.

Corti, A., Paolicchi, A., Franzini, M., Dominici, S., Casini, A.F., and 
Pompella, A. (2005). The S-thionylating activity of membrane 
γ-glutamyltransferase: formation of cysteinyl-glycine mixed 
disulfides with cellular proteins and in the cell microenviron-
ment. Antioxid. Redox Signal. 7, 911–918.

Corti, A., Franzini, M., Paolicchi, A., and Pompella, A. (2010). 
γ-Glutamyltransferase of cancer cells at the crossroads of tumor 
progression, drug resistance and drug targeting. Anticanc. Res. 
30, 1169–1181.

Corti, A., Franzini, M., Scataglini, I., and Pompella, A. (2014). Mecha-
nisms and targets of the modulatory action of S-nitrosoglu-
tathione (GSNO) on inflammatory cytokines expression. Arch. 
Biochem. Biophys. 562, 80–91.

Dahboul, F., Leroy, P., Maguin-Gate, K., Boudier, A., Gaucher, C., 
Liminana, P., Lartaud, I., Pompella, A., and Perrin-Sarrado, C. 
(2012). Endothelial γ-glutamyltransferase contributes to the 
vasorelaxant effect of S-nitrosoglutathione in rat aorta. PLoS 
One 7, e43190.

Dalle-Donne, I., Milzani, A., Giustarini, D., Disimplicio, P., Colombo, 
R., and Rossi, R. (2000). SNO- actin: S-nitrosylation kinetics 
and the effect on isolated vascular smooth muscle. J. Muscle. 
Res. Cell Motil. 21, 171–181.

Dalle-Donne, I., Rossi, R., Giustarini, D., Colombo, R., and Milzani, A. 
(2003). Actin S-glutathionylation: evidence against a thiol-disul-
phide exchange mechanism. Free Radic. Biol. Med. 35, 1185–1193.

Darley-Usmar, V.M., Hogg, N., O’Leary, V.J., Wilson, M.T., and 
Moncada, S. (1992). The simultaneous generation of superox-
ide and nitric oxide can initiate lipid peroxidation in human 
low-density lipoprotein. Free Radic. Res. Commun. 17, 9–20.

De Meyer, I., Martinet, W., and De Meyer, G.R.Y. (2012). Therapeutic 
strategies to deplete macrophages in atherosclerotic plaques. 
Br. J. Clin. Pharmacol. 74, 246–263.

Denu, J.M. and Tanner, K.G. (1998). Specific and reversible inactiva-
tion of protein tyrosine phosphatases by hydrogen peroxide: 
evidence for a sulfenic acid intermediate and implications for 
redox regulation. Biochemistry 37, 5633–5642.

Unauthenticated
Download Date | 3/21/18 4:29 PM



1288      E. Belcastro et al.: S-nitrosation and S-glutathionylation in cardiovascular pathophysiology

Dominici, S., Valentini, M., Maellaro, E., Del Bello, B., Paolicchi, 
A., Lorenzini, E., Tongiani, R., Comporti, M., and Pompella, A. 
(1999). Redox modulation of cell surface protein thiols in u937 
lymphoma cells: the role of γ-glutamyl transpeptidase-depend-
ent H2O2 production and S-thionylation. Free Radic. Biol. Med. 
27, 623–635.

Donoso, P., Sanchez, G., Bull, R., and Hidalgo, C. (2011). Modulation 
of cardiac ryanodine receptor activity by ROS and RNS. Front. 
Biosci. 16, 553–567.

Eaton, P., Wright, N., Hearse, D.J., and Shattock, M.J. (2002). Glycer-
aldehyde phosphate dehydrogenase oxidation during cardiac 
ischemia and reperfusion. J. Mol. Cell. Cardiol. 34, 1549–1560.

Eu, J.P., Sun, J., Xu, L., Stamler, J.S., and Meissner, G. (2000). The 
skeletal muscle calcium release channel: coupled O2 sensor 
and NO signaling functions. Cell 102, 499–509.

Evangelista, A.M., Rao, V.S., Filo, A.R., Marozkina, N.V., Doctor, A., 
Jones, D.R., Gaston, B., and Guilford, W.H. (2010). Direct regula-
tion of striated muscle myosins by nitric oxide and endogenous 
nitrosothiols. PLoS One 5, e11209.

Feelisch, M. and Stamler, J.S. (1996). Donors of nitrogen oxides. In: 
Methods in Nitric Oxide Research, M. Feelisch and J.S. Stamler, 
eds. (New York, USA: John Wiley & Sons, Inc.), pp. 71–115.

Fiaschi, T., Cozzi, G., Raugei, G., Formigli, L., Ramponi, G., and 
Chiarugi, P. (2006). Redox regulation of β-actin during integrin-
mediated cell adhesion. J. Biol. Chem. 281, 22983–22991.

Findlay, V.J., Townsend, D.M., Morris, T.E., Fraser, J.P., He, L., and 
Tew, K.D. (2006). A novel role for human sulfiredoxin in the 
reversal of glutathionylation. Cancer Res. 66, 6800–6806.

Foster, M.W., Hess, D.T., and Stamler, J.S. (2009). Protein S-nitros-
ylation in health and disease: a current perspective. Trends 
Mol. Med. 15, 391–404.

Garcia-Fuentes, M., Trapani, A and Alonso, M.J. (2006). Protec-
tion of the peptide glutathione by complexformation with 
α-cyclodextrin: NMR spectroscopic analysis and stability study. 
Eur. J. Pharm. Biopharm. 64, 146–153.

Garel, M.C., Domenget, C., Caburi-Martin, J., Prehu, C., Galacteros, 
F., and Beuzard, Y. (1986). Covalent binding of glutathione 
to hemoglobin. I. Inhibition of hemoglobin S polymerization. 
J. Biol. Chem. 261, 14704–14709.

Gaston, B., Reilly, J., Drazen, J.M., Fackler, J., Ramdev, P., Arnelle, 
D., Mullins, M.E., Sugarbaker, D.J., Chee, C., Singel, D.J., 
et al. (1993). Endogenous nitrogen oxides and bronchodilator 
S-nitrosothiols in human airways. Proc. Natl. Acad. Sci. USA. 
90, 10957–10961.

Gaston, B., Doctor, A., Singel, D., and Stamler, J.S. (2006). S-Nitro-
sothiol signaling in respiratory biology. Am. J. Resp. Crit. Care 
Med. 173, 1186–1193.

Gaucher-Di Stasio, C., Paternotte, E., Prin-Mathieu, C., Reeder, B.J., 
Poitevin, G., Labrude, P., Stoltz, J.-F., Copper, C.E., and Menu, 
P. (2009). The importance of the effect of shear stress on 
endothelial cells in determining the performance of hemo-
globin based oxygen carriers. Biomaterials 30, 445–451.

Gaucher, C., Devaux, C., Boura, C., Lacolley, P., Stoltz, J.-F., and 
Menu, P. (2007). In vitro impact of physiological shear stress 
on endothelial cells gene expression profile. Clin. Hemorheol. 
Microcirc. 37, 99–107.

Gaucher, C., Boudier, A., Dahboul, F., Parent, M., and Leroy, P. 
(2013). S-nitrosation/denitrosation in cardiovascular patholo-
gies: facts and concepts for the rational design of S-nitrosothi-
ols. Curr. Pharm. Des. 19, 458–472.

Ghezzi, P. (2005). Regulation of protein function by glutathionyla-
tion. Free Radic. Res. 39, 573–580.

Ghezzi, P. (2013). Protein glutathionylation in health and disease. 
Biochim. Biophys. Acta 1830, 3165–3172.

Gilbert, H.F. (1995). Thiol/disulfide exchange equilibria and 
disulfide bond stability. Methods Enzymol. 251, 8–28.

Giustarini, D., Milzani, A., Colombo, R., Dalle-Donne, I., and Rossi, 
R. (2004). Nitric oxide, S-nitrosothiols and hemoglobin: is 
methodology the key? Trends Pharmacol. Sci. 25, 311–316.

Giustarini, D., Milzani, A., Aldini, G., Carini, M., Rossi, R., and Dalle-
Donne, I. (2005). S-nitrosation versus S-glutathionylation of 
protein sulfhydryl groups by S-nitrosoglutathione. Antiox. Red. 
Signal. 7, 930–939.

Giustarini, D., Milzani, A., Dalle-Donne, I., and Rossi, R. (2006). 
Detection of S-nitrosothiols in biological fluids: a comparison 
among the most widely applied methodologies. J. Chromatogr. 
B–Anal. Technol. Biomed. Life Sci. 851, 124–139.

Gonzalez, D.R., Beigi, F., Treuer, A.V., and Hare, J.M. (2007). 
Deficient ryanodine receptor S-nitrosylation increases sar-
coplasmic reticulum calcium leak and arrhythmogenesis in 
cardiomyocytes. Proc. Natl. Acad. Sci. USA 104, 20612–20617.

Gordge, M.P., Hothersall, J.S., and Noronha-Dutra, A.A. (1998). 
Evidence for a cyclic GMP-independent mechanism in the 
antiplatelet action of S-nitrosoglutathione. Br. J. Pharmacol. 
124, 141–148.

Gori, T., Mak, S.S., Kelly, S., and Parker, J.D. (2001). Evidence sup-
porting abnormalities in nitric oxide synthase function induced 
by nitroglycerin in humans. J. Am. Coll. Cardiol. 38, 1096–1101.

Gow, A.J., Chen, Q., Hess, D.T., Day, B.J., Ischiropoulos, H., and 
Stamler, J.S. (2002). Basal and stimulated protein S-nitros-
ylation in multiple cell types and tissues. J. Biol. Chem. 277, 
9637–9640.

Granger, D.N. and Kubes, P. (1996). Nitric oxide as anti-inflammatory 
agent. Methods Enzymol. 369, 434–442.

Grisham, M.B., Granger, D.N., Neil, D., and Lefer, D.J. (1998). 
Modulation of leukocyte-endothelial interactions by reactive 
metabolites of oxygen and nitrogen: relevance to ischemic 
heart disease. Free Radic. Biol. Med. 25, 404–433.

Grisham, M.B., Jourd’heuil, D., and Wink, D.A. (1999). Nitric oxide 
I. Physiological chemistry of nitric oxide and its metabolites: 
implications in inflammation. Am. J. Physiol. 276, G315–G321.

Haendeler, J., Hoffmann, J., Tischler, V., Berk, B.C., Zeiher, A.M., and 
Dimmeler, S. (2002). Redox regulatory and anti-apoptotic func-
tions of thioredoxin depend on S-nitrosylation at cysteine 69. 
Nat. Cell Biol. 4, 743–749.

Hanigan, M.H. and Frierson, H.F.Jr. (1996). Immunohistochemical 
detection of γ-glutamyl transpeptidase in normal human tissue. 
J. Histochem. Cytochem. 44, 1101–1108.

Head, C.A., Brugnara, C., Martìnez-Ruiz, R., Kacmarek, R.M., Bridges, 
K.R., Kuter, D., Bioch, K.D., and Zapol, W.M. (1997). Low concen-
trations of nitric oxide increase oxygen affinity of sickle erythro-
cytes in vitro and in vivo. J. Clin. Invest. 100, 1193–1198.

Heikal, L. (2011). S-nitrosophytochelatins: investigation of bioactiv-
ity of an oligopeptide nitric oxide delivery system. Biomacro-
molecules 12, 2103–2113.

Heo, J. and Campbell, S.L. (2006). Nitric oxide and cell signaling: 
redox regulation of Ras superfamiliy GTPases. In: Nitric Oxide, 
Cell Signaling and Gene Expression, S. Lamas and E. Cadenas, 
eds. (Boca Raton, FL, USA: CRC Press–Taylor and Francis), 
pp. 263–289.

Unauthenticated
Download Date | 3/21/18 4:29 PM



E. Belcastro et al.: S-nitrosation and S-glutathionylation in cardiovascular pathophysiology      1289

Herman, A.G. and Moncada S. (2005). Therapeutic potential of nitric 
oxide donors in the prevention and treatment of atherosclero-
sis. Eur. Heart J. 26, 1945–1955.

Hess, D.T., Matsumoto, A., Kim, S-O., Marshall, H.E., and Stamler, 
J.S. (2005). Protein S-nitrosylation: purview and parameters. 
Nat. Rev. Mol. Cell Biol. 6, 150–166.

Hjelle, O.P., Chaudhry, F.A., and Ottersen, O.P. (1994). Antisera to 
glutathione: characterization and immunocytochemical appli-
cation to the rat cerebellum. Eur. J. Neurosci. 6, 793–804.

Hoffmann, J., Haendeler, J., Zeiher, A.M., and Dimmeler, S. (2001). 
TNF-α and oxLDL reduce protein S-nitrosylation in endothelial 
cells. J. Biol. Chem. 276, 41383–41387.

Hoffmann, J., Dimmeler, S., and Haendeler, J. (2003). Shear stress 
increases the amount of S-nitrosylated molecules in endothe-
lial cells: important role for signal transduction. FEBS Lett. 551, 
153–158.

Hogg, N. (2002). The biochemistry and physiology of S-nitrosothi-
ols. Annu. Rev. Pharmacol. Toxicol. 42, 585–600.

Hogg, N., Singh, R.J., Konorev, E., Joseph, J., and Kalyanaraman, 
B. (1997). S-Nitrosoglutathione as a substrate for γ-glutamyl 
transpeptidase. Biochem. J. 323, 477–481.

Hornyák, I., Pankotai, E., Kiss, L., and Lacza, Z. (2011) Current devel-
opments in the therapeutic potential of S-nitrosoglutathione, 
an endogenous NO-donor molecule. Curr. Pharm. Biotechnol. 
12, 1368–1374.

Hornyák, I., Marosi, K., Kiss, L., Gróf, P., and Lacza, Z. (2012). 
Increased stability of S-nitrosothiol solutions via pH modula-
tions. Free Radic. Res. 46, 214–225.

Huang, B., Chen, S.C., and Wang, D.L. (2009). Shear flow increases 
S-nitrosylation of proteins in endothelial cells. Cardiovasc. Res. 
83, 536–546.

Iwakiri, Y., Satoh, A., Chatterjee, S., Toomre, D.K., Chalouni, C.M., 
Fulton D, Groszmann, R.J., Shah, V.H., and Sessa W.C. (2006). 
Nitric oxide synthase generates nitric oxide locally to regulate 
compartmentalized protein S-nitrosylation and protein traffick-
ing. Proc. Natl. Acad. Sci USA 103, 19777–19782.

Jaworski, K., Kinard, F., Goldstein, D., Holvoet, P., Trouet, A., 
Schneider, Y.J., and Remacle, C. (2001). S-nitrosothiols do not 
induce oxidative stress, contrary to other nitric oxide donors, in 
cultures of vascular endothelial or smooth muscle cells. Eur. J. 
Pharmacol. 425, 11–19.

Jensen, D.E., Belka, G.K., and Du Bois, G.C. (1998). S-Nitrosoglu-
tathione is a substrate for rat alcohol dehydrogenase class III 
isoenzyme. Biochem. J. 331, 659–668.

Ji, Y., Akerboom, T.P., Sies, H., and Thomas, J.A. (1999). S-Nitrosyla-
tion and S-glutathionylation of protein sulfhydryls by S-nitroso 
glutathione. Arch. Biochem. Biophys. 362, 67–78.

Jia, L., Bonaventura, C., Bonaventura, J., and Stamler, J.S. (1996). 
S-Nitrosohaemoglobin: a dynamic activity of blood involved in 
vascular control. Nature 380, 221–226.

Johansson, M. and Lundberg, M. (2007). Glutathionylation of β-actin 
via a cysteinyl sulfenic acid intermediary. Biochemistry 8, 26–32.

Jones, D.P. (2002). Redox potential of GSH/GSSG couple: assay and 
biological significance. Meth. Enzymol. 348, 93–112.

Jones, D.P. and Sies, H. (2015). The redox code. Antioxid. Redox 
Signal. 23, 734–746.

Kalinina, E.V., Chernov, N.N., and Novichkova, M.D. (2014). Role 
of glutathione, glutathione transferase, and glutaredoxin in 
regulation of redox dependent processes. Biochemistry (Mosc.) 
79, 1562–1583.

Kaposzta, Z., Clifton, A., Molloy, J., Martin, J.F., and Markus, 
H.S. (2002). S-nitrosoglutathione reduces asymptomatic 
embolization after carotid angioplasty. Circulation 106, 
3057–3062.

Keaney, J.F. Jr., Simon, D.I., Stamler, J.S., Jaraki, O., Scharfstein, 
J., Vita, J.A., and Loscalzo, J. (1993). NO forms an adduct with 
serum albumin that has endothelium-derived relaxing factor-
like properties. J. Clin. Invest. 91, 1582–1589.

Khalaf, M.R. and Hayhoe, F.G. (1987). Cytochemistry of 
γ-glutamyltransferase in haemic cells and malignancies. Histo-
chem. J. 19, 385–395.

Khan, M., Jatana, M., Elango, C., Paintlia, A.S., Singh, A.K., and 
Singh, I. (2006). Cerebrovascular protection by various nitric 
oxide donors in rats after experimental stroke. Nitric Oxide 15, 
114–124.

Kher, N. and Marsh, J.D. (2004). Pathobiology of atherosclerosis – A 
brief review. Semin. Thromb. Hemost. 30, 665–672.

Kim, G. and Levine, R.L. (2005). Molecular determinants of 
S-glutathionylation of carbonic anhydrase 3. Antioxid. Redox 
Signal. 7, 849–854.

Kim, Y-M., Talanian, R.V., and Billiar, T.R. (1997). Nitric oxide inhibits 
apoptosis by preventing increases in caspase-3-like activity via 
two distinct mechanisms. J. Biol. Chem. 272, 31138–31148.

Klatt, P., Pineda Molina, E., García de Lacoba, M., Padilla, C.A., 
Martínez-Galesteo, E., Bárcena, J.A., and Lamas, S. (1999). 
Redox regulation of c-Jun DNA binding by reversible S-glutath-
ionylation. FASEB J. 13, 1481–1490.

Klatt, P., Pineda Molina, E., Pérez-Sala, D., and Lamas, S. (2000). 
Novel application of S-nitrosoglutathione-sepharose to identify 
proteins that are potential targets for S-nitrosoglutathione-
induced mixed-disulphide formation. Biochem. J. 349, 
567–578.

Kluge, I., Gutteck-Amsler, U., Zollinger, M., and Do, K.Q. (1997). 
S-nitrosoglutathione in rat cerebellum: identification and 
quantification by liquid chromatography-mass spectrometry. 
J. Neurochem. 69, 2599-607.

Knowles, R.G. and Moncada, S. (1994). Nitric oxide synthases in 
mammals. Biochem. J. 298, 249–258.

Konorev, E.A., Kalyanaraman, B., and Hogg, N. (2000). Modifica-
tion of creatine kinase by S-nitrosothiols: S-nitrosation vs. 
S-thionylation. Free Radic. Biol. Med. 28, 1671–1678.

Kosower, N.S., Kosower, E.M., and Koppel, R.L. (1977). Sensitivity 
of hemoglobin thiol groups within red blood cells of rat during 
oxidation of glutathione. Eur. J. Biochem. 77, 529–534.

Kuo, W.N., Kocis, J,M, Nibbs, J. (2003). Nitrosation of cysteine and 
reduced glutathione by nitrite at physiological pH. Front. 
Biosci. 8, a62–a69.

Kuster, G.M., Pimentel, D.R., Adachi, T., Ido, Y., Brenner, D.A., 
Cohen, R.A., Liao, R., Siwik, D.A., and Colucci, W.S. (2005). 
α-Adrenergic receptor-stimulated hypertrophy in adult rat ven-
tricular myocytes is mediated via thioredoxin-1-sensitive oxida-
tive modification of thiols on Ras. Circulation 111, 1192–1198.

Lancel, S., Zhang, J., Evangelista, A., Trucillo, M.P., Tong, X., Siwik, 
D.A., Cohen, R.A., and Colucci, W.S. (2009). Nitroxyl activates 
SERCA in cardiac myocytes via glutathionylation of cysteine 
674. Circ. Res. 104, 720–723.

Lander, H.M., Hajjar, D.P., Hempstead, B.L., Mirza, U.A., Chait, 
B.T., Campbell, S., and Quilliam L.A. (1997). A molecular redox 
switch on p21ras. Structrural basis for the nitric oxide-p21ras 
interaction. J. Biol. Chem. 272, 4323–4326.

Unauthenticated
Download Date | 3/21/18 4:29 PM



1290      E. Belcastro et al.: S-nitrosation and S-glutathionylation in cardiovascular pathophysiology

Landmesser, U., Cai, H., Dikalov, S., McCann, L., Hwang, J., Jo, H., 
Holland, S.M., and Harrison, D.G. (2002). Role of p47(phox) in 
vascular oxidative stress and hypertension caused by angioten-
sin II. Hypertension 40, 511–515.

Langford, E.J., Brown, A.S., Wainwright, R.J., De Belder, A.J., 
Thomas, M.R., Smith, R.E., Radomski, M.W., Martin, J.F., 
and Moncada, S. (1994). Inhibition of platelet activity by 
S-nitrosoglutathione during coronary angioplasty. Lancet 344, 
1458–1460.

Lee, S.R., Kwon, K.S., Kim, S.R., and Rhee, S.G. (1998). Reversible 
inactivation of protein-tyrosine phosphatase 1B in A431 cells 
stimulated with epidermal growth factor. J. Biol. Chem. 273, 
15366–15372.

Lees, C., Langford, E., Brown, A.S., De Belder, A., Pickles, A., 
Martin, J.F., and Campbell, S. (1996). The effects of S-nitroso-
glutathione on platelet activation, hypertension, and uterine 
and fetal Doppler in severe preeclampsia. Obstet. Gynecol. 88, 
14–19.

Li, J., Huang, F.L., and Huang, K.P. (2001). Glutathionylation of pro-
teins by glutathione disulfide S-oxide derived from S-nitroso-
glutathione. Modifications of rat brain neurogranin/RC3 and 
neuromodulin/GAP-43. J. Biol. Chem. 276, 3098–3105.

Li, F., Sonveaux, P., Rabbani, Z.N., Liu, S., Yan, B., Huang, Q., 
Vujaskovic, Z., Dewhirst, M.W., and Li, C.Y. (2007). Regulation 
of HIF-1α stability through S-nitrosylation. Mol. Cell 26, 63–74.

Lima, B. (2010). S-Nitrosylation in cardiovascular signaling. Circ. 
Res. 106, 633–646.

Lima, B., Lam, G.K., Xie, L., Diesen, D.L., Villamizar, N., Nienaber, J., 
Messina, E., Bowles, D., Kontos, C.D., Hare, J.M., et al. (2009). 
Endogenous S-nitrosothiols protect against myocardial injury. 
Proc. Natl. Acad. Sci. USA 106, 6297–6302.

Liu, Z., Rudd, M.A., Freedman, J.E., and Loscalzo, J. (1998). 
S-Transnitrosation reactions are involved in the metabolic fate 
and biological actions of nitric oxide. J. Pharmacol. Exp. Ther. 
284, 526–534.

Liu, L., Yan, Y., Zeng, M., Zhang, J., Hanes, M.A., Ahearn, G., 
McMahon, T.J., Dickfeld, T., Marshall, H.E., Que, L.G., et al. 
(2004a). Essential roles of S-nitrosothiols in vascular homeo-
stasis and endotoxic shock. Cell 116, 617–628.

Liu, W.R., Nakamura, H., Shioji, K., Tanito, M., Oka, S., Ahsan, M.K., 
Son, A., Ishii, Y., Kishimoto, C., and Yodoi, Y. (2004b). Thiore-
doxin-1 ameliorates myosin-induced autoimmune myocarditis 
by suppressing chemokine expressions an leukocyte chemot-
axis in mice. Circulation 110, 1276–1283.

Lu, J., Katano, T., Okuda-Ashitaka, E., Oishi, Y., Urade, Y., and Ito, S. 
(2009). Involvement of S-nitrosylation of actin in inhibition of 
neurotransmitter release by nitric oxide. Mol. Pain 5, 58.

Lu, J., Katano, T., Uta, D., Furue, H., and Ito, S. (2011). Rapid S-nitros-
ylation of actin by NO-generating donors and in inflammatory 
pain model mice. Mol. Pain 7, 101.

Malik, G., Nagy, N., Ho, Y.S., Maulik, N., and Das, D.K. (2008). Role 
of glutaredoxin-1 in cardioprotection: an insight with Glrx1 
transgenic and knockout animals. J. Mol. Cell Cardiol. 44, 
261–269.

Mallis, R.J., Buss, J.E., and Thomas, J.A. (2001). Oxidative modifica-
tion of H-ras: Sthionylation and S-nitrosylation of reactive 
cysteines. Biochem. J. 355, 145–153.

Mannick, J.B., Miao, X.Q., and Stamler, J.S. (1997). Nitric oxide 
inhibits FaS-induced apoptosis. J. Biol. Chem. 272,  
24125–24128.

Mannick, J.B., Hausladen, A., Liu, L., Hess, D.T., Zeng, M., Miao, 
Q.X., Kane, L.S., Gow, A.J., and Stamler, J.S. (1999). FaS-
induced caspase denitrosylation. Science 284, 651–654.

Mannick, J.B., Schonhoff, C., Papeta, N., Ghafourifar, P., Szibor, M., 
Fang, K., and Gaston, B. (2001) S-nitrosylation of mitochondrial 
caspases. J. Cell Biol. 154, 1111–1116.

Marozkina, N.V. and Gaston, B. (2012). S-Nitrosylation signaling 
regulates cellular protein interactions. Biochim. Biophys. Acta 
1820, 722–729.

Marshall, H.E. and Stamler, J.S. (2001) Inhibition of NF-κB by 
S-nitrosylation. Biochemistry 40, 1688–1693.

Marshall, H.E., Merchant, K., and Stamler, J.S. (2000). Nitrosation 
and oxidation in the regulation of gene expression. FASEB J. 14, 
1889–1900.

Marshall, H.E., Hess, D.T., and Stamler, J.S. (2004). S-nitrosylation: 
physiological regulation of NF-κB. Proc. Natl. Acad. Sci. USA 
101, 8841–8842.

Martínez-Ruiz, A. and Lamas, S. (2004). S-Nitrosylation: a potential 
new paradigm in signal transduction. Cardiovasc. Res. 62, 
43–52.

Martínez-Ruiz, A. and Lamas, S. (2007). Signaling by NO-induced 
protein S-nitrosylation and S-glutathionylation: convergences 
and divergences. Cardiovasc. Res. 75, 220–228.

Mawatari, S. and Murakami, K. (2004). Different types of glutathio-
nylation of hemoglobin can exist in intact erythrocytes. Arch. 
Biochem. Biophys. 421, 108–114.

Mbiya, W. (2013). Kinetics and mechanism of S-nitrosation and oxi-
dation of cysteamine by peroxynitrite. Portland State University 
Dissertations and Theses, Paper 1413.

McAninly, J., Williams, D.L.H., Askew, S.C., Butler, A.R., and Russell, 
C. (1993). Metal ion catalysis in nitrosothiol (RSNO) decomposi-
tion. J. Chem. Soc. Chem. Commun. 23, 1758–1759.

Megson, I.L., Greig, I.R., Gray, G.A., Webb, D.J., and Butler, A.R. 
(1997). Prolonged effect of a novel S-nitrosated glyco-amino 
acid in endothelium denuded rat femoral arteries: potential as 
a slow release nitric oxide donor drug. Br. J. Pharmacol. 122, 
1617–1624.

Menon, D.M. and Board, P.G. (2013). A role for glutathione trans-
ferase omega 1 (GSTO1–1) in the glutathionylation cycle. J. Biol. 
Chem. 288, 25769–25779.

Metere, A., Iorio, E., Scorza, G., Camerini, S., Casella, M., Crescenzi, 
M., Minetti, M., and Pietraforte D. (2014). Carbon monoxide 
signaling in human red blood cells: evidence for pentose 
phosphate pathway activation and protein deglutathionylation. 
Antiox. Red. Signal. 20, 403–416.

Mieyal, J.J., Gallogly, M.M., Qanungo, S., Sabens, E.A., and Shelton, 
M.D. (2008). Molecular mechanisms and clinical implications 
of reversible protein S-glutathionylation. Antiox. Red. Signal. 
10, 1941–1988.

Mital, S., Loke, K.E., Slater, J.P., Aldonizio, I., Gersony, W.M., and 
Hintze, T.H. (1999). Synergy of amlodipine and angiotensin-
converting enzyme inhibitors in regulating myocardial oxygen 
consumption in normal canine and failing human hearts. Am. J. 
Cardiol. 83, 92H–98H.

Mitchell, D.A. and Marletta, M.A. (2005) Thioredoxin catalyzes the 
S-nitrosation of the caspase-3 active site cysteine. Nat. Chem. 
Biol. 1, 154–158.

Mitchell, D.A., Morton, S.U., and Marletta, M.A. (2006). Design 
and characterization of an active site selective caspase-3 
transnitrosating agent. ACS Chem. Biol. 1, 659–665.

Unauthenticated
Download Date | 3/21/18 4:29 PM



E. Belcastro et al.: S-nitrosation and S-glutathionylation in cardiovascular pathophysiology      1291

Mohr, S., Hallak, H., de Boitte, A., Lapetina, E.G., and Brüne, B. 
(1999). Nitric oxide-induced S-glutathionylation and inactiva-
tion of glyceraldehyde-3-phosphate dehydrogenase. J. Biol. 
Chem. 274, 9427–9430.

Moncada, S., Palmer, R.M., and Higgs, E.A. (1991). Nitric oxide 
physiology, pathophysiology and pharmacology. Pharmacol. 
Rev. 43, 109–142.

Nathan, C. (2003). Specificity of a third kind: reactive oxygen and 
nitrogen intermediates in cell signaling. J. Clin. Invest. 111, 
769–778.

Niwa, T. (2006). Proteome analysis of oxidative stress: glutathionyl 
hemoglobin in diabetic and uremic patients. In: Redox Prot-
eomics, I. Dalle-Donne, A. Scaloni and D.A. Butterfield, eds. 
(New York, NY, USA: Wiley-Interscience), pp. 651–667.

Nogueira, L., Figueiredo-Freitas, C., Casimiro-Lopes, G., Magdesian, 
M.H., Assreuy, J., and Sorenson, M.M. (2009). Myosin is revers-
ibly inhibited by S-nitrosylation. Biochem. J. 424, 221–231.

Nonaka, K., Kume, N., Urata, Y., Seto, S., Kohno, T., Honda, S., Ikeda, 
S., Muroya, T., Ikeda, Y., Ihara, Y., et al. (2007). Serum levels of 
S-glutathionylated proteins as a risk marker for arteriosclerosis 
obliterans. Circ. J. 71, 100–105.

Nott, A., Watson, P.M., Robinson, J.D., Crepaldi, L., and Riccio, A. 
(2008). S-Nitrosylation of histone deacetylase 2 induces chro-
matin remodeling in neurons. Nature 455, 411–416.

Okuda, M., Inoue, N., Azumi, H., Seno, T., Sumi, Y., Hirata, K., 
Kawashima, S., Hayashi, Y., Itoh, H., Yodoi, J., et al. (2001). 
Expression of glutaredoxin in human coronary arteries: its 
potential role in antioxidant protection against atherosclerosis. 
Arterioscler. Thromb. Vasc. Biol. 21, 1483–1487.

Pacher, P., Beckman, J.S., and Liaudet, L. (2007). Nitric oxide and 
peroxynitrite in health and disease. Physiol. Rev. 87, 315–424.

Paige, J.S., Xu, G., Stancevic, B., and Jaffrey, S.R. (2008). Nitroso-
thiol reactivity profiling identifies S-nitrosylated proteins with 
unexpected stability. Chem. Biol. 15, 1307–1316.

Palmer, R.M.J., Ashton, D.S., and Moncada, S. (1988). Vascular 
endothelial cells synthesize nitric oxide from L-arginine. Nature 
333, 664–666.

Pan, S. and Berk, B.C. (2006). Glutathionylation regulates tumor 
necrosis factor-α-induced caspase-3 cleavage and apoptosis: 
key role for glutaredoxin in the death pathway. Circ. Res. 100, 
213–219.

Parent, M., Boudier, A., Perrin, J., Vigneron, C., Maincent, P., 
Violle, N., and Dupuis, F. (2015). In situ microparticles loaded 
with S-nitrosoglutathione protect from stroke. PLoS One 10, 
e0144659.

Passarelli, C., Petrini, S., Pastore, A., Bonetto, V., Sale, P., Gaeta, 
L.M., Tozzi, G., Bertini, E., Canepari, M., Rossi, R., et al. (2008). 
Myosin as a potential redox-sensor: an in vitro study. J. Muscle 
Res. Cell Motil. 29, 119–126.

Passarelli, C., Di Venere, A., Piroddi, N., Pastore, A., Scellini, B., 
Tesi, C., Petrini, S., Sale, P., Bertini, E., Poggesi, C., et al. 
(2010). Susceptibility of isolated myofibrils to in vitro glutathio-
nylation: potential relevance to muscle functions. Cytoskeleton 
67, 81–89.

Pastore, A. and Piemonte, F. (2013). Protein glutathionylation in 
cardiovascular diseases. Int. J. Mol. Sci. 14, 20845–20876.

Pawloski, J.R., Hess, D.T., and Stamler, J.S. (2001). Export by red 
blood cells of nitric oxide bioactivity. Nature 409, 622–626.

Perrin-Sarrado, C., Pongas, M., Dahboul, F., Leroy, P., Pompella, A., 
and Lartaud, I. (2016). Reduced activity of the aortic 

γ-glutamyltransferase does not decrease S-nitrosoglutathione 
induced vasorelaxation of rat aortic rings. Front. Physiol. 7, 630.

Pimentel, D.R., Adachi, T., Ido, Y., Heibeck, T., Jiang, B., Lee, Y., 
Melendez, J.A., Cohen, R.A., and Colucci, W.S. (2006). Strain-
stimulated hypertrophy in cardiac myocytes is mediated by 
reactive oxygen specieS-dependent Ras S-glutathionylation. 
J. Mol. Cell. Cardiol. 41, 613–622.

Pimentel, D., Haeussler, D.J., Matsui, R., Burgoyne, J.R., Cohen, R.A., 
and Bachschmid, M.M. (2012). Regulation of cell physiology 
and pathology by protein S-glutathionylation: lessons learned 
from the cardiovascular system. Antiox. Red. Signal. 16, 
524–542.

Pompella, A., De Tata, V., Paolicchi, A., and Zunino, F. (2006). 
Expression of γ-glutamyltransferase in cancer cells and its sig-
nificance in drug resistance. Biochem. Pharmacol. 71, 231–238.

Poole, L.B., Karplus, P.A., and Claiborne A. (2004). Protein sulfenic 
acids in redox signaling. Annu. Rev. Pharmacol. Toxicol. 44, 
325–347.

Que, L.G., Liu, L., Yan, Y., Whitehead, G.S., Gavett, S.H., Schwartz, 
D.A., and Stamler, J.S. (2005). Protection from experimen-
tal asthma by an endogenous bronchodilator. Science 308, 
1618–1621.

Radomski, M.W. and Moncada, S. (1993). Biological role of nitric 
oxide in platelet function. Adv. Exp. Med. Biol. 344, 251–264.

Rassaf, T., Kleinbongard, P., Preik, M., Dejam, A., Gharini, P., Lauer, 
T., Erckenbrecht, J., Duschin, A., Schulz, R., Heusch, G., et al. 
(2002). Plasma nitrosothiols contribute to the systemic vaso-
dilator effects of intravenously applied NO: experimental and 
clinical Study on the fate of NO in human blood. Circ. Res. 91, 
470–477.

Ravichandran, V., Seres, T., Moriguchi, T., Thomas, J.A., and 
Johnston, R.B. Jr. (1994). S-Thionylation of glyceraldehyde-
3-phosphate dehydrogenase induced by the phagocytosiS-
associated respiratory burst in blood monocytes. J. Biol. Chem. 
269, 25010–25015.

Regazzoni, L., Panusa, A., Yeum, K.J., Carini, M., and Aldini, G. 
(2009). Hemoglobin glutathionylation can occur through 
cysteine sulfenic acid intermediate: electrospray ionization 
LTQ-Orbitrap hybrid mass spectrometry studies. J. Chromatogr. 
B. 877, 3456–3461.

Reynaert, N.L., Ckless, K., Korn, S.H., Vox, H., Guala, A.S., Wouters, 
F.M., Van der Vliea, A., and Janssen-Heininger, Y.M. (2004). 
Nitric oxide represses inhibitory Iκ-B kinase through S-nitros-
ylation. Proc. Natl. Acad. Sci. USA 101, 8945–8950.

Roche, C.J., Cassera, M.B., Dantsker, D., Hirsch, R.E., and Fried-
man, J.M. (2013). Generating S-nitrosothiols from hemoglobin: 
mechanisms, conformational dependence, and physiological 
relevance. J. Biol. Chem. 288, 22408–22425.

Rossi, R., Lusini, L., Giannerini, F., Giustarini, D., Lungarella, G., and 
Disimplicio, P. (1997). A method to study kinetics of transnitro-
sation with nitrosoglutathione: reactions with hemoglobin and 
other thiols. Anal. Biochem. 254, 215–220.

Rychter, M., Gaucher, C., Boudier, A., Leroy, P., and Lulek, J. (2016). 
S-nitrosothiols–NO donors regulating cardiovascular cell 
proliferation: insight into intracellular pathway alteration. Int. 
J. Biochem. Cell Biol. 78, 156–161.

Salas, E., Moro, M.A., Askew, S., Hodson, H.F., Butler, A.R., Radom-
ski, M.W., and Moncada, S. (1994). Comparative pharmacology 
of analogues of S-nitroso-N-acetyl-DL-penicillamine on human 
platelets. Br. J. Pharmacol. 112, 1071–1076.

Unauthenticated
Download Date | 3/21/18 4:29 PM



1292      E. Belcastro et al.: S-nitrosation and S-glutathionylation in cardiovascular pathophysiology

Salas, E., Langford, E.J., Marrinan, M.T., Martin, J.F., Moncada, S., 
and De Belder, A.J. (1998). S-Nitrosoglutathione inhibits plate-
let activation and deposition in coronary artery saphenous vein 
grafts in vitro and in vivo. Heart 80, 146–150.

Sanchez, G., Pedrozo, Z., Domenech, R.J., Hidalgo, C., and Donoso, 
P. (2005). Tachycardia increases NADPH oxidase activity and 
RyR2 S-glutathionylation in ventricular muscle. J. Mol. Cell. 
Cardiol. 39, 982–991.

Sanchez, G., Escobar, M., Pedrozo, Z., Macho, P., Domenech, R., 
Hartel, S., Hidalgo, C., and Donoso, P. (2008). Exercise and 
tachycardia increase NADPH oxidase and ryanodine receptor-2 
activity: possible role in cardioprotection. Cardiovasc. Res. 77, 
380–386.

Schafer, F.Q. and Buettner, G.R. (2001). Redox environment of 
the cell as viewed through the redox state of the glutathione 
disulfide/glutathione couple. Free Radic. Biol. Med. 30, 
1191–1212.

Schaub, M.C., Watterson, J.G., and Waser, P.G. (1975). Conforma-
tional differences in myosin, IV. (1–3) Radioactive labeling of 
specific thiol groups as influenced by ligand binding. Hoppe-
Seylers Z. Physiol. Chem. 356, 325–339.

Schulman, I.H., Zhou, M.S., and Raij, L. (2006). Interaction 
between nitric oxide and angiotensin II in the endothelium: 
role in atherosclerosis and hypertension. J. Hypertens. 24, 
S45–S50.

Schulz, R., Nava, E., and Moncada, S. (1992). Induction and poten-
tial biological relevance of a Ca2+-independent nitric oxide 
synthase in the myocardium. Br. J. Pharmacol. 105, 575–580.

Schuppe-Koistinen, I., Gerdes, R., Moldéus, P., and Cotgreave, I.A. 
(1994). Studies on the reversibility of protein S-thionylation 
in human endothelial cells. Arch. Biochem. Biophys. 315, 
226–234.

Selemidis, S., Dusting, G.J., Peshavariya, H., Kemp-Harper, B.K., 
and Drummond, G.R. (2007). Nitric oxide suppresses NADPH 
oxidase-dependent superoxide production by S-nitrosylation in 
human endothelial cells. Cardiovasc. Res. 75, 349–358.

Sen, C.K. (2000). Cellular thiols and redox-regulated signal trans-
duction. Curr. Top. Cell. Reg. 36, 1–30.

Sengupta, R. and Holmgren, A. (2012). The role of thioredoxin in the 
regulation of cellular processes by S-nitrosylation. Biochim. 
Biophys. Acta 1820, 689–700.

Shelton, M.D., Chock, P.B., and Mieyal, J.J. (2005). Glutaredoxin: 
role in reversible protein S-glutathionylation and regulation of 
redox signal transduction and protein translocation. Antiox. 
Red. Signal. 7, 348–366.

Shishehbor, M.H., Aviles, R.J., Brennan, M.L., Fu, X., Goormastic, M., 
Pearce, G.L., Gokce, N., Keaney, J.F., Penn, M.S., Sprecher, D.L., 
et al. (2003). Association of nitrotyrosine levels with cardio-
vascular disease and modulation by statin therapy. J. Am. Med. 
Assoc. 289, 1675–1680.

Sliskovic, I., Raturi, A., and Mutus, B. (2005). Characterization of the 
S-denitrosation activity of protein disulfide isomerase. J. Biol. 
Chem. 280, 8733–8741.

Snyder, A.H., McPherson, M.E., Hunt, J.F., Johnson, M., Stamler, J.S., 
and Gaston, B. (2002). Acute effects of aerosolized S-nitroso-
glutathione in cystic fibrosis. Am. J. Resp. Crit. Care Med. 165, 
922–926.

Söderdahl, T., Enoksson, M., Lundberg, M., Holmgren, A., Ottersen, 
O.P., Orrenius, S., Bolcsfoldi, G., and Cotgreave, I.A. (2003). 
Visualization of the compartmentalization of glutathione and 

protein-glutathione mixed disulfides in cultured cells. FASEB J. 
17, 124–126.

Sogo, N., Campanella, C., Webb, D.J., and Megson, I.L. (2000). 
S-nitrosothiols cause prolonged, nitric oxide-mediated relaxa-
tion in human saphenous vein and internal mammary artery: 
therapeutic potential in bypass surgery. Brit. J. Pharmacol. 131, 
1236–1244.

Srivastava, S.K., Ramana, K.V., Chandra, D., Srivastava, S., and 
Bhatnagar, A. (2003). Regulation of  aldose reductase and the 
polyol pathway activity by nitric oxide. Chem. Biol. Interact. 
143–144, 33–40.

Staab, C.A., Hellgren, M., and Höög, J.O. (2008). Medium- and 
short-chain dehydrogenase/reductase gene and protein 
families: dual functions of alcohol dehydrogenase 3: impli-
cations with focus on formaldehyde dehydrogenase and 
S-nitrosoglutathione reductase activities. Cell. Mol. Life Sci. 
65, 3950–3960.

Stamler, J.S. (1994). Redox signaling: nitrosylation and related 
target interactions of nitric oxide. Cell 78, 931–936.

Stamler, J.S., Jaraki, O., Osborne, J., Simon, D.I., Keaney, J., Vita, J., 
Singel, D., Valeri, C.R., and Loscalzo J. (1992). Nitric oxide circu-
lates in mammalian plasma primarily as an S-nitroso adduct of 
serum albumin. Proc. Natl. Acad. Sci. USA 89, 7674–7677.

Stamler, J.S., Jia, L., Eu, J.P., McMahon, T.J., Demchenko, I.T., 
Bonaventura, J., Gernert, K., and Piantadosi, C.A. (1997). Blood 
flow regulation by S-nitrosohemoglobin in the physiological 
oxygen gradient. Science 276, 2034–2037.

Steinberg, S.F. (2013). Oxidative stress and sarcomeric proteins. 
Circ. Res. 112, 393–405.

Struck, A.T., Hogg, N., Thomas, J.P., and Kalyanaraman, B. (1995). 
Nitric oxide compounds inhibit the toxicity of oxidized low-den-
sity lipoprotein to endothelial cells. FEBS Lett. 361, 291–294.

Stuehr, D.J. (1997). Structure-function aspects in the nitric oxide 
synthases. Ann. Rev. Pharmacol. Toxicol. 37, 339–359.

Sun, J., Xin, C., Eu, J.P., Stamler, J.S., and Meissner, G. (2001). 
Cysteine-3635 is responsible for skeletal muscle ryanodine recep-
tor modulation by NO. Proc. Natl. Acad. Sci. USA 98, 11158–11162.

Sun, J., Steenbergen, C., and Murphy, E. (2006a). S-Nitrosylation: 
NO-related redox signaling to protect against oxidative stress. 
Antioxid. Redox Signal. 8, 1693–1705.

Sun, J., Picht, E., Ginsburg, K.S., Bers, D.M., Steenbergen, C., and 
Murphy, E. (2006b). Hypercontractile female hearts exhibit 
increased S-nitrosylation of the L-type Ca2+- channel α1 subunit 
and reduced ischemia/reperfusion injury. Circ. Res. 98, 403–411.

Sun, J., Morgan, M., Shen, R-F., Steenbergen, C., and Murphy, E. 
(2007). Preconditioning results in S-nitrosylation of proteins 
involved in regulation of mitochondrial energetics and calcium 
transport. Circ Res. 101, 1155–1163.

Tao, L. and English, A.M. (2004). Protein S-glutathionylation trig-
gered by decomposed S-nitrosoglutathione. Biochemistry 43, 
4028–4038.

Tate, S.S. and Meister, A. (1981). γ-Glutamyl transpeptidase: cata-
lytic, structural and functional aspects. Mol. Cell. Biochem. 25, 
357–368.

Tew, K.D. (2007). Redox in redux: emergent roles for glutathione 
S-transferase P (GSTP) in regulation of cell signaling and 
S-glutathionylation. Biochem. Pharmacol. 73, 1257–1269.

Tousoulis, D., Kampoli, A.M., Tentolouris, C., Papageorgiou, N., and 
Stefanadis, C. (2012). The role of nitric oxide on endothelial 
function. Curr. Vasc. Pharmacol. 10, 4–18.

Unauthenticated
Download Date | 3/21/18 4:29 PM



E. Belcastro et al.: S-nitrosation and S-glutathionylation in cardiovascular pathophysiology      1293

Tullett, J.M. and Rees, D.D. (1999). Use of NO donors in biological 
systems. Mol. Biotechnol. 11, 93–100.

Tullio, F., Angotti, C., Perrelli, M.G., Penna, C., and Pagliaro, P. 
(2013). Redox balance and cardioprotection. Basic Res. Cardiol. 
108, 392.

van der Vliet, A., Eiserich, J.P., Halliwell, B., and Cross, C.E. (1997). 
Formation of reactive nitrogen species during peroxidase-
catalyzed oxidation of nitrite. A potential additional 
mechanism of nitric oxide-dependent toxicity. J. Biol. Chem. 
272, 7617–7625.

Viner, R.I., Williams, T.D., and Schöneich, C. (1999). Peroxyni-
trite modification of protein thiols: oxidation, nitrosylation, 
and S-glutathionylation of functionally important cysteine 
residue(s) in the sarcoplasmic reticulum Ca-ATPase. Biochemis-
try 38, 12408–12415.

Viner, R.I., Williams, T.D., and Schöneich, C. (2000). Nitric oxide-
dependent modification of the sarcoplasmic reticulum Ca-
ATPase: localization of cysteine target sites. Free Radic. Biol. 
Med. 29, 489–496.

Voehringer, D.W., McConkey, D.J., McDonnell, T.J., Brisbay, S., and 
Meyn, R.E. (1998). Bcl-2 expression causes redistribution 
of glutathione to the nucleus. Proc. Natl. Acad. Sci. USA 95, 
2956–2960.

Wang, J.M., Chow, S.N., and Lin, J.K. (1994). Oxidation of LDL by 
nitric oxide and its modification by superoxides in macrophage 
and cell-free systems. FEBS Lett. 342, 171–175.

Wang, H.D., Xu, S., Johns, D.G., Du, Y., Quinn, M.T., Cayatte, A.J., 
and Cohen, R.A. (2001a). Role of NADPH oxidase in the vascular 
hypertrophic and oxidative stress response to angiotensin II in 
mice. Circ. Res. 88, 947–953.

Wang, J., Boja, E.S., Tan, W., Tekle, E., Fales, H.M., English, S., 
Mieyal, J.J., and Chock, P.B. (2001b). Reversible glutathionyla-
tion regulates actin polymerization in A431 cells. J. Biol. Chem. 
276, 47763–47776.

Wang, P.G., Xian, M., Tang, X., Wu, X., Wen, Z., Cai, T., and Janczuk, 
A.J. (2002). Nitric oxide donors: chemical activities and biologi-
cal applications. Chem. Rev. 102, 1091–1134.

Wang, Y., Qiao, M., Mieyal, J.J., Asmis, L.M., and Asmis, R. (2006). 
Molecular mechanism of glutathione-mediated protection from 
oxidized low-density lipoprotein-induced cell injury in human 
macrophages: role of glutathione reductase and glutaredoxin. 
Free Radic. Biol. Med. 41, 775–785.

Wang, J., Pan, S., and Berk, B.C. (2007). Glutaredoxin mediates Akt 
and eNOS activation by flow in a glutathione reductase depend-
ent manner. Arterioscler. Thromb. Vasc. Biol. 27, 1283–1288.

Watanabe, Y., Murdoch, C.E., Sano, S., Ido, Y., Bachschmid, M.M., 
Cohen, R.A., and Matsui, R. (2016). Glutathione adducts 
induced by ischemia and deletion of glutaredoxin-1 stabilize 
HIF-1α and improve limb revascularization. Proc. Natl. Acad. 
Sci. USA 113, 6011–6016.

Wink, D.A., Darbyshire, J.F., Nims, R.W., Saavedra, J.E., and Ford, 
P.C. (1993). Reactions of the bioregulatory agent nitric oxide in 
oxygenated aqueous media: determination of the kinetics for 

oxidation and nitrosation by intermediates generated in the 
NO/O2 reaction. Chem. Res. Toxicol. 6, 23–27.

Wink, D.A., Cook, J.A., Kim, S., Vodovotz, Y., Pacelli, R., Kirshna, 
M.C., Russo, A., Mitchell, J.B., Jourd’heuil, D., Miles, A.M., et al. 
(1997). Superoxide modulates the oxidation and nitrosation 
of thiols by nitric oxide derived reactive intermediates. J. Biol. 
Chem. 272, 11147–11151.

Wink, D.A., Miranda, K.M., Espey, M.G., Pluta, R.M., Hewett, S.J., 
Colton, C., Vitek, M., Feelisch, M., and Grisham, M.B. (2001). 
Mechanisms of the antioxidant effects of nitric oxide. Antioxid. 
Redox Signal. 3, 203–213.

Wolhuter, K. and Eaton, P. (2017). How widespread is stable protein 
S-nitrosylation as an end-effector of protein regulation? Free 
Radic Biol Med. 109, 156–166.

Woo, H.A., Chae, H.Z., Hwang, S.C., Yang, K-S., Kang, S.W., Kim, K., 
and Rhee S.G. (2003). Reversing the inactivation of peroxire-
doxins caused by cysteine sulfinic acid formation. Science 300, 
653–656.

Wu, W., Chen, Y., and Hazen, S.L. (1999). Eosinophil peroxidase 
nitrates protein tyrosyl residues. Implications for oxidative 
damage by nitrating intermediates in eosinophilic inflamma-
tory disorders. J. Biol. Chem. 274, 25933–25944.

Wu, W., Gaucher, C., Diab, R., Fries, I., Xiao, Y.L., Hu, X.M., Maincent, 
P., and Sapin-Minet, A. (2015a). Time lasting S-nitrosoglu-
tathione polymeric nanoparticles delay cellular protein 
S-nitrosation. Eur. J. Pharm. Biopharm. 89, 1–8.

Wu, W., Gaucher, C., Fries, I., Hu, X.-M., Maincent, P., and Sapin-
Minet, A. (2015b). Polymer nanocomposite particles of 
S-nitrosoglutathione: a suitable formulation for protection and 
sustained oral delivery. Int. J. Pharm. 495, 354–361.

Wu, W., Perrin-Sarrado, C., Ming, H., Lartaud, I., Maincent, P., Hu, 
X.-M., Sapin-Minet, A., and Gaucher, C. (2016). Polymer nano-
composites enhance S-nitrosoglutathione intestinal absorption 
and promote the formation of releasable nitric oxide stores in 
rat aorta. Nanomed-Nanotechnol. 12, 1795–1803.

Xanthoudakis, S., Miao, G., Wang, F., Pan, Y.C.E., and Curran, T. 
(1992). Redox activation of foS-jun DNA-binding activity is 
mediated by a DNA-repair enzyme. Embo J. 11, 3323–3335.

Yin, X.H., Yan, J.Z., Hou, X.Y., Wu, S.L., and Zhang, G.Y. (2013). 
Neuroprotection of S-nitrosoglutathione against ischemic 
injury by down-regulating fas S-nitrosylation and downstream 
signaling. Neuroscience 248, 290–298.

Zech, B., Wilm, M., van Eldik, R., and Brüne, B. (1999). Mass spec-
trometric analysis of nitric oxide-modified caspase-3. J. Biol. 
Chem. 274, 20931–20936.

Zhang, Y. and Hogg, N. (2004) Formation and stability of S-nitro-
sothiols in RAW 264.7 cells. Am. J. Physiol. Lung Cell. Mol. 
Physiol. 287, L467–L474.

Zhang, Y. and Hogg, N. (2005). S-Nitrosothiols: cellular formation 
and transport. Free Radic. Biol. Med. 38, 831–838.

Zhang, R., Douglas, T., Hess, D.T., James, D., Reynolds, J.D., and 
Stamler JS. (2016). Hemoglobin S-nitrosylation plays an 
essential role in cardioprotection. J Clin Invest. 126, 4654–4658.

Unauthenticated
Download Date | 3/21/18 4:29 PM


