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Abstract: Nitric oxide ("NO) is a physiological mediator of vasorelaxation constitutively synthesized by endothelial nitric oxide syn-
thase. Because *NO has a short half-life, it is stored by proteins through S-nitrosation reactions. S-nitrosation was recently defined as a
post-translational modification of proteins for cellular signalling, as important as glycosylation and phosphorylation. Disulfide form-
ing/isomerizing enzymes like thioredoxin (Trx), protein disulfide isomerase (PDI), which are chaperone proteins, are implicated into
transnitrosation reactions, which are the transfer of *NO from one cysteine residue to another one. Furthermore, Trx has been shown to
denitrosate S-nitrosoproteins depending on its redox status. S-nitrosation of Trx on Cys residues apart from active site, under nitrosative
or oxidative stresses, enhances its activity, thereby reducing intracellular reactive oxygen species. Trx and PDI have therefore an essential
role for cell signalling control which leads, among other actions, to cardio and vasculo-protection. The diminution of either ‘NO synthesis
or bioavailability is implicated into a large number of cardiovascular pathologies associated to hypoxia or vasoconstriction like, endothe-
lial dysfunction, arterial hypertension and atherosclerosis. In order to mimic the physiological storage of “NO as S-nitrosothiols, the de-
velopment of "NO donors should be based on the covalent S-NO bond. The chemical stabilisation of the S-NO bond and protection
against enzymatically active proteins such as PDI/Trx are major points for the design of stable compounds. S-nitrosothiols entrapment in
innovative formulations (films, gels, microparticles, nanoparticles) is an emerging field in order to stabilise and protect them, and to de-

liver *NO under a sustained release at the targeted site.
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INTRODUCTION

The biochemical actions of nitric oxide (*°NO) are not easily
compatible with its chemical properties. Indeed, from the chemical
point of view, *NO is highly reactive with a short half-life and has
selective signalling biochemical actions. An intriguing question is
“how *NO can exist and move inside the cell without being instan-
tancously scquestered by other molccules”. Possible answer is to
consider thc implication of peptides and proteins in *°NO transport,
storage and propagation of the biochemical signalling of *NO. NO-
bonomic is the novel metabonomics approach for the global profil-
ing of *NO metabolism and in vive signalling. It has been defined
by Janero ef al., as the “global NO metabolic profiling which would
encompass the quantitative in vivo mapping of NO-related metabo-
lites of either endogenous or exogenous (i.e., extragenomic) origin
and how they are affected by disease, drug exposurc, or other
{patho)physiological influences. The set of NO-related metabolites
and any products of their interaction identified under the prevailing
conditions of the organism would constitutc a NObonome” [1].
Morcover, S-nitrosation and nitrosylation of proteins implicated in
cellular functional regulation are part of the NO-bonomic. Protcin
S-nitrosation, which is the addition of *NO 1o a cysteine residue
(RSH), forming S-nitrosothiols (RSNO), constitutes a post-
translational modification of proteins for ccllular signalling. This
modification is as important as glycosylation and phosphorylation.
Nitrosylation is the addition of the radical *°NO to the metallic cen-
ter (mostly iron) of metalloproteins like soluble guanylate cyclase
(sGC) and cytochrome P450 regulating their cnzymatic activities.
*NO is synthesized in vivo from L-arginine through catalytic action
of three NO synthases (NOS) isocnzymes, including neuronal
(nNOS), inducible (iNOS), and endothelial NOS (eNOS). eNOS is
expressed in endothelial cells (EC) as a constitutive enzyme and
produces picomolar to nanomolar concentrations of *NO for short
periods in responsc to reccptor stimulation (acetylcholine, bradyki-
nin) or shear siress [2,3]. *“NO through its vasodilator activity is
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crucial for the maintenance of vascular homeostasis. Indeed, *NO
diffuses from EC to smooth muscle cells where it activates sGC
through nitrosylation to produce cyclic guanosine monophosphate
(cGMP), activating a signalling pathway inducing vasorelaxation
(Fig. (1)).

According to a pharmaceutical point of view, *NO donors are
prescribed into cardiovascular diseases. Since *NO is characterised
by an extremely short half-life in vivo (ca. 5 s), it is administered as
a prodrug. Nonctheless, classical *NO donors have shown some
limitations as a fast relcase of *NO, a relatively poor distribution to
the targeted site (the vascular smooth muscle), an oxidative stress
induction, and a tolerance phenomenon generation {4]. A way to
solve these problems consists in the development of *NO donors
based either on physiological S-nitrosothiols (RSNO), such as S-
nitrosoglutathione (GSNOY) and S-nitrosoalbumin (AIbNO), or ex-
ogenous ones, such as S-nitroso-N-acetylcysteine (NACNO) and §-
nitroso-N-acetyIpcnicillamine (SNAP). Endogenous high molecular
weight RSNO such as AIbNO, S-nitrosohemoglobin and low mo-
lecular weight ones (e.g. GSNO), arc a physiological reservoir of
*NO, thus they can become potential *NO donors for cardiovascular
disease treatments. As albumin is the most abundant protein in
plasma (35-50 g/L), it is not surprising that the major circulating
plasma S-nitrosoprotein is AIbNO {5], which has been proposed to
act as a reservoir of *NO within the circulation, transporting and
releasing *NO inside the vascular beds. A major subset of S-
nitrosatcd proteins including circulating AIBNO arc in equilibrium
through spontaneous transnitrosation reactions with reduced glu-
tathione (GSH), leading to a low molecular weight RSNO, i.e.
GSNO, which acts as a sccond messenger to transduce *NO bioac-
tivity [6,7]. Indeed, some studies clearly showed that RSNO deni-
trosation takes place nonenzymatically by rapid transnitrosation
reactions in whole blood between GSNO and albumin or in intact
cells between albumin and GSH (8,9]. However, some diffcrences
in the denitrosation rate of individual RSNO have been noted, sug-
gesting the existence of additional structural factors [9]. The trans-
fer can also be spontaneous implicating the thiols at the cell mem-
brane [10]. However, the relatively unfavorable kinetics of transni-
trosation reactions [11] suggest that enzyme-mediated systems arc
required for the process to happen in a sufficient fast way to medi-
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Fig. (1). Transfer and release of "NO by thiol disulfide oxidoreductase enzymes such as protein disulfide isomerase (PDI) and thioredoxin (Trx). Only the PDI
at the plasma membrane of the cell is represented here because it is involved in the RSNO influx. Inside smooth muscle cells, *"NO induces vasorelaxation
through the activation of the soluble guanylate cyclase (sGC) pathway. ¢cGMP: cyclic guanosine monophosphate; GSNO: S-nitrosoglutathione, GSH: reduced

glutathione; RSNO: S-nitrosothiol.

ate signalling events. These systems include disulfide form-
ing/isomerizing enzymes, which are the main enzymes acting to
trans/denitrosate RSNO and finally to deliver *NO. The two major
enzyme families forming this class are the thioredoxin (Trx) and the
protein disulfide isomerase (PDI), both of which have been shown
to be involved into transnitrosation and denitrosation processes.

Consequently, endogenous RSNO that include *NO-traffic
proteins (high molecular weight) or peptides (low molecular
weight) can be used as reliable and safe *NO donors [12]. A *NO-
traffic protein is a protein with high efficiency of S-nitrosation, high
stability of the S-nitroso group in the blood stream and high effi-
ciency in transnitrosation inside the cells [13]. They protect *NO
from degradation (mostly oxidation and radical reactions) and can
deliver it to the appropriate site of action (tissues and cells). So, this
kind of *NO donors will trigger physiological dynamics to deliver
*NO 10 its cellular target. Considering the lability of the S-NO bond
(under exposure to light, metals, reducing agents, enzymes), a ra-
tional drug design of *NO donors is required to obtain a prolonged
and controlled release of *NO. In this way, the chemical stabilisa-
tion of the S-NO bond is the key to increase *NO donors half-life.
Indeed, the alpha or beta substitutions on the carbon atom (Cp - Ca-
S-NO). with an electrodonor group and a positive charge respec-
tvely, are of great importance to promote RSNO stability [14,15].
Furthermore, RSNO formulation into nanoparticles (NP), making a
physical barrier between RSNO and the environment, will help to
increase its half-life in the blood stream. Otherwise, physiological

RSNO like GSNO are hydrophilic, thus further modifications of

RSNO increasing their lipophilicity will ensure a long time *NO
delivering formulation,

This review will focus on the process of RSNO denitrosation
and transnitrosation via disulfide forming/isomerizing enzymes
such as Trx and PDI. In addition, we will review the relationship
between disulfide forming/isomerizing enzymes and pathology.
Finally through the overview of the specificity of the sites and mo-
tifs of S-nitrosation, we will give some keys to identify potential
candidates for new *NO delivery drugs development and their ra-
tional design.

TRANSNITROSATION/DENITROSATION

It is widely assumed that the biological effects of RSNO are
attributed to the homolytic cleavage of the S-NO bond with release
of *NO [16,17]. The rate of *NO release from RSNO is dependent

upon many factors, such as pH, partial pressure of O, light, metal
ion concentration, presence of reducing and chelating agents, ex-
cess of thiols and enzymes [18,19]. However, Amelle er al. demon-
strated that NO™ (via nitrosyl transfer), *NO, and NO' (nitroxyl
anion) are released from RSNO at physiological pH [18]. Further-
more, the rate of *NO group transfer (transnitrosation) from a
RSNO to myoglobin is more rapid than rates of *NO release by a
RSNO alone [18]. These results suggest that heterolytic mecha-
nisms of decomposition constitute significant pathways in RSNO
metabolism.

S-nitrosothiols can undergo spontancous [20] or assisted trans-
nitrosation from one thiol to another one. The spontancous transni-
trosation from high to low molecular weight RSNO depends on the
pKa of the thiol group. Indeed, transnitrosation occurs as the ni-
troso-nitrogen atom is attacked by the nucleophilic thiolate anion.
So, the reaction rate is dependent on the reactivity of the thiol,
which is correlated with the pKa of the sulfhydryl group. Besides,
Wang et al. showed that transnitrosation rate constant increases in a
lincar relationship with the pKa of the thiol group [20].

Inside the cell cytoplasm, *NO can react with GSH to form
GSNO, an intracellular pool of *NO. Transnitrosation can be cata-
lyzed by disulfide forming/isomerizing enzymes such as Trx and
PDI. This class of proteins commonly known as thiol disulfide oxi-
doreductases catalyzes thiol disulfide exchange in vive reactions
[21]. The activity of these enzymes depends on a common motif
with one pair of cysteine (Cys) residues arranged in a Cys-X-X-Cys
motif (X is any amino acid). This motif is usually integrated in a
domain sharing structural homology with Trx. The Cys-X-X-Cys
motif has become the hallmark of proteins that are involved in
forming or breaking disulfide bonds.

Thioredoxin

The thioredoxin system consists of Trx, NADPH and thiore-
doxin reductase [22]. It is cssential for the regulation of cellular
redox state and plays an important role in reducing the disulfide
bonds of proteins through an interaction with the redox-active site
center of Trx. Human Trx contains five Cys residucs, including
two, Cys32 and Cys35 in its evolutionary conserved —Trp-Cys-Gly-
Pro-Cys-Lys- catalytic center. In their reduced thiol form (rTrx),
Cys32 and Cys35 can catalytically reduce specific protein disulfide
bonds and can serve as a denitrosase toward specific S-nitrosated
proteins [23-25], resulting in the formation of a disulfide bond be-
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tween Cys 32 and Cys 35 (Fig. (2)). There are multiple forms of
Trx encoded by different genes. Thioredoxin-1 (Trx-1), the most
extensively studied, exists primarily in the eytosol, but is also found
in the nucleus and blood plasma [22]. The two other isoforms are
thioredoxin-2 (Trx-2) also known as a mitochondrial Trx, and
SpTrx, an isoform expressed in spermatozoa [26].

In this review, we will focus on cytosolic and circulating Trx-1,
which are the most important location for RSNO (as *NO donor)
catabolism. It has been shown that Trx is able to denitrosate low
molecular weight peptides (23 to 30 kDa) like GSNO or §-
nitrosocysteine (CysNO), or high molecular weight proteins like
AIbNO, S-nitrosometallothionenin and S-nitrosocaspases 3 and 8
[23,27,28]. Human Trx-1 is a 12 kDa oxidoreductase enzyme con-
taining a dithiol-disulfide active site. It is a ubiquitous protein in-
duced by oxidative stress that is found in the cytosol and in the
mitochondria of cclls. Some reports also showed that Trx accumu-
lates in the lipid raft fraction of the plasmic membrane of EC that
may be involved in the adherence of leukocytes [29]. In vitro cx-
periments showed that Trx 1s able to reduce nitrosated substrates to
thiols in a variety of proteins and peptides like the transcription
factor AP-1, caspase-3, metallothionein, and GSNO [27,30,31].

Haendeler et al. showed that Trx is constitutively S-nitrosated
in EC at a single allosteric Cys residue (Cys69), which is located
outside of the active site (which contains Cys32 and Cys35) [32].
Furthermore, S-nitrosation of Cys69 is the main facilitating deter-
minant of the oxidoreductase capacity in EC. Indeed, Trx can deni-
trosate and thereby activate auto-S-nitrosated NOS, which is consis-
tent with the finding that active Trx helps to maintain cellular SNO
content. It has also been shown that auto-S-nitrosation of eNOS
inhibits its activity [33,34].

Trx also binds and inactivates the apoptosis signal-regulating
kinase-1 (ASK1). ASK1 acts as a mitogen-activated protein kinase
(MAPK), which activates the Jun N-terminal kinase (JNK) and p38
MAPK pathways and is required for TNFa-induced apoptosis. The
analysis of Haendeler er al. indicated that S-nitrosation of Trx at
Cys69 is necessary for its basal anti-apoptotic function in EC [32].
However, it has also been reported that treatment with GSNO can
induce S-nitrosation of Trx in intact cells and dissociate ASK1 [35],
possibly by targeting active-site Cys32 and/or Cys35. Accordingly,
whereas basal S-nitrosation of Cys69 will facilitate oxidoreductase
and anti-apoptotic functions, S-nitrosation of active-site Cys (which
might be induced by nitrosative stress) might exert an apoplotic
effect. This would occur through the release of ASK1 and the inhi-
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bition of oxidoreductase function (including ROS scavenging).
which would result from active-site thiol modification.

Human Trx contains five Cys (Cys32, Cys35, Cys62, Cys69,
and Cys73) that can be readily S-nitrosated both in vitro and in vive
[32,35,36,37]. There arc inconsistent results pertaining to the speci-
ficity of GSNO-dependent nitrosation of Trx. Nitrosation has been
reported on all three of the non-active-site Cys, Cys62 [38,39],
Cys69 [32,4041] and Cys73 [37.40,42.43 44]. More recently, Bar-
glow et al. showed that the differences in Cys selectivity for nitro-
sation between the reduced (rTrx) and oxidized (0Trx) forms of Trx
may represent a redox-dependent “switch” for signal transduction
via cascading transnitrosation reactions (Fig. (3)) [45]. Because
Cys73 and Cys62 are on opposite faces of the protein, it is possible
that 0Trx-SNO and rTrx-SNO have different binding partners and
thus different downstream transnitrosation targets such as caspase-3
under oxidative stress. This would provide an alternate mechanism
of signal transduction during periods of nitrosative or oxidative
stress.

From all of these considerations on nitrosation of Cys belong-
ing to the active site or the three other Cys residues, arose ideas on
the distinction between transnitrosation and denitrosation activities
of Trx. Indeed, it is known that oTrx can be nitrosated on Cys73
and can still act as a transnitrosating agent [37.44]. When Cys32
and Cys35 arc reduced, Trx can act as a denitrosylase or as a reduc-
tase. Clear evidences have been provided that Trx can denitrosate
some proteins and transnitrosate other ones. Indeed, Benhar er al.
demonstrated that Trx is unable to denitrosate the key antioxidant
enzyme peroxiredoxin 1 [24] whereas Wu er al. found that perox-
iredoxin 1 is transnitrosated by SNO-Trx [44]. Furthermore, a re-
cent study investigated the distinction between Trx transnitrosation
and denitrosation activities and target proteins [25]. For example,
both a-tubulin and GAPDH are sensitive to both SNO-Trx transni-
trosation and rTrx denitrosation, while peroxiredoxin 1, peptidyl-
propyl cis-trans isomerase A and a-enolase are only SNO-Trx
transnitrosating targets and not Trx denitrosating targets [25].

Thioredoxin is a key oxidoreductase enzyme that has firstly
been shown to be implicated in the denitrosation of S-nitroso-
proteins. Multiple studies presently cited, have clearly demonstrated
that Trx can undergo post-translational modifications through S-
nitrosation of two Cys not included in its active site. These post-
translational modifications lead to the transnitrosating activity of
Trx. However, Trx is not the only oxidoreductase enzyme present
in cukaryotic cells, PDI must have also its own role in *NO transfer.

n
HSYH ONSH

Fig. (2). The different locations of thiol disulfide oxidoreductase enzymes such as protein disulfide isomerase (PDI) and thioredoxin (Trx) implicated into the
transfer of "NO from the blood circulation to the cytoplasm of cells. The S-NO bond is catabolized by the reduced Cys of thiol disulfide oxidoreductase en-
zymes releasing "NO and oxidizing the enzyme into its disulfide form. a) Protein disulfide isomerase (PDI); b) Cytoplasmic thioredoxin (¢Trx); ¢) Plasmatic

Trx (pTrx). RSNO: S-nitrosothiol; RSH: thiol.
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Fig. (3). Model of nitrosation selectivity for oxidized and reduced thioredoxin (oTrx and rTrx). (A) rTrx structure (based on PDB ID code 1ERT) showing the
location of the 5 Cys. (B) Proposed model for interconversion and nitrosation of rTrx and oTrx. From [45]; copyright authorized by PNAS.

Protein Disulfide Isomerase

PDI was the first thiol disulfide oxidoreductase identified about
40 years ago [46]. Seventeen human PDI-family members have
now been identified in the endoplasmic reticulum (ER), with a wide
range of domain architectures and active-site chemistries [47]. PDI
is a versatile enzyme. Indeed, depending on the redox environment
and the characteristics of the protein substrates, PDI can catalyse
the formation, the reduction or the isomerization of disulfide bonds.
Although large levels of PDI are found in the ER, it can also be
secreted from cells and associates electrostatically with cell surface,
for instance in endothelial, smooth muscle cells and platelets [48-
50]. This enzyme family shows little specificity among its protein
substrates and it acts on a wide variety of proteins ranging from
small, single-domain proteins to large oligomers with multiple do-
mains.

An additional novel activity of PDI is its ability to denitrosate
RSNO. PDI is a candidate for specific reactivity toward "NO on the
cell surface (Fig. (2)). Indeed, some studies have shown evidence
for the involvement of PDI expressed on the cell plasma membrane
in the RSNO influx (eg. °*NO donors based on RSNO)
[10,49,51,52]. Furthermore, the active site of PDI includes two Cys
residucs, one of which has a low pK, (4.5) [53], allowing the result-

ing thiolate anion available for reaction with the nitrosonium ion
(NO') or facilitating the nucleophilic attack of the S-NO bond.
Finally, PDI is involved in thiol-disulfide exchange reactions,
which are mechanistically similar to RSH-RSNO exchange reac-
tions.

PDI has been shown to denitrosate GSNO [54] and it is postu-
lated that the *NO released through this reaction combines with
dioxygen in the hydrophobic environment of either the cell mem-
brane or the PDI protein itself, to form N,O;. In that way, PDI be-
comes a *NO carrier via N,O; mediated auto-S-nitrosation of its
thiol active sites.

PDI and Trx are two disulfide forming/isomerizing cnzymes
involved in the transfer of *NO from a protein to another onc.
However, this transfer has to satisfy nitrosation specificities in term
of Cys environment.

SPECIFICITY OF S-NITROSATION, SNO SITES AND MO-
TIFS

The identification of SNO proteins was initially an analytical
challenge. In fact, the first lcc]miques available to detect SNO pro-
teins were limited to mercury (Hg™') reaction coupled with photoly-
sis/chemiluminescence or spectrocolorimetry. However, these tech-
niques were unable to identify neither the SNO proteins nor the
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modified Cys within the proteins. The development of the biotin
switch technique by Jaffrey ef al. made the identification of SNO-
proteins possible [55]). Furthermore, the biotin switch technique
enables the identification of the modified Cys within the protein
when coupled to mass spectrometry.

Among the multiple Cys residues in a protein, only specific
ones are medified and are responsible for altering protein functions
(56-58).

It has been proposced that nitrosable Cys residues are flanked
within 6 A by basic (Lys, Arg, His) and acidic (Asp, Glu) residues.
These residucs could regulate S-nitrosation and denitrosation by
altering thiol nucleophilicity [59). Recently, Greco er al. identified
specific proteins and motifs of S-nitrosation in human vascular
smooth muscle cells [60]). In smooth muscle cells incubated with
Cys-NO, a *NO donor, up to 18 S-nitrosocysteine-containing pep-
tides belonging to 16 proteins such as cytoskeletal proteins (myosin
heavy chain 9, vinculin), chapcroncs, and calcium binding proteins
were identified. Scquence alignment of these 18 S-nitrosocysteine-
containing peptides revealed a higher occurrence (50% and 40%) of
acidic residues (Asp and Glu, respectively) at positions -3 and -4
relative to the Cys residue. The highest occurrence of basic (Lys,
Arg, His) residucs was 30% at position 2. There was an occurrence
of 10% for acidic residues at position 2 and no occurrence for basic
residucs at positions 3 and 4. Although primary scquences analyscs
arc uscful to dectermine structural features for specific posttransla-
tional modifications, they do not reveal motifs that result from three
dimensional protein structures. /n silico analyses based on 55 crys-
talized proteins that have been shown to be nitrosated by *NO do-
nors were recently performed by Marino et al. [61]. They tested
first parameters well-known to play a role in post-translational Cys
modifications such as pK,, and the residue exposure. They found
that the pK, values of the Cys residues targeted for S-nitrosation are
higher (9.1) than those of redox and non-redox catalytic Cys (5.5).
Furthermore, 65% of the Cys-NO sitcs were exposed. S-nitrosation
seems to be favorized by hydrophobic regions around the target Cys
increasing thiol nucleophilicity [62] and concentrating nitrosating
agents like albumin in the plasma [63]. Indeed, Rafikova et al.
showed that in the presence of a physiological concentration of
*NO, albumin becomes saturated with *NO and accelerates the
formation of low-molecular-weight RSNO, in vitro and in vivo.
This mechanism is due to micellar catalysis of *NO oxidation in the
hydrophobic core of albumin. The hydrophobic region within the
modified Cys seems also 1o be of great importance since Sun et al.,
showed that the ryanodine receptor was nitrosated on only one Cys
(cys3635) out of about 50 [62] and located in a hydrophobic pocket.

RELATIONSHIP BETWEEN THIOREDOXIN AND NITRIC
OXIDE DONORS IN CARDIOVASCULAR DISEASES

Cardiovascular diseases like hypertension, atherosclerosis,
thrombosis and cerebrovascular discases are ofien associated with
oxidative stress. Under oxidative stress (for example exposure of
cells to sublethal amounts of hydrogen peroxide) (64], Trx-1 is
rcleased from cells, and it appears as a good marker of oxidative
stress in plasma [65]: 15-30 ng/mL for healthy volunteers, rising to
40-140 ng/mL in patients suffering from diseascs rclated to oxida-
tive stress [66]. Trx-1 has a protective role in different cardiovascu-
lar discascs [67). Indced, data indicated that serum Trx-1 levels
were found 1o be significantly increased in patients with acute
coronary syndromes and dilated cardiomyopathy [68].

As mentioned in the scction concerning Trx, this enzyme has
been shown to be S-nitrosated at Cys-69 in EC [32). Interestingly,
Tao ¢t al. documented that the intraperitoncal administration of S-
nitrosated human Trx in a mouse myocardial ischemia medel afier
30 min of ischemia and 10 min prior to reperfusion, potentiated the
cardioprotective cffects of human Trx [36]. These results suggested
a possible association between Trx-1 secretion and cardiovascular
discascs. Litcrature data on intcractions between RSNO and Trx, as

Gaucher et al,

stated in the section concerning Trx, have focused on GSNO, which
is the most abundant low molecular weight RSNO inside the cells
[27]. In contrast, data on denitrosation of CysNO, S-nitrosohomo-
cysteine (HCysSNO), and SNAP by Trx are rather limited. The
Vmax values for CysSNO, HCysSNO, and SNAP were 1.2, 0.3,
and 0.1 nmol of substrate (nmol of Trx)"! min!, respectively {23].

Reduced *NO bioavailability, due to cither endothelial dysfunc-
tion or eNOS deficiency, scems to be involved into the onset and
the development of pathologies cited above [69). Due to its short
half-life (few seconds), *°NO is not administrated per se (as a gas) to
induce prolonged effect but as *NO donor such as sodium nitro-
prusside or organic nitrates. The indications, which arc validated
worldwide by the Health Regulatory Authoritics, concern angina
pectoris, chronic cardiac failure and hypertension in ecmergency
cases. Although, a wide pancl of beneficial pharmacological prop-
erties is attributed to this radical [70] and a reduced level of *NO
has been implicated into the onset and the progression of various
discases, the therapeutical indications of *NO donors still remain
limited. Moreover, RSNO cerebrovascular benceficial cffects have
alrcady been described. One of the RSNO, i.e. GSNO, was studied
in rat under various discases such as subarachnoid hemorrhage [71],
traumatic brain injury (72], and cerebral ischemia [73]. The re-
ported beneficial effects were as follows: increase of cerebral blood
flow and improvement of blood perfusion as a consequence of cap-
illaries rclaxation; decrease of inflammatory environment; protec-
tion versus traumatic penumbra in the specific case of the traumatic
brain injury; improvement of the overall structure of the tissue with
the conservation of the blood brain barrier and the reduction of the
post-accident neurological deficit. From a mechanistic point of
view, *NO provided by GSNO was decmed to suppress iNOS in-
duction but also to enhance at the same time ¢NOS cxpression, thus
explaining the therapeutic effect of the molecule [74).

The therapeutic use of RSNO is relevant based on their unique
capacity to deliver °NO and beneficial effects, particularly in the
cerebrovascular system. At this time, only GSNO and NACNO
have been involved in several clinical trials (Table 1) demonstrating
therapeutic interest. Nevertheless, GSNO is quite unstable in the
bloodstream (50 min) [75], one of the reasons being its specific
breakdown occurring through catalytic reaction with y-glutamyl-
transpeptidase (GGT) (76]. GGT is a central enzyme involved in
the degradation of GSH through its specificity for the y-Glu amino
acid {77]. Furthermore, the structurc of RSNO has to be modulated
to obtain a greater stabilisation and/or protection versus environ-
mental attacks through catalytic action of Trx and PDI, to increase
the duration of *NO delivery in the bloodstream. Thus the potential
applications of RSNO require appropriate chemical modification
and/or formulation.

RATIONAL DESIGN OF S-NITROSOTHIOLS FOR A SUS-
TAINED RELEASE

Due to the lability of *°NO and its limited diffusion from 40 to
200 pm [92], this drug cannot be administered per se to reach con-
stant systemic cffects, thus it has to be carried by a prodrug. Van-
ous kinds of carriers have been designed for this purpose; some of
them were based on molecular concepts. Indeed, to delay the inter-
action with environmental factors as well as proteins such as disul-
fide forming/isomerizing enzymes, the moiety wearing —~NO has to
confer a high stability to the final molecule. Morcover, macromo-
lecular as well as macroassembly approachcs and lastly drug deliv-
ery systems were designed in order to increase cither the grafting of
—NO moieties per molecule or the time of drug release (ensuring a
good protection of -NO) or both. As it will be later explained, this
can guarantee a good protection of the sensitive ~NO part. Besides,
the biological effect of the drug is also strongly related to the deliv-
ered concentration therefore, its sustaincd relcasce at the targeted site
remains a crucial challenge.
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Tablel. Main characteristics of clinical trials based on administration of S-nitrosoglutathione (GSNO) and S-nitrosoc-/V-
acetylcysteine (NACNO) reported in the literature, In all these studies, a research ethics committce was consulted

Main aim of the study Number of in-
Main conclusion References
Targeted application cluded patients
Reduction of cerebral embolization
Highly significant reductions in the number of Doppler cerebral embolic 42 (78]
signals in GSNO groups
Carotid angioplasty carotid
endarterectomy and/or
recurrent stroke and/or GSNO resulted in a rapid reduction in the frequency of cerebral embolic 16 [79]
systemic embolization signals 0f 95% at 0 to 3 hand 100% at 6 h
20 [80]
Significant reduction of cerebral embolic signals in the GSNO group 24 (81)
Inhibition of platelet activation and/or vasodilatation and/or effect on blood flow
Percutaneous transluminal Significant inhibition of the increase in platelet surface expression of P- 13 (82)
coronary angioplasty selectin and glycoprotein 11b/H1a without altering blood pressure
10 [83)
Anti-thrombotic effect GSNO is a relevant drug for anti-thrombotic effect
Coronary artery saphenous GSNO significantly inhibited platelets activation 24 (84]
vein grafts
Severe Preeclampsia Reduction of matemal mean arterial pressure, platclet activation and uter- 10 (85]
ine artery resistance without further compromising foetal Doppler indices.
Systemic vasodilatation Intravenous application of GSNO has similar hemodynamic effect as com- 10 [86]
pared to inhaled NO
Dermal wound dressings Release of GSNO from films induced local vasodilatation relevant for
and local vasodilation in dermal wound dressings or for pn.)moting local vasodilaticn in ischemic 7 (87)
ischemic tissues tissues
Wound healing Increase of blood flow parallel with 'NO delivery after application of 4
GSNO or NACNO hydrogel skin application (88]
Female sexual disorder Increasce of clitoral blood flow 40 (89)
Replenishment of GSNO pool
Effect on left ventricular Positive effects on left ventricular function 12 (90]
function
Effect on cystic fibrosis Modest improvement of general oxygenation 20 (91]

Molecular °NO Carriers: S-nitrosothiols rcntly. focusir'lg on l.lybrid or dual molccules z.lblc to dcliver "NO
L Lo associated with various drugs (for example, in the non-sicroidal

The *NO donors class can be divided into organic nitrates (R-  anti-inflammatory drug class, both aspirin modificd as an organic
0-NQ;), for instance glyceryl trinitrate (GTN), nitrites (R-O-NO) nitrate derivative, and diclofenac bearing an S-nitroso-moiety were
and X-nitroso- derivatives (R-X-NO). Moreover, research is cur- studied; the antihypertensive drug captopril was medified on its
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RSH group with the grafting of NO) [93,94]. The strategy devel-
oped in these cases will not be detailed here.

Among the X-nitroso-compounds, -NO can be linked either to
metal ligands (named nitrosyl derivative such as sodium nitroprus-
side) or to carbon, nitrogen and sulfur atoms. As compared to clas-
sical *NO donors, RSNO induce neither oxidative stress nor toler-
ance phenomenon [95]. Moreover, some RSNO are physiological
i.e. CysNO, GSNO, and AIbNO and they are considered as an im-
portant means of *NO storage in the organism [96]. Due to RSNO
unique properties that can be associated to a minimal toxicity, they
arc nowadays extensively studicd. Different clinical trials were also
led with GSNO and NACNO as already mentioned (Table 1).
Therefore, in this review, only the RSNO family will be described,
taking into account the main parameters to stabilise the sulfur-
nitrogen bond against cnvironmental attacks (for the other *NO
donors, see [97)).
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S-nitrosothiols are sensitive to the environment conditions,
which may be explained by the weak sulfur-nitrogen bond charac-
terised by a homolytic dissociation energy value of 126 kl/mol. As
a conscquence, degradation occurs following a treatment by exter-
nal factors such as light, temperaturc and internal factors including
cationic ions (Cu?* via Cu"), other sulfur containing compounds
such as the gascous messenger H;S, ascorbate, and proteins like
disulfide forming/isomerizing enzymes. These stress conditions are
frequently used to study the stability of newly synthesized products
(98]. In order to confer a great stability to the sulfur-nitrogen bond,
four main parameters have to be highlighted. Three of them are
decply linked to the three resonance structures described for RSNO
(Fig. (4)) [99).

The dominant form S (70 to 80 %) is the usual structure charac-
terised by a single bond between sulfur and nitrogen. In the D form
{15 t0 25 %) the S-N bond is strengthened since a double bond is

(a) General formula of S-nitrosothiol (RSNO)
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Fig. (4). Structurcs of low molecular weight S-nitrosothiols.
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created between these atoms. In contrast, in the ionic form I (5 to
10 %) the S-N bond is weak. As a result, each modification that
favors the D structure will increase the stability and decrease the
homolytic cleavage probability. This stable form can be generated
by (i) the well-controlled synthesis of S-nitrosocompounds, (ii) the
chemical substitution of carbon atoms located either at the alpha
position of -SNO group or at its beta position. The last parameter
that may induce a better stability versus metallic cation attack relies
upon the increase of the molecule lipophilicity or its steric hin-
drance,

A summary of the two physico-chemical as well as vasorelax-
ant properties of molecules that will be exposed below is proposed
in Fig. (5).

Measuring vasorelaxation of isolated and preconstricted rat
aortic ring [110,111] is now recognized as the most frequently used
ex vivo model to test efficiency of *NO donors. The high standardi-
sation level of the assay gives rise to less and less variations be-
tween rescarch teams, facilitating data comparison. Another in vitro
cellular model used to evaluate efficiency of *NO donors consists in
the measurement of cGMP produced by an enzymatic reaction cata-
lysed by sGC; however, most of cultured cell lines derived from
muscular cells express low levels and/or inactive sGC to set the
assay in a reliable way [112].

Several chemical procedures have been usually described to
synthesize RSNO. In aqueous medium, nitrosation of a thiol is

1. Stability (t,, (h))
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usually provoked using sodium nitrite in acidic medium, by mixing
*NO/O; gas or transnitrosation with another RSNO. Nevertheless,
in non-stocchiometric conditions between nitrating reagent and
thiol, S-nitroderivatives, RSNO,, can be produced [113,114]. Such
products show the same UV-visible spectrum; as a consequence,
another methodology have to be operated (e.g. HPLC [113,114]) to
facilitate their identification. But this reaction is described not to
favor the stability of the product because the D structure formation
does not tend to occur. Indeed, Balazy er al. estimated the half-life
of GSNO; (generated with a five-fold excess of nitrating agent) at
ca. 30 min in the absence of other destabilising stimuli [113]. The
same result was observed in our laboratory not only on the cited
product but also after the formation of S-nitro-N-acetyleysteine
NACNO, (generated by the same excess of nitrite reagent) and was
also characterised by a half-life of less than 30 min. Therefore, the
operating conditions to obtain RSNO have to be well-defined.

The two carbon atoms located at the alpha and beta positions of
the =SNO group (Fig. (4)) arc of major importance to design stable
RSNO. Firstly, regarding the alpha position, the ~SNO stabilisation
was reported to be increased with the substitution degree of this
carbon atom [14,15]. Nevertheless, the theory was not in accor-
dance with all experimentations, since NACNO (rate of *NO re-
lease = 0.025 nmol.mL " min”" in phosphate buffer) was described
as more stable than its tertiary substituted derivative, SNAP (0.046
nmol.mL".min"" in phosphate buffer pH 7.4) (Fig. (4) and Fig. (5))
[108]. Recent computational work on these molecules (undergoing

Experimental conditions: T = 37 °C, pH 7.4, concentration = 0.1 - 0.5 mM except * (24°C) § (20°C) and & (in a 1 % bovine

serum albumine phosphate buffer)
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Fig. (5). Classification of main physico-chemical and physiological properties of various *NO donors according to literature data [100-109]: in vitro stability,
partition coefficient (log P) and vasorelaxant efficiency (corresponding to the half maximal effective concentration ECs, obtained in vasorelaxation measure-
ment of isolated and preconstricted rat aortic ring). AIbNO: S-nitrosoalbumin, CapNO: S-nitrosocaptopril, CysNO: S-nitrosocysteine, CysGlyNO: S-
nitrosocysteinylglycine, GluCysNO:  S-nitroso- y-glutamyleysteine, GSNO:  S-nitrosoglutathione, GTN: Glyceryl trinitrate, NACNO:  S-nitroso-N-
acetyleysteine, RIG200: N-(S-nitroso-N-acetylpenicillamine)-2-amino-2-deoxy-1,3,4,6-tetra-O-acetyl-f-D-glucopyranose, SIN-1: Linsidomine, SNAP: §-
nitroso-N-acetylpenicillamine, SNHP: S-nitroso-N-heptanoyl-D, L-penicillamine, SNOPC,: S-nitrosophytochelatin-2, SNOPC,: S-nitrosophytochelatin-4
SNOPC,:  S-nitrosophytochelatin-6, SNP: Sodium  nitroprusside, SNPP:  S-nitroso-N-propanoyl-D,L-penicillamine, SNVP:  S-nitroso-N-valeryl-D,[-
penicillamine
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hydrolysis in acidic medium) [114] proved that the sulfur protona-
tion of SNAP is favored by the presence of the two methyl groups
and as a consequence, the equilibrium of the resonance is modified
towards the 1 (51 %) and S (49 %) forms which may ease the nu-
cleophilic attack of -NO moiety [115].

Secondly, as far as the beta position is concemed, the role of
this carbon atom as a stabiliser was highlighted when comparing S-
nitrosocysteine (CysNO) and NACNO (half-lives of 0.54 h and >
500 h in phosphate buffer, respectively [107]) (Fig. (4) and Fig.
(5)). The substitution by a quaternary ammonium functional group,
as scen in CysNO, dramatically decreases the stability of the S-NO
bond. On the contrary, the presence of a hydroxyl or an acetamido
group such as in the second molecule has the opposite effect. In-
deed, in the case of CysNO, the positively charged ammonium
group leads to an electrostatic repulsion with the sulfur of the S-NO
bond. On the opposite, the acetamido substituent of NACNO has a
stabilizing cffect by the formation of a 6-membered cycle between
the carbony! function of the acetamido and the sulfur of S-NO bond
which lacks electrons (Fig. (4)). As a conclusion, the proportion of
the D resonance form is highly increased in the case of NACNO
and dccreased for CysNO [14]. This also gives an cxplanation to
the high stability of GSNO (Fig. (4) and Fig. (5)) versus its active
metabolite S-nitrosocysteinylglycine (CysGlyNO) (half-lives of 41
h and 0.5 h in phosphate buffer respectively [107]) after GGT activ-
ity or S-nitroso- y -glutamylcysteine (GluCysNO) (half-life of 42 h
in phosphate buffer [107]).

Lastly, other chemical modifications of RSNO were directed in
order to increase the drug lipophilicity or steric hindrance to im-
prove the drug stability versus metallic ion attack. Two main strate-
gics were undertaken, both being performed on SNAP as the core.
On the one hand, a chemical medification was performed with the
grafting of a tetra-O-acetylglucosamine moiety on the carboxylic
function to obtain N-(S-nitroso-N-acetylpenicillamine)-2-amino-2-
deoxy-1,3,4,6-tetra-O-acetyl-B-D-glucopyranose (RIG200) to mod-
ify steric hindrance [104). On the other hand, a carbon chain was
added to the amido group of the molecule: with cither a Cl1 1o C4
via a grafted glycine upstream [116] or directly a C3 (S-nitroso-N-
propionylpenicillamine, SNPP), a C35 (S-nitroso-N-valeryl-
penicillamine, SNVP) to C7 (S-nitroso-N-hcptanoylpenicillamine,
SNHP) [106,117]. The last cited modification led to the establish-
ment of a correlation between measured partition coefficient (log P)
and the carbon chain length, from log P = 1.5 for the C3 to 3.5 for
C7 versus nearly 1 for SNAP, which is much higher than GSNO
Ccatcutsicalog P = -2.7) or NACNO (catcuraealog P = -0.46) (Fig. (5)). In
cach study, the new derivatives were more stable than the mother
molccule versus catalytic decomposition by copper ions. Although,
the efficient concentration 50 (ECs,) was not improved (Fig. (5)), a
sustained release of *NO was demonstrated (> 1 h for SNHP com-
pound [106] and > 4 h for the tetra-O-acetylglucosamine derivative,
RI1G200 [104] in presence of vessels). A linear correlation was ob-
scrved between the lipophilic character of the compound (C3 to C7
RSNO) and the sustained vasorelaxation [106]. As a result, the
mechanism of sustained vasodilation was hypothesised to be corre-
lated to retention of the lipophilic RSNO derivatives into the lipid
rich domains of the sub-endothelial layers of arterics. Indeed, the
effect was obvious into endothclium-denuded vessels. The authors
concluded to a selectivity of the compounds towards injured vessels
(106].

According to these results, the physico-chemical data of in vitro
stability and partition coefficient and the vasorelaxant efficiency are
difficult 10 perfectly correlate, and therefore from Fig. (5), no gen-
cral rulc can be formulated. As a consequence, the design of the
ideal RSNO appears as a real challenge. Although SNAP and its
derivatives showed a delayed degradation through metallic ion
attack but a vasorclaxant cfficiency lower than GSNO, the sus-
tained release of *NO appears interesting from a therapeutical point
of view. Nevertheless, the development of N-acetylpenicillamine

Gaucher et al.

derivatives must include some immunological investigations since
penicillamine is known to induce autoimmunity {118]. Moreover,
the molecules based on a Cys core present a better vasorelaxant
effect and for some of them a satisfying stability (GSNO and
NACNO) nonetheless, a sustained delivery of *NO has never been
described from these derivatives 10 the best of our knowledge.

Macromolecular Concepts and Macroassemblies for °NO
Transport

The design of macromolecular *NO donors is based not only on
polypcptides, or proteins, or polymeric structures but also on mixed
structures.

Taking the previous chemical data into account and because
GluCysNO has a greater stability (half-life of 42 h in phosphate
buffer), S-nitroso derivatives of GSH were synthesized [107]. In
this way, phytochelatins, (y-glutamylcysteinyl),-glycine (n = 2 10 6
for SNOPC,, 4, ¢), were nitrosated and characterised [98,109). The
modified-glutathione derivatives showed a *NO release with a half-
life of ca. 27 h under in vitro conditions. Their efficiency to induce
a vasorclaxant effect was in relationship with the number of grafted
—NO moicty on the molecule with ECsq of 0.14, 0.08 and 0.06 uM
for SNOPC,, 4, ¢ , respectively (Fig. (5)). These oligopeptides did
not manage to produce a sustained release of the drug and the
authors concluded to combine S-nitrosophytochelatins to drug de-
livery systems.

Among S-nitrosoproteins, the most studied ones remain AIbNO
and its derivatives. As previously mentioned, AIbNO is the main
nitrosated protein encountered in the blood [5]. Several procedures
are described to obtain the modified protein. Different approaches
arc usually envisaged: either the simple nitrosation of albumin in-
troducing one —NO moiety on the protcin (involving the Cys34)
(104,111], or more complex chemical modifications that aim at
inserting more —~NO groups on albumin via S-NO as well as N-NO
bond formation (using an excess of nitrating agent) [119] or with
the grafting of chemical groups to anchor more thiols into the pro-
tein structure that will then be nitrosated (i.c. Poly-SNO-BSA)
(120,121). Regarding the pharmacokinetic parameters, the half-
lives of the nitrosated proteins were improved by the binding of a
polyethylene glycol (PEG) group: 147 h for PEG- AIBNO versus
13.6 h for AIbNO in a buffer containing |1 % bovine scrum [120] as
compared to 5.5 h in human blood under in vitro conditions [104).
The chemical modification of albumin with the introduction of
more than one —NO group leads to the highest content of ~NO (up
to 10 mol -NO/mol albumin [120]). Nevertheless, it also deeply
modifies the physico-chemistry of albumin [119], its interaction
with cclls [121] and finally may induce some immunological prop-
erties conferred by the nitrosated as well as the denitrosated mac-
romolecule [122].

Dendrimers which are tree-like polymers were uscd as a strat-
egy to increase the loading of -NO onto a macromolccule. Thus,
generation-4 polyamidoamine dendrimers were modified with
RSNO, synthesized and characterised [123,124]. Sixty four units of
either SNAP or NACNO were grafted onto the dendrimer skeleton.
The in vitro half-lives in presence of copper (0.2 mM) of the as-
synthesized polymers were evaluated at 2.3 min and 106 min for
the derivatives of SNAP and NACNO in phosphate buffer, respec-
tively [123]. Using the same concentrations, the dendrimer deriva-
tives of SNAP showed a morc pronounced cfficiency to inhibit
platelet aggregation compared to the unmodified RSNO. As a re-
sult, the authors concluded that these dendrimers appeared as a
relevant strategy in ischemia-reperfusion injury.

A polypeptide/polymeric mixed macroasscmbly was also de-
signed in order to control *NO release. Either GSNO or SNOPC
was covalently linked to a polymer (poly(vinyl mcthyl ether-co-
maleic anhydride)) and then interpolymer complexes were created
with a poly(vinyl pyrrolidone) thanks to hydrogen bonds between
both polymers [125]. As concerns GSNO, a 50 % grafting yicld was
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reached. Moreover, a controlled release of *NO was effective until
day 10 under in vitro conditions for both RSNO. The complexes
were applicd to wound healing with interesting positive results.

Thus, the macromolecular structures cited here improved the
loading of -NO and some of them induced a sustained release.

Innovative Drug Delivery Systems Applied to S-nitrosothiols

Various concepts were designed in order to cnhance the RSNO
stability towards the environment and also to ensure a sustained
release of the drug. Studics describing RSNO delivery systems are
summarised in (Table 2) and they are based on approaches related
1o particles, matrix or films or both.

S-nitrosothiol delivery systems manage to protect the molecule
and to control the release of *NO. A complete proof-of-concept
with an increase of the vascular flow was provided [133]). *°NO
delivery systems (including RSNO delivery systems) have already
been cxtensively reviewed [92,134,135]. Nevertheless, some re-
marks have to be taken into consideration for further developments:
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The safety and biocompatibility of the formulations have to be
fully demonstrated. This includes:

o the stability of the drug delivery system tested in physio-
logical conditions (temperature, ionic strength, pH) in or-
der not to rclease some impurities;

o atotal absence of toxicity: since most of the delivery sys-
tems are characterised by a release half-life in the range
of hours even days to develop a chronic trcatment (for
example 7 days of release half-life in in vitro conditions
i.e. phosphate buffer [136]);

o  no activation of the immune system with respect of anti-
gen presenting cell phenotype after administration of the
formulations, not to induce an inflammatory phenomenon
(137).

Conceming the particle design with a vascular target aim,

following points have to be considered:

Table 2. S-nitrosothiol Delivery Systems Formulated as Particles, Matrix or Film, or Both
Drug delivery system S-nitrosothiol Phystcochemical characterisation Main conclusions References
Particle-based systems
Particles prepared by ionic zelation Decrease of GSNO decomposition
icles prepared by jonic GSNO Diameter > 300 nm rate when entrapped into NP espe- (126]
with alginate/chitosan .
cially in the first hours.
NACNO associ- Liposomes {made of dipalmitoyl- , . .
Liposomes ated with a pho- | phosphatidylcholine) filtered through Photodyrgamlc therup}f is possible [127]
. using such particles.
tosensitizer a 0.45 pm membrane
Nitrosation of Diameters tunable from 240 to 720
thy to- nm 48
Mercaptosilane-based silica ¢ m l‘:rcap ° "NO release from the NP exceeded [128]
moieties after -SH content from 0.5 to 20 % wt/wt h.
NP preparation | and 55 to 100 % nitrosation efficiency
Particles entrapped into matrices
SNAP derived NP showed the highest
Diameters from 7 to 10 nm -NO loading.
S-nitrosothiol-derivatized fumed CysNO, SNAP, Total -NO loading from 2 38 Pot ‘e il ining the NP [129)
silica polymer filler particles NACNO otal -NO loading from 21 to 1 olymeric films containing the
nmol/mg NP were prepared and relcased 'NO upon
photoexcitation
Liposomes (made of dimyristoyl-sn-
glycero-3-phosphocholine, cholesterol Rel fNO lled by oh
Liposomes entrapped into a porous SNAP and dihexadecyl hydrogen sulphate) clease o 'thls controfle yll:l 0" 130
silica matrix diameters of 150 nm toexcntzmo‘n wi | a rate' comparable to [130]
) . . a biological active one,
Loading equivalent to 35 nM into the
final material
Matrix and films
Stability enhanced into the PEG ma-
Polyethylene glycol matrix NACNO . trix. Storage possible for 10 wecks at [131]
-20°C
. 20.4 wt % into a film made of polyvi- | Rclcase of 'NO and GSNO from the
Polymeric films GSNO nyl alcohol and polyvinyl pyrrolidone films with a half-life of 35.5 min. [132)
Increase of vaginal blood flow during
. 5 to 30 % of GSNO with a loading 210 min with the loaded films com-
Polymeric films GSNO efficiency of 30 to 70 % pared to 20 min for unformulated (133
GSNO
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o to improve the blood circulation half-life, addition of
PEG onto the particle to ensure its stealthness from the
mononuclear phagocytic system may be required [138];

o the size of particle is one major point since particles with
a diameter/dimension in the range 100 to 200 nm were
shown to be able to accumulate into the inner layers of
the arterics [139).

Development of a drug delivery system dedicated to the trans-
port and protection of a *NO donor is one way to avoid the interac-
tion with degrading factors such as proteins. It was already men-
tioned that an increase of Trx concentration in the blood can be
associated to discases linked with oxidative stress such as cardio-
vascular pathologies. In these cases, in which a *NO donor can be a
relevant therapeutic strategy, a particulate system that on the onc
hand limits Trx *NO release and on the other hand allows a con-
trolled delivery at the targeted site should be interesting. Moreover,
it is noteworthy that drug delivery systems can be internalized by
cells. Regarding particles, two major kinds of cells have to be dis-
tinguished: antigen presenting cells which arc professional phago-
cytes (since they are the first line of defence and have 1o screen the
entire organism to fight the non-self) and the others for which the
phagocytic activity is not the main one. Three main pathways of
intcrnalisation arc nowadays well described: phagocytosis, cndocy-
tosis (including clathrin-mediated endocytosis, cavecolac-mediated
cndocytosis, clathrin and caveolae independent endocytosis and
macropinocytosis) [140] and the fusion with cell membrane. The
last onc is observed in the case of some liposomes or some vesicles
[141], and it allows the release of the particle content directly into
the cytosol, whereas the other processes may confine the particle
inside an organelle (for example endolysosomes). Thercfore, using
the appropriate drug delivery system, the interaction with proteins
can be limited (for example circulating Trx and membrane PDI) to
deliver *°NO and/or to nitrosate protein inside the cell. In summary,
the assembly of a stable RSNO and a carrier appears the best way to
deliver *°NO under a controlled pathway.

GENERAL CONCLUSION

The present review points out the emerging role of RSNO as a
new therapeutic class fighting vascular dysfunctions and permitting
to overcome drawbacks of actual *NO donors. This is demonstrated
by:

(i) the actual intense investigation on RSNO interaction with
proteins leading to S-nitrosation, a translational pathway of
main importance in cell signalling leading to physiological ac-
tion such as vasorelaxation,

(ii)) and also by many clinical trials based on administration of
GSNO, a physiological RSNO.

As GSNO bioavailability has 10 be improved, it is necessary to
define which parameters should be taken in consideration in order
to increase the half-life of new designed RSNO. Structural proper-
ties of the molccular skeleton bearing the pharmacophore group
SNO as well as the molecule lipophilicity appear interesting to
improve their stability and to facilitate their (nano)formulation,
respectively, even if no exact relationship between these physico-
chemical properties and in vivo cfficiency has been established at
this time. Another real perspective in RSNO design is also to con-
sider their interaction with enzymatically active proteins such as
PDI//Trx presently reviewed.
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ABBREVIATIONS

AIbNO = S-nitrosoalbumin

ASK1 = Apoptosis-regulating kinase-1
CapNO = S-nitrosocaptopril

cGMP Cyclic guanosine monophosphate
Cys = Cysteine

CysGlyNO = S-nitrosocysteinylglycine

CysNO = S-nitrosocysteine

EC = Endothelial cells

ER = Endoplasmic reticulum

GAPDH = Glyceraldchyde 3-phosphate dehydrogenase

sGC = Soluble guanylate cyclase

GGT = y-glutamyltranspeptidasc

GluCysNO = S-nitroso- y -glutamyleysteine

GSH = Reduced glutathione

GSNO = S-nitrosoglutathione

GTN = Glyceryl trinitrate

HcysNO = S-nitrosochomocysteine

INK = Jun N-terminal kinase

Lys = Lysine

MAPK = Mitogen-activated protein kinase

NP = Nanoparticles

NACNO = S-nitroso-N-acetylcysteine

NADPH = Nicotinamide adenine dinucleotide phosphate

NOS = Nitric oxide synthascs

¢NOS = Endothelial nitric oxide synthase

iNOS = Inducible nitric oxide synthase

nNOS = Neuronal nitric oxide synthase

NP = Nanoparticles

PDI = Protein disulfide isomerase

PEG = Polyethyleneglycol

Pro = Proline

RIG200 = N-(S-nitroso-N-acetylpenicillamine)-2-
amino-2-dcoxy-1,3,4,6-tetra-O-acetyl-g-D-
glucopyranose

RSH = Thiol

RSNO = S-nitrosothiol

SIN-1 = Linsidomine

SNAP S-nitroso-N-acetylpenicillamine

SNHP = S-nitroso-N-heptanoyl-D,L-penicillamine

SNOPC, = S-nitrosophytochelatin-2

SNOPC, = S-nitrosophytochelatin-4

SNOPC; = S-nitrosophytochelatin-6

SNP = Sodium nitroprusside

SNPP = S-nitroso-N-propanoyl-D, L-penicillamine

SNVP = S-nitroso-N-valeryl-D,L-penicillamine

TNFa = Tumor necrosis factor alpha

Trp = Tryptophan
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Trx
oTrx
rTrx

= Thioredoxin
= Oxidized thioredoxin
= Reduced thioredoxin

REFERENCES

M

2]

(3]

[4]

(5]

[6]
g

(8]

(9

(0]

[

[12]

(13)

(14]

[15)

[16)

(17]
(18]

Janero DR, Bryan NS, Saijo F, Dhawan V, Schwalb D), Warren
MC, Feelisch M. Differential nitros(yl)ation of blood and tissue
constituents during glyceryl trinitrate biotransformation in vive.
Proc Natl Acad Sci USA. 2004; 101:16958-16963.

Gaucher C, Devaux C, Boura C, Lacolley P, Stoltz JF, Mcnu P, /n
vitre impact of physiological shear stress on endothelial cells gene
expression profile. Clin Hemorheol Microcirc 2007; 37: 99-107.
Gaucher-Di Stasio C, Paternotte E, Prin-Mathieu C, er al. The
importance of the effect of shear stress on endothelial cells in de-
termining the performance of hemoglobin based oxygen cariers.
Biomaterials 2009; 30: 445-51.

Ignarro LJ, Napoli C, Loscalzo J. Nitric oxide donors and cardio-
vascular agents modulating the bioactivity of nitric oxide: an over-
view. Circ Res 2002; 90: 21-8.

Stamler JS, Jaraki O, Osbome J, er al. Nitric oxide circulates in
mammalian plasma primarily as an S-nitroso adduct of scrum al-
bumin. Proc Natl Acad Sci USA. 1992; 89:7674-7677.

Foster MW, McMahon TJ, Stamler JS. S-nitrosylation in health and
disease. Trends Mol Med 2003; 9: 160-8.

Gaston B, Rcilly J, Drazen J M., ez al. Endogenous nitrogen oxides
and bronchodilator S-nitrosothiols in human airways. Proc Natl
Acad Sci USA 1993; 90: 10957-61.

Jourd'heuil D, Hallén K, Feelisch M, Grisham MB. Dynamic state
of S-nitrosothiols in human plasma and whole blood. Free Radic
Biol Med 2000; 28: 409-17.

Romero JM, Bizzozero OA. Intracellular glutathione mediates the
dcenitrosylation of protein nitrosothiols in the rat spinal cord. J Neu-
rosci Res 2009; 87: 701-9,

Shah CM, Bell SE, Locke IC, Chowdrey HS, Gordge MP. [nterac-
tions between cell surface protein disulphide isomerase and S-
nitrosoglutathione during nitric oxide delivery. Nitric Oxide 2007;
16: 135-42.

Hogg N. The kinetics of S-transnitrosation--a reversible second-
order reaction. Anal Biochem 1999; 272: 257-62.

Ishima Y, Akaike T, Kragh-Hansen U, er al. S-nitrosylated human
serum albumin-mediated cytoprotective activity is enhanced by
fatty acid binding. J Biol Chem 2008; 283: 34966-75.

Zhang Y, Hogg N. Formation and stability of S-nitrosothiols in
RAW 264.7 cclls. Am J Physiol Lung Cell Mol Physiol 2004; 287:
L467-74.

Roy B, du Moulimet d'Hardemare A, Fontecave M. New thioni-
trites: synthesis, stability, and nitric oxide generation. J Org Chem
1994; 59: 7019-26.

Al Sa’doni HH, Ferro A. S-nitrosothiols as nitric oxide-donors:
chemistry, biology and possible future therapeutics applications.
Curr Med Chem 2004; 11: 2679-90.

Kelm M, Feelisch M, Spahr R, Piper HM, Noack E, Schrader J.
Quantitative and kinetic characterization of nitric oxide and EDRF
released from cultured endothelial cells. Biochem Biophys Res
Commun 1988; 154: 236-44.

Butler AR, Williams DLH. The physiological role of nitric oxide.
Chem Soc Rev 1993; 22: 233-41.

Amelle DR, Stamler JS. NO+, NO, and NO- donation by S-
nitrosothiols: implications for regulation of physiological functions
by S-nitrosylation and acceleration of disulfide formation. Arch
Biochem Biophys 1995; 318: 279-85.

Marozkina NV, Gaston B. S-Nitrosylation signalling regulates
cellular protein interactions. Biochim Biophys Acta. 2012;
1820:722-9.

Wang K, Wen Z, Zhang W, Xian M, Cheng JP, Wang PG. Equilib-
rium and kinetics studies of transnitrosation between S-
nitrosothiols and thiols. Bioorg Med Chem Lett 2001; 11: 433-6.
Sevier CS, Kaiser CA. Formation and transfer of disulphide bonds
in living cells. Nat Rev Mol Cell Biol 2002; 3: 836-47.

Collet JF, Messens J. Structure, function, and mechanism of thiore-
doxin proteins. Antioxid Redox Signal 2010; 13: 1205-16.
Sengupta R, Ryter SW, Zuckerbraun BS, Tzeng E, Billiar TR,
Stoyanovsky DA. Thioredoxin catalyzes the denitrosation of low-

(24)

(25]

(26]

(27]

(28]

(29]

(30]

B

(32}

(33

(34)

[35]

[36]

37]

(38

(39]

[40]

(41

(42]

(431

[44)

(45]

[46]

Current Pharmaceutical Design, 2013, Vol 19, No. 3 469

molecular mass and protein S-nitrosothiols. Biochemistry 2007; 46:
8472-83.

Benhar M, Thompson JW, Moseley MA, Stamler JS. Identification
of S-nitrosylated targets of thioredoxin using a quantitative pro-
teomic approach. Biochemistry 2010; 49: 6963-9.

Wu C, Parrott AM, Liu T, ef al. Distinction of thioredoxin transni-
trosylation and denitrosylation target proteins by the ICAT quanti-
tative approach. J Proteomics 2011; 74: 2498-509.

Miranda-Vizucte A, Gustafsson JA, Spyrou G. Molecular cloning
and expression of a cDNA encoding a human thioredoxin-like pro-
tein. Biochem Biophys Res Commun 1998; 243: 284-8.
Stoyanovsky DA, Tyurina YY, Tyurin VA, ef al. Thioredoxin and
lipoic acid catalyze the denitrosation of low molecular weight and
protein S-nitrosothiols. } Am Chem Soc 2005; 127: 15815-23.
Sengupta R, Billiar TR, Kagan VE, Stoyanovsky DA. Nitric oxide
and thioredoxin type 1 modulate the activity of caspase 8 in HepG2
cells. Biochem Biophys Res Commun 2010; 391: 1127-30.

Hara T, Kondo N, Nakamura H, er a/. Cell-surface thioredoxin-1:
possible involvement in thiol-mediated leukocyte-endothelial ccll
interaction through lipid rafis. Antioxid Redox Signal 2007; 9:
1427-37.

Nikitovic D, Holmgren A. S-nitrosoglutathione is cleaved by the
thioredoxin system with liberation of glutathione and redox regulat-
ing nitric oxide. J Biol Chem 1996; 271: 19180-88.

Nikitovic D, Holmgren A, Spyrou G. Inhibition of AP-1 DNA
binding by nitric oxide involving conserved cysteine residues in
Jun and Fos. Biochem Biophys Res Commun 1998; 242: 109-12,
Haendeler J, Haendeler J, Hoffmann J, ef al. Redox regulatory and
anti-apoptotic functions of thioredoxin depend on S-nitrosylation at
cysteine 69. Nature Cell Biol 2002; 4; 74349,

Ravi K, Brennan LA, Levic S, Ross PA, Black SM. S-nitrosylation
of endothelial nitric oxide synthase is associated with monomeriza-
tion and decreased enzyme activity, Proc Natl Acad Sci USA 2004;
101:2619-24.

Erwin PA, Mitchell DA, Sartoretto J, Marletta MA, Michel T.
Subcellular targeting and differential S-nitrosylation of endothelial
nitric-oxide synthase. J Biol Chem 2006; 281: 151-7.

Sumbayev VV. S-nitrosylation of thioredoxin mediates activation
of apoptosis signal-regulating kinase 1. Arch Biochem Biophys
2003; 415: 133-6.

Tao L, Gao E, Bryan N.S, er al. Cardioprotective effects of thiore-
doxin in myocardial ischemia and reperfusion: role of S-
nitrosation. Proc Natl Acad Sci USA 2004; 101: 11471-6.

Mitchell DA, Marletta MA. Thioredoxin catalyzes the S-nitrosation
of the caspase-3 active site cysteine. Nat Chem Biol 2005; 1: 154-
8.

Weichsel A, Brailey JL, Montfort WR. Buried S-nitrosocysteine
revealed in crystal structures of human thioredoxin. Biochemistry
2007; 46: 1219-27.

Weichsel A, Kem M, Montfort WR. Crystal structure of human
thioredoxin revealing an unraveled helix and exposed S-nitrosation
site. Protein Sci 2010; 19: 1801-6.

Hashemy SI, Holmgren A. Regulation of the catalytic activity and
structure of human thioredoxin 1 via oxidation and S-nitrosylation
of cysteine residues. J Biol Chem 2008; 283; 21890-8.

Bao R, Zhang Y, Zhou CZ, Chen Y. Structural and mechanistic
analyses of yeast mitochondrial thioredoxin Trx3 reveal putative
function of its additional cysteine residues. Biochim Biophys Acta
2009; 1794; 716-21.

Mitchell DA, Morton SU, Fernhoff NB, Marletta MA. Thioredoxin
is required for S-nitrosation of procaspasc-3 and the inhibition of
apoptosis in Jurkat cells. Proc Natl Acad Sci USA 2007; 104:
11609-14.

Wang Y, Liu T, Wu C, Li H. A strategy for direct identification of
protein S-nitrosylation sites by gquadrupole time-of-flight mass
spectrometry. J Am Soc Mass Spectrom 2008; 19: 1353-60.

Wu C, Lin T, Chen W, er al. Redox regulatory mechanism of
transnitrosylation by thioredoxin. Mol Cell Proteomics 2010; 9:
2262-75.

Barglow KT, Knutson CG, Wishnok JS, Tannenbaum SR, Marletta
MA. Site-specific and redox-controlled S-nitrosation of thiore-
doxin. Proc Natl Acad Sci USA. 2011; 108: E600-6.

Goldberger RF, Epstein CJ, Anfinsen CB. Acceleration of
reactivation of reduced bovine pancreatic ribonuclease by a micro-
somat system from rat liver. J Biol Chem 1963; 238: 628-35.




470

(47]

[48]

[49]

(50

(51]

(52]

[53]

(54

[55]

[56]

(57

[58]

(59

(60)

[61]

[62]

(63]

[64]

[65]
[66]

[67]
[68]

[69]

[70)
(71

Current Pharmaceutical Design, 2013, Vol, 19, No. 3

Ellgaard L, Ruddock LW. The human protein disulphide isomerase
family: substrate interactions and functional properties. EMBO Rep
2005; 6:28-32.

Hotchkiss KA, Matthias LJ, Hogg PJ. Exposure of the cryptic Arg-
Gly-Asp sequence in thrombospondin-l by protein disulfide
isomerase. Biochim Biophys Acta 1998; 1388: 478-88.

Zai A, Rudd MA, Scribner AW, Loscalzo J. Cell-surface protein
disulfide isomerase catalyzes transnitrosation and regulates intra-
cellular transfer of nitric oxide. J Clin Invest 1999; 103: 393.9,
Xiao F, Gordge MP. Cell surface thiol isomerases may explain the
platelet-selective action of S-nitrosoglutathione. Nitric Oxide 2011;
25:303-8.

Jiang XM, Fitzgerald M, Grant CM, Hogg PJ. Redox control of
exofacial protein thiols/disulfides by protein disulfide isomerase. J
Biol Chem 1999; 274: 2416-23.

Ramachandran N, Root P, Jiang XM, Hogg PJ, Mutus B. Mccha-
nism of transfer of NO from extracellular S-nitrosothiols into the
cytosol by cell-surface protein disulfide isomerase. Proc Natl Acad
Sci USA 2001; 98: 9539-44.

Kortemme T, Darby NJ, Creighton TE. Electrostatic interactions in
the active site of the N-terminal thioredoxin-like domain of protein
disulfide isomerase. Biochemistry 1996; 35: 14503-11

Sliskovic [, Ratri A, Mutus B. Characterization of the S-
denitrosation activity of protein disulfide isomerasc. J Biol Chem
2005; 280: 8733-41.

Jaffrey SR, Erdjument-Bromage H, Ferris CD, Tempst P, Snyder
SH. Protein S-nitrosylation: a physiological signal for neuronal ni-
tric oxide. Nat Cell Biol 2001; 3: 193.7.

Leclerc PC, Lanctot PM, Auger-Messier M, Escher E, Leduc R,
Guillemette G. S-nitrosylation of cysteine 289 of the AT receptor
decreases its binding affinity for angiotensin 1. Br ) Pharmacol
2006; 148: 306-13.

Selvakumar B, Huganir RL, Snyder SH. S-nitrosylation of star-
gazin regulates surface cxpression of AMPA-glutamate neuro-
transmitter receptors. Proc Natl Acad Sci SA 2009; 106: 16440-5.
Rahman MA, Senga T, Ito S, Hyodo T, Hasegawa H, Hamaguchi
M. S-nitrosylation at cysteine 498 of c-Src tyrosine kinase regulates
nitric oxide-mediated cell invasion. J Biol Chem 2010; 285: 3806-
14,

Hess DT, Matsumoto A, Kim SO, Marshall HE, Stamler JS, Pro-
tein S-nitrosylation: purview and parameters. Nat Rev Mol Cell
Biol 2005; 6: 150-66.

Greco TM, Hodara R, Parastatidis I, et al. ldentification of S-
nitrosylation motifs by sitc-specific mapping of the S-
nitrosocysteine proteome in human vascular smooth muscle cells.
Proc Natl Acad Sci USA 2006; 103: 7420-5.

Marino SM, Gladyshev VN. Structural analysis of cysteine S-
nitrosylation: a modified acid-based motif and the emerging role of
trans-nitrosylation. J Mol Biol 2010; 395: 844-59.

Sun J, Xin C, Eu JP, Stamler JS, Meissner G: Cysteine-3635 is
responsible for skeletal muscle ryanodine receptor modulation by
NO. Proc Natl Acad Sci USA 2001; 98: 11158-62.

Rafikova O, Rafikov R, Nudler E. Catalysis of S-nitrosothiols
formation by serum albumin: the mechanism and implication in
vascular control. Proc Natl Acad Sci USA 2002; 99:5913-18.
Kondo N, Ishii Y, Kwon YW, ef a/. Redox-sensing release of hu-
man thioredoxin from T lymphocytes with negative feedback
loops. J Immunol 2004; 172: 442.8,

Ebrahimian T, Touyz RM. Thioredoxin in vascular biology: role in
hypertension. Antioxid Redox Signal 2008; 10: 1127-36.
Nakamura H, Hoshino Y, Okuyama H, Matsuo Y, Yodoi J. Thiore-
doxin 1 delivery as new therapeutics. Adv Drug Deliv Rev 2009;
61:303-9.

Ahsan K, Nakamura H, Yodoi J. Methods in Redox Signalling.
Mary Ann Libert, Inc. 2010.

Yamawaki H, Haendeler J, Berk BC. Thioredoxin: a key regulator
of cardiovascular homeostasis. Circ Res 2003; 93: 1029-33.

Napoli C, Ignarro LJ. Nitric oxide and pathogenic mechanisms
involved in the development of vascular diseases. Arch Pharm Res
2009; 32: 1103-8.

Jacob C, Winyard PG. Redox signalling and regulation in biology
and medicine. Wiley-Vch, 2009, pp 481.

Schba FA, Friedrich V Jr, Makonnen G, Bederson JB. Acute cere-
bral vascular injury after subarachnoid hemorrhage and its preven-
tion by administration of a nitric oxide donor. J Neurosurg 2007;
106: 321-9.

(72)

(73]

(741

(73]

[76]

(77

{78)

(79

{80)

[81]

(82)

(83]

[84]

(8]

[86]

[87]

(88]

(89)

(90)

(91]

(92]
(93]

Gaucher et al.

Khan M, Im YB, Shunmugavel A, et al. Administration of S-
nitrosoglutathionc after traumatic brain injury protects the
neurovascular unit and reduces secondary injury in a rat model of
controlled cortical impact. J Neuroinflammation 2009; 6: 32.

Khan M, Sekhon B, Giri S, et al. S-Nitrosoglutathione reduces
inflammation and protects brain against focal cerebral ischemia in a
rat model of experimental stroke. J Cereb Blood Flow Metab 2005;
25:177-92.

Kuo YR, Wang FS, Jeng SF, Lutz BS, Huang HC, Yang KD. Ni-
trosoglutathione improves blood perfusion and flap survival by
suppressing iNOS but protecting eNOS expression in the flap ves-
sels after ischemia/reperfusion injury. Surgery 2004; 135:437-46.
Kashiba M, Kasahara E, Chien KC, Inoue M. Fates and vascular
action of S-nitrosoglutathione and related compounds in the circu-
lation. Arch Biochem Biophys 1999; 363:213-8.

Bramanti E, Angeli V, Franzini M, Vecoli C, Baldassini R, Paolic-
chi A, Barsacchi R, Pompella A. Exogenous vs. endogenous
gamma-glutamyltransferase activity: Implications for the specific
determination of S-nitrosoglutathione in biological samples. Arch
Bicchem Biophys 2009; 487:146-52.

Pompella A, Visvikis A, Paolicchi A, De Tata V, Casini AF. The
changing faces of glutathione, a cellular protagonist. Biochem
Pharmacol 2003; 66: 1499-503.

Kaposzta Z, Baskerville PA, Madge D, Fraser S, Martin JF, Mar-
kus HS. L-arginine and S-nitrosoglutathione reduce embolization in
humans. Circulation 2001; 103: 2371-5.

Kaposzta Z, Clifton A, Molloy J, Martin JF, Markus HS. S-
nitrosoglutathione reduces asymptomatic embolization after carotid
angioplasty. Circulation 2002; 106:3057-62.

Kaposzta Z, Martin JF, Markus HS. Switching off embolization
from symptomatic carotid plaque using S-nitrosoglutathione. Cir-
culation 2002b; 105: 1480-84.

Molloy J, Martin JF, Baskerville PA, Fraser SC, Markus HS. S-
nitrosoglutathione reduces the rate of embolization in humans. Cir-
culation 1998; 98: 1372.5.

Langford EJ, Brown AS, Wainwright RJ, ef a/. Inhibition of plate-
let activity by S-nitrosoglutathione during coronary angioplasty.
Lancet 1594; 344: 1458-60.

Ramsay B, Radomski M, De Belder A, Martin JF, Lopez-Jaramillo
P. Systemic effects of S-nitroso-glutathione in the human following
intravenous infusion. Br. J. Clin. Pharmacol. 1995; 40: 101-2.

Salas E, Langford EJ, Marrinan MT, Martin JF, Moncada S, De
Belder Al. S-nitrosoglutathione inhibits platelet activation and
deposition in coronary artery saphenous vein grafts in vitro and in
vivo, Heart 1998; 80: 146-50.

Lees C, Langford E, Brown AS, et al The effects of S-
nitrosoglutathione on platelet activation, hypertension, and uterine
and fetal Doppler in severe preeclampsia. Obstet. Gynecol. 1996;
88: 149,

Rassaf T, Kleinbongard P, Preik M, ef af Plasma nitrosothiols
contribute to the systemic vasodilator effects of intravenously ap-
plied NO: experimental and clinical study on the fate of NO in hu-
man blood. Circ Res 2002; 91: 470-7

Simdes MM, De Oliveira MG. Poly(viny! alcohol) films for topical
delivery of S-nitrosoglutathione: cffect of freczing-thawing on the
diffusion properties. J. Biomed. Mater. Res. B Appl. Biomater.
2010;93: 416-24.

Seabra AB, Fitzpatrick A, Paul J, De Oliveira MG, Weller R. Topi-
cally applied S-nitrosothiol-containing hydrogels as experimental
and pharmacological nitric oxide donors in human skin. Br. J.
Dermatol. 2004; 151: 977-83.

Souto S, Palma P, Fregonesi A, Palma T, Reis LO. Vascular modi-
fications of the clitoris induced by topic nitric oxide donor gel—
preliminary study. J. Sex. Med. 2011; 8: 484-8.

Rassaf T, Poll LW, Brouzos P, et al. Positive effects of nitric oxide
on left ventricular function in humans. Eur Heart J 2006; 27: 1699-
705.

Snyder AH, McPherson ME, Hunt JE, Johnson M, Stamler JS,
Gaston B, Acute effects of acrosolized S-nitrosoglutathione in cys-
tic fibrosis. Am J Respir Crit Care Med 2002; 165: 922-6.

Sortino S. Light-controlled nitric oxide delivering molecular as-
semblies. Chem Soc Rev 2010; 39: 2903-13.

Loscalzo J, Smick D, Andon N, Cooke J. S-Nitrosocaptopril. 1.
Molecular characterization and effects on the vasculature and on
platelets. J Pharmacol Exp Ther 1989; 249: 726-9.



S-nitrosothiol, Interaction with Engymes and Design

[94)
{95)

(96)

(97]

(98]

(991

[100]

[101]

[102)

(103)
(104]

(105)

(106)

(107)

[108]

(109)

[110]

i

[112)

[113)

[114]

Megson IL, Webb DJ. Nitric oxide donor drugs: current status and
future trends. Exp Op Invest Drugs, 2002; 11: 587-601.

Miller MR, Roseberry MJ, Mazzei FA, Butler AR, Webb DJ, Meg-
son IL. Novel S-nitrosothiols do not engender vascular tolerance
and remain effective in glyceryltrinitrate-tolerant rat femoral arter-
ies. Eur J Parmacol 2000; 408: 335-343.

Giustarini D, Milzani A, Aldini G, Carini M, Rossi R, Dalle-Donne
1. S-nitrosation versus S-glutathionylation of protein sulfhydryl
groups by S-nitrosoglutathione. Antioxid Redox Signal 2005; 7:
930-9.

Wang PG, Xian M, Tang X, et al. Nitric oxide donors: Chemical
activities and biological applications. Chem Rev 2002;102: 1091-
134,

Heikal L, Martin GP, Dailey LA. Characterisation of the decompo-
sition behaviour of S-nitrosoglutathione and a new class of ana-
logues: S-nitrosophytochclatins. Nitric Oxide 2009; 20: 157-65.
Timerghazin QK, Peslherbe GH, English AM. Resonance descrip-
tion of S-nitrosothiols: insights into reactivity. Org Lett 2001; 9:
3049-52,

Giustarini D, Tsikas D, Rossi R. Study of the effect of thiol on the
vasedilatory potency of S-nitrosothiol by using a modified aortic
ring assay. Toxicol Appl Pharmacol 2011; 256: 95-102.

Resende AC, Tabellion A, Nadaud S, ef al. Incubation of rat aortic
rings produces a specific reduction in agonist-evoked contraction:
cffect of age of donor. Life Sci 2004; 76: 9-20.

Browner NC, Dey NB, Bloch KD, Lincoln TM. Regulation of
c¢GMP-dependent protein kinase expression by soluble guanylyl
cyclase in vascular smooth muscle cells. J Biol Chem 2004 ; 279:
46631-6.

Noack E, Feelisch M. Molecular aspects underlying the vasodilator
action of molsidomine. J Cardiovasc Pharmaco! 1989; 14: SI-5.
Megson IL, Greig IR, Gray GA, Webb DJ, Butler AR. Prolonged
effect of a novel S-nitrosated glycol-amino acid in endothelium-
denuded rat femoral arteries: potential as a slow release nitric oxide
donor drug. BrJ Pharmacol 1997; 122: 1617-24.

Feelisch M, Kotsonis P, Siebe J, Clement B, Schmidt HHHW. The
soluble guanylyl cyclase inhibitor 1H-[1,2,4Joxadiazolo-[4,3,-
a]quinoxalin-1-one is a nonselective heme protein inhibitor of nitric
oxide synthase and other cytochrome P-450 enzymes involved in
nitric oxide donor bioactivation. Molec Pharmacol 1999; 56: 243-
53.

Megson IL, Morton S, Greig, et al. N-substituted analogues of S-
nitroso-N-acetylpenicillamine: chemical stability and prolonged ni-
tric oxide mediated vasodilatation in isolated rat femoral arteries.
Br J Pharmacol 1999; 126: 63948.

Tsikas D, Sandmann J, Rossa S, Gutzki FM, Frélich JC. Measure-
ment of S-nitrosoalbumin by gas chromatography-mass spectrome-
try 1. Preparation, purification, isolation, characterisation and me-
tabolism of S-["*N]nitrosoalbumin in human blood in vitro. )
Chromatogr B 1999; 726: 1-2.

Tseng CML, Tabrizi-Fard MA, Fung HL. Differcntial sensitivity
amons nitric oxide donors toward ODQ-mediated inhibition of vas-
cular relaxation. J Pharmacol Exp Ther 2000; 292: 737-42.

Ceron IB, Cremonez DC, Bendhack LM, Tedesco AC. The relaxa-
tion induced by S-nitroso-glutathione and  S-nitroso-N-
acetylcysteine in rat aorta is not related to nitric oxide production. J
Pharmacol Exp Ther 2001; 298: 686-94.

Tullett JM, Rees DD, Shuker DEG, Gescher A. Lack of stability
between the observed stability and pharmacological properties of
S-nitroso derivatives of glutathione and cysteine-related peptides
Biochem Pharmacol 2001; 62: 1239-47.

Alencar JL, Lobysheva I, Chalupsky K, e al. S-nitrosating nitric
oxide donors induce long-lasting inhibition of contraction in iso-
lated arteries, J Pharmacol Exp Ther 2003; 307: 152-9.

Heikal L, Aaronson PI, Ferro A, Nandi M, Martin GP, Dailey L A.
S-Nitrosophytochelatins: Investigation of the Bioactivity of an Oli-
gopeptide Nitric Oxide Delivery System. Biomacromolecules
2011; 12:2103-13.

Balazy M, Kaminski PM, Mao K, Tan J, Wolin MS. S-
nitroglutathione, a product of the reaction between peroxynitrite
and glutathione that generates nitric oxide. J Biol Chem 1998; 273:
32009-15.

Tsikas D, Denker K, Frélich JC. Artifactual-free analysis of S-
nitrosoglutathione and S-nitroglutathione by neutral-pH, anion-
pairing, high performance liquid chromatography. Study on per-

(115)

(116)

(117

[118]

(119]

(120]

[121]

[122]

[123]

[124]

[125]

{126]

(127

[128]

[129]

(130)

[131]

(132)

(133]

(134}

(135
(136)
(137)

Current Pharmaceutical Design, 2013, Vol. 19, No. 3 471

oxynitrite-mediated S-nitration of glutathione to S-nitroglutathione
under physiological conditions. J Chromatogr A 2011; 915: 107-16.
Moran EE, Timerghazin QK, Kwong E, English AM. Kinetics and
mechanism of S-Nitrosothiol acid-catalyzed hydrolysis: sulphur ac-
tivation promotes facile NO' release. J Phys Chem B 2011; 115:
3112-26.

Al Sa'doni HH, Khan 1Y, Poston L, Fisher I, Ferro A. A novel
family of S-nitrosothiols: chemical synthesis and biological actions.
Nitric Oxide 2000; 4: 550-60.

Miller MR, Megson IL. Recent developments in nitric oxide donor
drugs. Br J Pharmacol 2007; 151: 305-21.

Li J, Mannargudi B, Uctrecht JP. Covalent binding to macro-
phages: Implication for penicillaminc-induced autoimmunity.
Chem Res Toxicol 2009; 22: 1277-84.

Katsumi H, Nishikawa M, Ma SF, Yamashita F, Hashida M. Phys-
icochemical, tissue distribution, and vasodilatation characteristics
of nitrosated serum albumin: delivery of nitric oxide in vivo. J
Pharm Sci 2004; 93: 2343-52,

Katsumi H, Nishikawa M, Yamashita F, Hashida M. Development
of polycthylene glycol-conjugated poly-S-nitrosated serum albu-
min, a novel S-nitrosothio! for prolonged delivery of nitric oxide in
the blood circulation in vivo. J Pharmacol Exp Ther 2005; 314:
1117-24,

Ishima Y, Yoshida F, Kragh-Hansen U, er af. Cellular uptake
mechanisms and responses to NO transferred from mono- and
poly-S-nitrosated human serum albumin. Free Radic Res 2011; 45:
1196-206.

Tsikas D. Comment on the article “Nitrosylated human serum
albumin (SNO-HSA) induces apoptosis in tumor cells” (Nitric Ox-
ide 22 (2010) 259-265). Nitric Oxide 2011; 24: 123-4.

Stasko NA, Fischer TH, Schoenfisch MH. S-nitrosothiol-modified
dendrimers as nitric oxide delivery vehicles. Biomacromolecules
2008; 9: 834-41.

Johnson TA, Stasko NA, Matthews JL, ef al. Reduced ische-
mia/reperfusion injury via glutathione-initiated nitric oxide-
releasing dendrimers. Nitric Oxide 2010; 22: 30-6.

Li Y, Lec PJ. Controlled nitric oxide delivery platform based on S-
nitrosothiol conjugated interpolymer complexes for diabetic wound
healing. Molec Pharm 2010; 7: 254-66.

Marcato PD, Adami LF, Melo PS, de Paula LB, Durdn N, Seabra
AB. Glutathione and S-nitrosoglutathione in alginatc/chitosan
nanoparticles: cytotoxicity. J Phys Conf Ser 201 1; 304: 012045.
Rotta JCG, Lunardi CN, Tedesco AC. Nitric oxide release from the
S-nitrosothiol zinc phtalocyanine complex by flash photolysis. Braz
J Med Biol Res 2003; 36: 587-94,

Riccio DA, Nugent JL, Schoenfisch MH. Stéber synthesis of nitric
oxide-releasing S-nitrosothiol-modified silica particles. Chem Ma-
ter 2011; 23: 1727-35.

Frost MC, Meyerhoff ME. Synthesis, characterisation, and con-
trolled nitric oxide release from S-nitrosothiol-derivatized fumed
silica polymer filler particles. J Biomed Mater Res Part A 2005;
72A: 409-19.

Koehler 1), Zhao J, Jedlicka SS, Porterfield DM, Rickus JL. Com-
partmentalized nanocomposite for dynamic nitric oxide release. J
Phys Chem B 2008; 112: 15086-93.

Shishido SM, de Oliveira MG. Polyethylene glycol matrix reduces
the rates of photochemical and thermal release of nitric oxide from
S-nitroso-N-acetylcysteine. Photochem Photobiol 2000; 71: 273-80.
Barozzi Seabra A, Da Rocha LL, Eberlin MN, de Oliveira MG.
Solid films of blended poly(vinyl alcohol)/poly(vinyl pyrrolidone)
for topical S-nitrosoglutathione and nitric oxide release. J Pharm
Sci 2005; 95: 994-1003.

Yoo JW, Acharya G, Lee CH. In vivo evaluation of vaginal films
for mucosal delivery of nitric oxide. Biomaterials 2009; 30: 3978-
85.

Friedman A, Friedman J. New biomaterials for the sustained re-
lease of nitric oxide: past, present and future. Exp Op Drug Del
2009; 6: 1-10.

Seabra AB, Durdn N. Nitric oxide-releasing vehicles for biomedi-
cal applications. J Mater Chem 2010; 20: 1624-37.

Jo YS, van der Vlies AJ, Gantz J, et al. Micelles for delivery of
nitric oxide. J Am Chem Soc 2009; 131: 14413-8.

Boudier A, Aubert-Poudsscl A, Louis-Plence P, e al. The control
of dendritic cell maturation by pH-sensitive polyion complex mi-
celles, Biomaterials 2009; 30: 233-41.



472 Current Pharmaceutical Design, 2013, Vol. 19, No. 3

[138) Owens IlI DE, Peppas NA. Opsonization, biodistribution, and
pharmacokinetics of polymeric nanoparticles. Int J Pharm 2006;
307:93-102.

[139] Westedt U, Barbu-Tudoran L, Schaper AK, Kalinowski M, Alfke
H, Kissel T. Deposition of nanoparticles in the arterial vessel by
porous balloon catheters: localization by confocal laser scanning

Received: July 25,2012 Accepted: August 15,2012

(140)
(141)

Gaucher et al.

microscopy and transmission electron microscopy. AAPS Pharm
Sci 2002; 4: 1-6.

Hillaireau H, Couvreur P. Nanocarriers’ entry into the cell: rele-
vance to drug delivery. Cell Mol Life Sci 2009; 66: 2873-96.
Boudier A, Castagnos P, Soussan ef ai. Polyvalent catanionic vesi-
cles: Exploring the drug delivery mechanism. Int J Pharm 2011;
403: 230-6.



