
S-NITROSOGLUTATHIONE

Katarzyna A. Broniowska1,3, Anne R. Diers2,3, and Neil Hogg2,3

1Department of Biochemistry, Program Medical College of Wisconsin
2Department of Biophysics, Program Medical College of Wisconsin
3Redox Biology, Program Medical College of Wisconsin

Abstract
Background—S-Nitrosoglutathione (GSNO) is the S-nitrosated derivative of glutathione and is
thought to be a critical mediator of the down-stream signaling effects of nitric oxide (NO). GSNO
has also been implicated as a contributor to various disease states.

Scope of Review—This review focuses on the chemical nature of GSNO, its biological
activities, the evidence that it is an endogenous mediator of NO action, and implications for
therapeutic use.

Major Conclusions—GSNO clearly exerts its cellular actions through both NO- and S-
nitrosation-dependent mechanisms; however, the chemical and biological aspects of this
compound should be placed in the context of S-nitrosation as a whole.

General Significance—GSNO is a central intermediate in formation and degradation of
cellular S-nitrosothiols with potential therapeutic applications; thus, it remains an important
molecule of study.

1. Introduction
S-Nitrosoglutathione (GSNO) is the S-nitrosated derivative of the most abundant cellular
thiol, glutathione (GSH). S-Nitrosothiols such as GSNO have been reported to be integral to
the chemical biology and physiological functions of nitric oxide (NO). GSNO has variously
been thought of as a store of NO, or as an essential component of NO-dependent signal
transduction. In addition, there has been significant interest in GSNO as a potential
therapeutic agent. In this review, we will describe in detail the chemical nature of GSNO, its
biological activities, the evidence that it is an endogenous biological mediator of NO action,
and implications for therapeutic use.

© 2012 Elsevier B.V. All rights reserved.

Send Correspondence to: Neil Hogg, Department of Biophysics, Medical College of Wisconsin, 8791 Watertown Plank Rd,
Milwaukee WI 53226, nhogg@mcw.edu, 414-955-4012.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Biochim Biophys Acta. Author manuscript; available in PMC 2014 May 01.

Published in final edited form as:
Biochim Biophys Acta. 2013 May ; 1830(5): 3173–3181. doi:10.1016/j.bbagen.2013.02.004.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2. Synthesis, Structure, and Reactions of GSNO
2.1 Chemical Synthesis

As with other S-nitrosothiols, GSNO can be synthesized from the reaction between GSH
and nitrous acid. This reaction is efficient, fast, and occurs with high yield (Equation 1).
Mixing GSH with acidified nitrite forms an immediate pink color. Unlike

[1]

most low-molecular weight S-nitrosothiols, GSNO can be precipitated with acetone and
purified as a solid [1], and this has enhanced its use as an experimental tool. It is also
possible to synthesize GSNO through the use of other nitrosating agents such as nitrosonium
tetrafluoroborate, nitrosonium chloride, dinitrogen trioxide, and dinitrogen tetraoxide [2,3].
However, for simplicity, compatibility with aqueous solutions, and high yield, acidified
nitrite is preferred for biological applications. Although early reports indicated that under
anaerobic conditions, S-nitrosothiols could be formed directly from NO and a parent thiol
[4], it is likely that in these studies, the NO gas used was contaminated with higher oxides of
nitrogen which are potent nitrosating agents.

The molar extinction coefficient of GSNO has been variously reported (e.g., [5–7]), with
quite a wide range of values. The original study by Hart [1] gave an extinction coefficient of
922 M−1 cm−1 at 335 nm, and our experience would suggest that this number is correct.

2.2 The formation of GSNO from NO
The mechanism by which GSNO is formed from NO has been the subject of much enquiry.
What is abundantly clear is that the reaction is not direct. The addition of NO to GSH would
form a thionitroxide which has been implicated as an intermediate in the slow direct
oxidation of thiols by NO to form disulfides [8,9]. In fact, the intermediate thionitroxide has
been identified as the thiol modification in crystals of hemoglobin exposed to NO [10] and
as a putative NO-dependent activating modification of soluble guanylyl cyclase [11]. In
these reactions, the NO is reduced to nitrous oxide and other more reduced nitrogen-
containing species. Direct redox reactions of NO with GSH are slow [9,12] and unlikely to
contribute to the biological consumption of NO. However, the rate constants for the
reversible association of NO with GSH to form thionitroxide are unknown.

Under aerobic conditions, GSNO is readily formed from NO and GSH. Kinetic studies have
shown that nitrosation in general is limited by the apparent third order reaction between NO
and oxygen and depends on the square of the concentration of NO [13–15]. There has been
some disagreement over the yield of this reaction, and our studies using an NO-releasing
agent and GSH indicated a GSNO yield of approximately 10% with the remainder forming
GSSG [16]. The rate of NO production and the oxygen concentration have a major influence
on yield [17]. The primary conclusions regarding GSNO formation under aerobic conditions
are that oxidation of NO by oxygen is a prerequisite, and nitrosation occurs either through
the formation of dinitrogen trioxide or though the addition of NO to a glutathionyl radical
formed during the reaction. Gow et al. [18] proposed that at low levels of NO, the
thionitroxide discussed above could act as a one electron reductant of oxygen resulting in
the formation of GSNO and superoxide. While it is fair to say that this mechanism remains
speculative, we have recently shown that the one-electron acceptor ferric cytochrome c can
efficiently promote GSNO formation under anaerobic conditions from NO and GSH [19,20].
In this case, we have proposed that GSNO formation requires binding of GSH to
cytochrome c followed by the addition of NO. It is likely that mechanisms such as these
predominate in the low-oxygen, low-NO environment of cells and tissues. Most studies
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would agree that nitrosation is not a major fate of NO and that only a very small amount of
generated NO is converted into an S-nitrosothiol in a biological system.

2.3 Structure of GSNO and mechanisms of decomposition
While tertiary S-nitrosothiols are often stable, primary compounds are less stable, with
GSNO being a notable exception. Why GSNO is significantly more stable than S-
nitrosocysteine has been the subject of some investigation. Unfortunately, much of this work
is confounded by no clear definition of what element of stability is examined. It has been
established (and will be discussed later), that S-nitrosothiols are subject to several
mechanisms of decomposition, including S-N bond homolysis, photolytic S-N bond
cleavage, metal ion-catalyzed decomposition, and hydrolysis. For this reason, published
half-lives of S-nitrosothiols vary dramatically and are clearly condition-dependent. Although
no crystal structures of GSNO have been published, inference from other studied molecules
can give a reasonable supposition as to its structure. The pink color of GSNO, a
manifestation of a weak n →π* absorbance transition at 545 nm, is indicative of a primary
S-nitrosothiol with the C-S-N-O bonds in a syn conformation and a dihedral angle close to
0° [21,22]. This is contrasted to the green color of SNAP which is due to a shift in
absorbance of the weak band to 590 nm and an anti conformation of the bond (dihedral
angle of about 180°) [21]. The anti conformation is preferred in tertiary S-nitrosothiols due
to steric hindrance from the bulky carbon substituents [21]. Although spontaneous thermal
homolysis of S-nitrosothiols has been discussed in the literature, theoretical and
experimental analysis has indicated that activation energies are too high for spontaneous S-
N bond homolysis to be a biologically meaningful reaction (reported half-lives are years to
hours at 100°C) [22]. Consequently, GSNO does not spontaneously homolyze to form NO,
and NO formation from GSNO must require external factors. For these reasons, we suggest
that GSNO should never be referred to as an ‘NO donor molecule’ (despite commercial
advertising) and that ‘half-lives’ of GSNO measured under one condition bear no
relationship to GSNO decomposition rates when it is added to a biological system.

If it is not differences in spontaneous decomposition, what underlies the increased stability
of GSNO? The most likely answer to this question is differential susceptibility to metal ion-
dependent decomposition. It has been shown that GSNO is significantly less susceptible to
catalytic decomposition by copper ions than is Snitrosocysteine [23]. In fact, the
decomposition of GSNO by added copper ions is more stoichiometric than catalytic [24]. It
has been suggested that this is due to the ability of the γ-glutamyl groups of GSSG to act as
a weak copper(II) chelator and prevent catalytic decomposition [24]. This was illustrated by
the decomposition of GSNO by γ-glutamyltranspeptidase (GGT) in the presence of trace
metal ions [25]. Whereas GSNO was stable under the experimental conditions, peptide bond
hydrolysis by GGT liberated S-nitrosocysteinylglycine which rapidly decomposed in a metal
ion-dependent process. Moreover, when metal ions are chelated, all biologically relevant S-
nitrosothiols exhibit vastly increase stability, and differences between them are less
apparent.

An alternative, well-studied chemical mechanism of GSNO decay involves its reaction with
other thiols. GSNO can donate the nitroso functional group to another thiol in a mechanism
referred to as transnitrosation. The kinetics of this reaction have been studied with various
thiols, and second order rate constants are in the range of 1–300 M−1s−1 [26,27].
Transnitrosation can also facilitate metal ion-dependent decomposition if the nascent S-
nitrosothiol is more susceptible to this mode of decay [28]. As will be discussed later,
transnitrosation from an S-nitrosothiol which cannot not transported into cells to one that
can be may facilitate cellular uptake of the nitroso functional group [29]. It is likely that
transnitrosation reactions with intracellular and solvent-exposed protein targets modulate
many of the biological effects of GSNO. In addition to transnitrosation, a slower reaction
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between an S-nitrosothiol and a thiol has been reported that results in the formation of
glutathione disulfide (GSSG) and lower oxides of nitrogen (nitrous oxide, ammonia,
hydroxylamine as well as sulfinamides) [9,30,31]. The reaction between GSNO and GSH
has a rate constant of 0.01 M−1s−1 at 37°C and is likely biologically irrelevant, but an
interesting feature of this reaction is the proposed formation of HNO as a product [32]. In
addition, this reaction leads to a disulfide, which, if occurring on a protein could result in S-
glutathiolation of the protein thiol.

This section has discussed chemical mechanisms of decomposition, but in the cellular
context, it is likely that biological mechanisms predominate through enzymatic reduction.
This will be discussed at length later in this review.

3. Detection methods
3.1 Direct UV/Vis detection

In aqueous solutions, GSNO has the characteristic S-nitrosothiol absorption peak in UV
region at 335 nm (e = 922 M−1 cm−1) [1]. Thus, direct detection of GSNO in aqueous
solutions is possible using spectrophotometric techniques. Direct assays for GSNO require a
separation step, using HPLC [33] or capillary electrophoresis [34], and subsequent UV
detection. The main drawback of this methodology is the relative lack of sensitivity
(micromolar range) due to low molar absorptivity of GSNO.

3.2 Colorimetric and fluorometric assays
One of the most popular colorimetric methods for GSNO detection is the Saville assay
which relies on cleavage of the S-NO bond by mercury(II) [35] followed by reaction of
liberated nitrite with N-(1-naphtyl)ethylenediamine dihydrochloride in acidic media to form
the colored adduct in the Griess reaction [36]. Sub micromolar levels of S-nitrosothiols can
be detected with this method, but discrimination between GSNO and other low molecular
weight or protein-based S-nitrosothiols is not possible. In addition, it is difficult to
accurately detect S-nitrosothiols in samples with a high background of nitrite. Additional
assays that utilize mercury- or copper-dependent decomposition of GSNO have been
developed to increase the sensitivity of detection. These methods rely on the reaction of the
liberated product with 2,3-diaminonaphthalene to form the fluorescent product, 2,3-
napththyltriazole [37]. Nanomolar levels of RSNO can be detected using this approach. This
method has been used for detection of GSNO in samples containing thiols, protein, and
nitrite, and the quantification is based on the difference between the sample with and
without mercuric chloride [38]. Again, the above methods are quantitative, but cannot
qualitatively differentiate between GSNO and other S-nitrosothiols. To address this
limitation, a method that relies on chromatographic separation of GSNO followed by post-
column derivatization with DAF-2 has been developed [39]. GSNO is first resolved by
HPLC and then undergoes post-column online enzymatic hydrolysis by GTT to form S-
nitrosocysteinylglycine. S-nitrosocysteinylglycine is subjected to decomposition by copper
to liberate NO that reacts with DAF-2 forming fluorescent triazole. Another derivatization
technique involves reaction with o-phthalaldehyde (OPA) followed by HPLC separation
[40]. When GSNO is derivatized with OPA, its extinction coefficient increases to 4800
M−1cm−1; thus increasing the sensitivity by about 5-fold. Moreover, when coupled with
fluorescence detection, the sensitivity of this technique increases further. One caveat to this
method is that GSNO is reduced to GSH prior to reaction with OPA; hence analysis of
GSNO in samples containing GSH requires elimination of cellular thiols prior to analysis.
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3.3 NO liberation methods
GSNO can be detected based on stoichiometric release of NO due to homolytic or reductive
cleavage of the S-N bond to liberate NO. Liberated NO can be detected with a Clark-type
electrode or by chemiluminescent methods.

When using Clark-type electrodes to detect S-nitrosothiols, the sample is exposed to copper
to catalyze the release of NO, which is subsequently detected with an NO-electrode [41].
This method allows for quantitative determination of S-nitrosothiols down to 50 nM. One of
the advantages of this method is the lack of sample acidification, the importance of which
will be discussed later. Homolytic cleavage of the S-N bond can also be accomplished by
photolysis. Photolytic cleavage of S-nitrosothiols coupled with chemiluminescent detection
has been used to analyze nanomolar levels of S-nitrosothiols [42,43]. In this method, S-
nitrosothiols are photolyzed using a lamp with emission maximum at 365 nm, and an inert
gas carries NO to the chemiluminescent analyzer in which it reacts with ozone to form the
excited state of nitrogen dioxide. Upon decay to its ground state, nitrogen dioxide emits
chemiluminescence. Although this method is sensitive, the instrumentation is relatively
large, expensive, and not commonly available. The same detection method is used in
reductive chemiluminescence methods. Various reagents are placed in a reaction chamber
that is purged through to the chemiluminescence reaction cell. The reagents selectively
decay the S-nitrosothiol to NO, which is then purged out of solution and detected. The major
reagents used are triiodide/acid [44–46], ascorbate/copper ions [47], and cysteine/copper
ions [48]. These chemiluminescent techniques are sensitive down to the low nM range, but
do not allow for specific determination of GSNO among other S-nitrosothiols.

3.4 HPLC methods with electrochemical and mass spectrometry detection
Recently, the detection of GSNO using HPLC with electrochemical detection has been
described [49] and successfully used to detect GSNO in NO-treated neurons and astrocytes.
In this method, nitrite is neutralized with ammonium sulfamate [50] to avoid artifactual
formation of S-nitrosothiols at low pH, and samples are analyzed by HPLC. This technique
also allows for detection of GSH and GSSG, which can be advantageous when studying the
metabolism of GSNO and other S-nitrosothiols. Airaki et al. [51] reported simultaneous
analysis of GSNO, GSH, and GSSG by LC-ES/MS in plant tissues. This method represents
a sensitive and relatively simple technique to study metabolism of S-nitrosothiols and thiol
redox status in plants. A gas chromatogaphic-mass spectrometric technique for detection of
GSNO has been described and used to study the metabolism of CysNO and GSNO in
isolated human erythrocytes [52]. This method involves mercuric chloride decomposition of
S-nitrosothiols and subsequent reaction of the product with pentafluorobenzyl bromide prior
to analysis by GC-MS. This approach relies on the treatment with 15N isotopes of CysNO
and GSNO and thus can be used only for in vitro experiments. An organic mercury
compound, p-hydroxymercury benzoate (PHMB) has been used in a single step
decomposition and derivatization of GSNO to form the GS-PHMB product that can be
detected by reversed chromatography coupled to chemical vapor generation atomic
fluorescence spectrometry [53].

3.5 General comments on methodologies
Detection methods discussed above differ in terms of sensitivity, specificity for GSNO vs.
other S-nitrosothiols, and suitability to use in biological samples. The presence of GSH and
S-nitrosothiols other than GSNO (e.g., CysNO, SNO-albumin) will determine the selection
of analytical techniques. In addition, artifactual formation of GSNO from GSH is possible
under acidic conditions in the presence of nitrite. Thus, acidification of the sample should be
avoided when both nitrite and GSH are present. This limitation can be circumvented by pre-
treatment with ammonium sulfamate or sulfanilamide to remove nitrite and N-
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ethylmaleimide (NEM) to block thiols group on GSH. In addition, the stability of GSNO
should be taken into consideration. GSNO, like other S-nitrosothiols, can undergo metal-
dependent decomposition, photolysis, and enzymatic degradation. Thus, metal chelators
need to be present (e.g., DTPA, neocuproin), samples should be protected from light, and
kept on ice to limit enzymatic decomposition. Methods used to collect the samples (e.g.,
syringe vs. Vacutainers for blood sampling) can result in variable GSNO measurements
[53].

4. Biological mechanism of GSNO synthesis
S-Nitrosothiols have been detected in tissues and cells under basal conditions at low, but
measurable levels, and have been shown to increase under pathological conditions (e.g.,
ischemia, iNOS induction). In this section, we will discuss the possible routes for cellular
GSNO formation. These involve either the direct reaction of NO/nitrosating species with
GSH or take place indirectly via formation of protein-based/low molecular weight S-
nitrosothiols followed by subsequent transnitrosation to GSH. As discussed earlier, NO
produced by NO synthase does not directly react with GSH to form GSNO, but rather
additional reactions are required to engender thiol nitrosation.

4.1 Formation of nitrosating species from NO
NO can be oxidized by molecular oxygen to form dinitrogen trioxide that is a strong
nitrosating species [14]. This reaction, described in section 2, is unlikely to occur at any
meaningful rate under physiological concentrations of NO and oxygen. It has been
suggested that hydrophobic environments such as lipid membranes represent important sites
for formation of nitrosating species because both oxygen and NO preferentially partition
into membranes [54]. GSNO formation from Proli/NO-derived NO and GSH has been
shown to be much more efficient in the presence of low-density lipoprotein [55]. It should
be clearly stressed that the formation of nitrosating species in hydrophobic environments
does not necessarily lead to increase nitrosation of thiols in that microdomain. In fact, thiol
groups in hydrophobic environments are more likely to be protonated and thus would be
poorly reactive with nitrosating species. When model transmembrane peptides were used to
examine nitrosation, the yield was dramatically decreased when thiol was positioned deeper
into the membrane [56]. Whether this mechanism serves to increase S-nitrosothiol formation
in vivo is as yet unclear.

4.2 Metal-dependent S-nitrosation
NO can readily react with thiyl radical to generate S-nitrosothiols [17,57]. Hence, formation
of thiyl radical from GSH or proteins may enhance the formation of GSNO or protein-based
S-nitrosothiols in the presence of NO. Although transition metal ions and protein metal
centers are capable of performing a one-electron oxidation of thiol residues, transition
metals ions (e.g., Cu, Fe) are tightly sequestered in the cells to prohibit this chemistry. With
regards to protein metal centers, there is evidence that the plasma copper-protein
ceruloplasmin can increase the generation of GSNO from a mixture of NO and GSH [58],
but this has not been demonstrated in whole blood which contains high concentrations of
hemoglobin, a potent NO scavenger [59]. Alternatively, dinitrosyl iron complexes (DNICs)
are formed in a mixture of iron, thiol, and NO and have been suggested to mediate formation
of S-nitrosothiols [60,61]. These complexes have been detected in cells and are considered
to represent more stable metabolites of NO and perhaps also mediators of its activity
[62,63]. In support of the hypothesis that DNIC are precursors of S-nitrosothiols, it has been
shown that nitrosation of bovine serum albumin occurred in the presence of iron and
cysteine and involved the intermediacy of DNIC [60]. In addition, the studies by Bosworth
et al. showed that cellular DNIC resulted in formation of S-nitrosothiols [64] under
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anaerobic conditions, but not aerobic, indicating that this mechanism may be more
significant under hypoxic conditions. These reports point to the fact that iron homeostasis
and more specifically "labile iron" may play a role in formation of GSNO and other S-
nitrosothiols in cellular systems.

4.3 Direct addition of NO to GSH
As mentioned previously, Gow et al. [18] reported a mechanism of S-nitrosothiol formation
based on a direct addition of NO to a thiol (RSH) to form the radical intermediate RSNOH,
and subsequent oxidation of this radical by oxygen or some other one-electron acceptor
(e.g., NAD+). This reaction has not been confirmed to take place in the cellular environment,
and we have not been able to show that NAD+ is able to oxidize the intermediate formed in
this reaction [16]. However, we have reported that ferric cytochrome c can efficiently
mediated formation of GSNO from NO and GSH [19]. Here, GSH is able to bind to and
slowly reduce ferric cytochrome c. In the presence of NO, the rate of reduction of
cytochrome c is greatly enhanced, and it is accompanied by GSNO formation. This reaction
reaches almost 100% efficiency under anaerobic conditions and at low NO concentrations.
We have proposed a mechanism in which NO reacts with GSH that is bound to cytochrome
c, followed by electron transfer in this ternary complex to reduce heme and release GSNO.
Higher concentrations of NO decrease the yield of GSNO formation when excess NO reacts
with the ternary complex to form GSSG. In support of the role of cytochrome c as a
mediator of GSNO synthesis, we have shown that: (1) this reaction takes place under both
aerobic and anaerobic conditions; (2) depletion of cytochrome c using specific antibody or
cellular knockouts of this protein decreases the formation of S-nitrosothiols; and (3)
increasing the pool of ferric cytochrome c correlates with increased S-nitrosothiol generation
in NO-producing cells [20]. Although this process is not intrinsically catalytic, reoxidation
of ferrous cytochrome c by cellular processes (e.g., cytochrome c oxidase) would provide
the recycling of cytochrome c and complete the catalytic cycle. Interestingly, the fact that
GSNO formation requires ferric cytochrome c provides a potential link between GSNO
formation and the cellular bioenergetic status. Supporting this concept, we demonstrated that
the complex I inhibitor antimycin A is able to enhance NO-dependent protein S-nitrosation
[20]; thus, it is possible the mitochondrial depolarization and mitochondrial electron
transport chain dysfunction could lead to enhanced protein S-nitrosation.

4.4 Protein-catalyzed formation of S-nitrosothiols
Peroxidases have been proposed to represent potential S-nitrosothiol generating enzymes.
Possible mechanisms for peroxidase-dependent formation of S-nitrosothiols involve the
direct oxidation of NO by peroxidase compounds I and II to form NO+ [65], formation of
thiyl radical [66] directly or indirectly (discussed earlier), and formation of nitrosating
species (e.g., dinitrogen trioxide). Although myeloperoxidase has been reported to promote
N-nitrosation of morpholine and derivatives [65], there is no experimental evidence to
support the role of peroxidases in formation of GSNO and other S-nitrosothiols in vivo.
Interestingly, tyrosyl radical, which can be formed from the action of peroxidases, has been
theoretically implicated in S-nitrosothiol formation through thiyl radical mechanisms [67],
or perhaps even through rapid intramolecular electron transfer [68].

5. Cellular mechanisms of GSNO degradation
5.1 GSNO reductase

GSNO reductase, also known as alcohol dehydrogenase 3, class III alcohol dehydrogenase,
or GSH-dependent formaldehyde dehydrogenase, is a ubiquitously expressed, NADH-
dependent enzyme with the capacity to oxidize medium-chain alcohols and the GSH adducts
S-hydroxymethylglutathione (HMGSH) and, most importantly to this review, reduce GSNO
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[69]. Unlike other members of the alcohol dehydrogenase family, GSNO reductase has little
variation in expression across tissues and is the only alcohol dehydrogenase expressed in
human and rodent brain, an organ known to be highly regulated by NO- and S-nitrosothiol-
dependent signals [70]. GSNO is reduced by GSNO reductase using NADH as a cofactor to
produce an intermediate (GSNHOH) which can either react with GSH to produce GSSG and
NH2OH or rearrange and then spontaneously hydrolyze to produce GSO2H and ammonia
[69]. In either case, nitric oxide is not liberated during GSNO metabolism, and the nitroso
moiety is reduced, effectively removing it from the ‘NO pool.’ Strong evidence supports this
as an important biological function of this protein and not simply an ex vivo activity [71]
making it a novel target for therapy in some pathological conditions. [72,73]. GSNO
reductase activity is influenced by both the levels of NADH and GSH; thus, the redox state
of a cell may significantly impact the clearance of GSNO and the S-nitroso proteome. In
addition, because of GSNO reductase’s role in the oxidation of medium-chain alcohols and
HMGSH, levels of these metabolites also impact the rate of GSNO degradation by GSNO
reductase. In fact, GSNO reductase-dependent oxidation of HMGSH is increased 8-fold in
the presence of GSNO in vitro and more than 20-fold in crude lung and liver lysates. These
results highlight the potential impact of alternative GSNO reductase substrates on the
biological activity and degradation of GSNO [74].

The role for GSNO reductase in human health and disease has been best characterized in the
context of asthma [75]. GSNO reductase is endogenously present in the lung and can inhibit
GSNO-mediated smooth muscle relaxation [5]. In addition GSNO knockout mice exhibit an
increase in lung S-nitrosothiols and are protected from allogen-induced airway
hyperresponsivity.[76]. Allelic variants and single nucleotides polymorphisms in GSNO
reductase increase susceptibility to asthma [77], and levels of GSNO in the airways of
asthmatics are lower than unaffected individuals [78,79]. It is thought that because GSNO is
in transnitrosation equilibrium with protein S-nitrosothiols, enhanced metabolism of GSNO
in asthma results in hypo-nitrosation of key proteins (e.g., G protein-coupled receptor 2;
Grk2) and pathological consequences, and investigators have developed strategies to replete
airway S-nitrosothiols in these patients [80].

While this discussion has focused on the role of GSNO reductase in mammalian cells, it is
also expressed in many living organisms and has been implicated in embryonic development
in amphioxus, sea squirts, and fruit flies. Moreover, in the plant Arabidopsis, the paraquat
resistant 2 gene was recently shown to be a GSNO reductase and is a critical regulator of
cell death [81]; thus, GSNO reductase has broad actions in many organisms.

5.2 Carbonyl reductase 1
Carbonyl reductase 1 is the most recent addition to the list of GSNO reducing enzymes.
Though classically known to participate in the reduction of a broad spectrum of carbonyl-
containing substrates including prostaglandins, steroids, and xenobiotics in phase 1
detoxification, a report in 2008 by Bateman et al. [82] first described its ability to reduce the
nitrosyl bond of GSNO instead of carbonyl bonds of its other known substrates. Carbonyl
reductase 1 metabolizes GSNO to an intermediate product which can then react with GSH to
produce NH2OH and GSSG; thus, similar to GSNO reductase, carbonyl reductase 1 does not
liberate NO in its catalytic reaction. Characterization of the kinetics of GSNO reduction by
carbonyl reductase 1 revealed GSNO is an good substrate for this enzyme, with kinetic
constants comparable to other known substrates [83]; however, a direct comparison between
GSNO reductase and carbonyl reductase 1 shows that GSNO reductase is more efficient for
specific reduction of GSNO (GSNO reductase: Km = 11 µM, Kcat = 1200 min−1; carbonyl
reductase 1: Km = 30 µM, Kcat = 450 min−1). It is important to note that while GSNO
reductase is a NADH-dependent enzyme, carbonyl reductase 1 requires NADPH to reduce
its substrates; thus, the redox environment, and more specifically relative changes in the
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NADH/NAD+ versus the NADPH/NADP+ pools, may significantly alter metabolism of
GSNO by both of these enzymes.

5.3 Thioredoxin system
The thioredoxin system comprises three main players, thioredoxin (Trx), thioredoxin
reductase (TrxR), and NADPH, and it plays a critical role in the control and maintenance
redox homeostasis [84]. There are two isoforms of Trx which localize to several subcellular
compartments including the cytosol (Trx1), nucleus (Trx1), and mitochondria (Trx2). There,
they are responsible for reduction of protein disulfides through their unique active site
vicinal dithiols. Reduced Trx (Trx-(SH)2) reacts directly with a protein disulfide through a
thiol-switching mechanism to yield a reduced protein dithiol and oxidized Trx (Trx-S2).
Trx-S2 is subsequently reduced by TrxR and NADPH to complete the catalytic cycle. Trxs
are essential in normal physiology, as knockouts of both isoforms are embryonically lethal.
Deregulated Trx function has also been implicated in a host of human pathologies including
cancer, lung diseases, and aging.

Although thioredoxin has long been recognized as a target of S-nitrosation [85], an
emerging literature has identified Trxs as major players in the reduction of low-molecular
weight and protein S-nitrosothiols where it participates in both denitrosation and
transnitrosation reactions [86–88]. In its denitrosation capacity, reduced Trx reacts directly
with either a low-molecular weight or protein S-nitrosothiol (including GSNO). Through
transnitrosation, the low-pKa active-site thiol (Cys32) for Trx becomes S-nitrosated, leaving
behind a low-molecular weight or protein thiol. The nitroso group now residing on Trx must
then be turned over, and though it is not entirely clear how this occurs, some have suggested
that nitroxyl (HNO) is released to form oxidized Trx. This is then reduced by TrxR and
NADPH. Because of its more ubiquitous expression than GSNO reductase and carbonyl
reductase, several investigators have hypothesized that the Trx system is the primary
regulator of the S-nitroso proteome in most tissues, a concept supported by evidence that
nearly all small (23–30 kDa) S-nitrosated proteins in HepG2 cells are targets for
denitrosation by the thioredoxin system [89].

In addition, it has also been described that Trxs regulate important cellular processes
through their transnitrosation activity at cysteine residues not required for its conventional
catalytic activity. There are three additional cysteine residues in mammalian Trxs beyond
those in the active site (cysteines 62, 69, and 73), and Cys73 has been shown to be S-
nitrosated by GSNO when Trx is in its oxidized form [90]. Further, expression of mutant
Trx1 lacking both active-site cysteine residues in HeLa cells caused an increase in S-nitroso
proteins, 47 of which were reported to be unique Trx1 transnitrosation targets [90]. These
studies and others like them demonstrate the thioredoxin system plays a critical role in the
maintenance of the S-nitroso proteome by two distinct mechanisms: (1) reduced Trx
denitrosates low-molecular weight and protein S-nitrosothiols; and (2) oxidized and S-
nitrosated Trx transnitrosates specific protein targets. However, further studies are needed to
address the interplay of the thioredoxin system with other GSNO/S-nitrosothiol
metabolizing enzymes and its contribution to (patho)physiology of S-nitrosothiols.

5.4 γ-Glutamyl transpeptidase
γ-Glutamyltranspeptidase is an extracellular cell surface enzyme involved in the catabolism
of glutathione adducts and the processing of thiol-based leukotrienes [5805}. The enzyme
either hydrolyzes or, in the presence of a co-substrate such as glycyl-glycine, transfers the γ-
glutamate group of glutathione, leaving cysteinyl-glycine [91]. The enzyme is relatively
promiscuous and can process many glutathione thiol adducts including glutathione disulfide.
Although highly active in the kidney brush border, the enzyme is found on many cell types
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and tissues [91]. It was shown some time ago that GGT can use GSNO as a substrate,
generating S-nitrosocysteinylglycine [25]. This was first reported to have biological
consequences, with the associated dipeptide transporter, in the toxicity of GSNO to
salmonella tryphimuriam [92] and in the antiproliferative effects of GSNO on T and B
lymphocytes [93]. More recently, GGT has been implicated in GSNO processing by
mammalian cells and acivicin, and an inhibitor of GGT has been shown to affect some
GSNO-mediated cellular responses. In particular, the role of GSNO in the maturation of
cystic fibrosis transmembrane regulator has been shown to be GGT-dependent [94].

5.5 Other enzymes-dependent mechanisms
Some studies have suggested a role for other enzymes in GSNO metabolism/degradation.
These include cell-surface protein disulfide isomerase (csPDI) [95–97], CuZn superoxide
dismutase [98], glutathione peroxidase [99], and xanthine oxidase [100]. In all these cases,
the reaction products include NO and glutathione or glutathione disulfide, and thus, do not
serve a ‘NO terminase’ function. Moreover, when kinetic measurements have been made,
these reactions have been shown to be much less efficient than GSNO reductase, carbonyl
reductase 1, or the thioredoxin system [101]. csPDI may have a specific role in platelet-
dependent GSNO metabolism [95].

5.6 Non-enzymatic pathways
As mentioned above, GSNO can react directly with other biological molecules including
thiols, iron and copper ions [102] and ascorbate [103,104]. In the case of thiols and
ascorbate these reactions tend to be slow, and iron and copper ions tend to be sequestered in
cells and are present at very low levels. One exception is perhaps the reaction between
GSNO and sulfide to generate HSNO. This reaction has recently been studied in detail and
may have important cellular consequences [105]

6. Cellular responses to GSNO
Many studies have added GSNO to cells to look for biological effects. Most of these have
assumed that GSNO mainly liberates NO and have interpreted the data in such a fashion.
This is likely influenced by the commercial labeling of GSNO as an NO donor. Although
NO may be released from GSNO in culture, the rate of NO formation is entirely dictated by
media conditions and may not be the major mechanism of GSNO decay. This section will
discuss other mechanisms by which GSNO can influence cellular responses.

6.1 Mechanisms of Cellular Uptake
GSNO itself is not directly taken up into cells; however, GSNO treatment does cause
increases in cellular S-nitrosothiol levels in many conditions. Initially it was hypothesized
that GSNO decomposes in the extracellular space to release NO which is then able to diffuse
across the cell membrane to S-nitrosate protein targets [97,106]. There is evidence that
shows that csPDI can metabolize GSNO to NO or its oxidation products [97] to selectively
deliver these compounds to platelets [107]. However, in this case, the effect on S-
nitrosothiol levels has not been examined, and this mechanism may not be relevant in all cell
types.

The primary NO-independent mechanism of GSNO uptake into cells requires the transfer of
the nitroso group from GSNO to another thiol containing amino acid, L-cysteine, prior to
uptake. This transnitrosation reaction produces glutathione and a new low-molecular weight
S-nitrosothiol, S-nitroso-L-cysteine (L-CysNO) which is a good substrate for uptake through
the amino acid transporter L system (L-AT) [29,108,109]. L-CysNO is readily transported
into cells and can either S-nitrosate cellular glutathione to reform GSNO inside the cell or
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directly S-nitrosate protein thiols to elicit cellular responses. It was observed that the
presence of cystine in cell culture media was required for the cellular metabolism of GSNO
[110]. The mechanism involves cellular uptake of cystine via the Xc

− transporter followed
by the intracellular reduction and export of cysteine. GSNO then transnitrosates the newly
formed cysteine, and the final step is uptake of L-CysNO by the L-AT system [29,107]. This
is summarized in Figure 1.

6.2 Protein S-nitrosation as a mechanism for GSNO-dependent cellular responses
There is a large number of proteins known to be S-nitrosated in various (patho)physiological
contexts (termed the S-nitroso proteome). In fact, conserved cysteine residues occur in
almost all classes of proteins and, in many cases, are important for protein function [111–
113]; thus, S-nitrosation of proteins thiols can control diverse cellular processes. With
regards to GSNO-dependent effects, S-nitrosation of protein thiols occurs through the direct
transfer of a nitroso group from GSNO or another GSNO-derived low molecular weight S-
nitrosothiol to a protein thiol through transnitrosation. Despite a plethora of studies
examining the effects of GSNO both in vitro and in vivo, few studies have identified the
compound which actually S-nitrosates a specific protein thiol, whether it be GSNO or
another GSNO-derived low molecular weight S-nitrosothiol (e.g., L-CysNO). Nevertheless,
in all these cases, GSNO is the source of the nitroso moiety and a likely intermediate in the
protein S-nitrosation process.

S-Nitrosation of proteins increases in biological contexts where NO production is elevated
(e.g., inflammation), and some evidence indicates that GSNO is formed under these
conditions. In addition, S-nitrosation of specific proteins has been directly implicated in
several disease states including parkin in neurodegeneration [114] and ryanodine receptors
in heart failure [115]. This can result in both deleterious and beneficial effects. In fact, there
is an added layer of complexity in how S-nitrosation controls cellular responses, as some
proteins are S-nitrosated basally, and loss of this modification (hypo-nitrosation) results in
pathologic effects whereas other are not S-nitrosated to begin with and modification of
critical thiols (hyper-nitrosation) has deleterious results. For comprehensive reviews of S-
nitrosation and a discussion of the S-nitroso proteome, we refer the reader to the following
articles ([116–118]).

Attempts to identify the S-nitroso proteome and the specific role for GSNO in this process in
vivo have focused on comparing S-nitrosated proteins from different organs in wild-type
and NOS isoform knock-out mice. These studies have revealed tissue- and context- specific
protein targets of S-nitrosation. Perhaps more enlightening with respect to GSNO’s role in
physiology are similar comparisons in mice with knock out of the primary GSNO
metabolizing enzyme, GSNO reductase (also known as GSNOR). These mice are protected
from heart failure [119] and asthma [76], but have increased mortality in models of septic
shock [120]. Although GSNOR is the most ubiquitous and well-studied enzyme in GSNO
metabolism, others have been reported (discussed in detail above). In these cases, the impact
of genetic manipulation of alternative GSNO degrading enzymes on the S-nitroso proteome
has not been examined to date.

6.3 Protein S-glutathiolation from GSNO
As mentioned above, in addition to transnitrosation, GSNO can react slowly with thiols to
form a disulfide resulting in S-glutathiolation. In pure systems, some protein thiols appear to
have a preference for S-thiolation over S-nitrosation [121,122]. For example, bovine serum
albumin showed extensive S-nitrosation after incubation with both SNAP and GSNO,
whereas creatine kinase favored S-thiolation when exposed to GSNO and S-nitrosation
when exposed to SNAP [122]. From a thermodynamic perspective, it is likely that disulfide
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formation is the eventual end-point, as the reaction is effectively reversible. The preference
for S-nitrosation or S-thiolation is likely to be due to tuning of reaction kinetics by the thiol
environment, and as in the above example, that nature of the initial S-nitrosothiol. There is
evidence that it is not GSNO per se but a degradation product of GSNO (namely glutathione
disulfide-S-oxide) that results in protein S-glutathiolation [123,124], which may limit the
biological importance of this reaction as it is not clear if these compounds can be formed
from GSNO in vivo. The question of whether S-thiolation is an important cellular response
to S-nitrosothiol formation or exposure has not been fully addressed and is not often
considered. Protein S-thiolation was recognized quite early as cellular response to NO [125],
however whether GSNO is an intermediate in this process remains unclear.

6.4 Canonical NO-dependent responses to GSNO
It is worth mentioning that as a low-molecular weight S-nitrosothiol, GSNO is a good S-
nitrosating agent; however, in some contexts, it may also releases NO. Because of this
property, GSNO has been used an NO donor, and many reports have identified canonical
NO-dependent responses, completely independent of protein S-nitrosation. As mentioned
above, NO release from GSNO depends strongly on environmental factors (e.g., transition
metal ions, light, etc.); however, there is evidence for an intracellular flavoprotein-dependent
mechanism for NO liberation from S-nitrosothiols [126], although it’s identity remains
unclear.

7. Use of GSNO in human clinical trials
To date, there have been nearly 20 clinical trials investigating the therapeutic efficacy of
GSNO in multiple pathological contexts though most have focused on its effects in
cardiovascular diseases. GSNO has been administered through intravenous infusion [127],
as an aerosolized inhalant [128], and more recently, as a topical gel [129] and poly vinyl
alcohol film [130]. The best-characterized effects of GSNO in humans are on its direct and
selective action in platelets. In this case, GSNO is thought to act primarily as an NO donor
[131–134]. Though the mechanism of its selective action in platelets is not clear, some have
suggested that it is driven by the high expression csPDI on the surface of platelets. As
discussed above, csPDI can metabolize GSNO to produce NO, a well-known anti-platelet
compound, and decrease coagulation and thrombosis [95]. In addition, release of NO in the
vasculature has significant vasodilatory effects which may also contribute to the effects
observed with GSNO administration. GSNO has been shown to decrease embolism from
symptomatic carotid plaques and after carotid endarterectomy [135], carotid angioplasty
[131], and vein graft [136] by limiting platelet activation. Its beneficial effects in the
vasculature extend to cardiac left ventricular function [127], systemic vasodilation [137],
and preeclampsia [138]. Topical administration of a GSNO gel has also been shown to
increase clitoral blood flow and has been suggested as a treatment for female sexual
dysfunction [129].

Beyond its vascular effects in humans, GSNO has been examined in several additional
conditions. These include as an anti-fungal agent in nails [139] and as a therapeutic agent in
cystic fibrosis [128]. Topical administration of GSNO was shown to improve
onychomycosis through an S-nitrosothiol-dependent mechanism [139]. This is particularly
noteworthy, as the nail bed represents a physical barrier impenetrable to many anti-fungal
agents. Moreover, in patients with cystic fibrosis, a condition correlated with depleted
airway S-nitrosothiol levels, aerosolized GSNO was well-tolerated and increased oxygen
saturation acutely [128]. These effects were also suggested to be through NO-independent
mechanisms.
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There are many other conditions in which S-nitrosothiols are changed in humans. In fact, as
a NO-dependent post-translational modification of proteins, S-nitrosothiols levels have been
used as an indicator of NO production in biological samples and are known to increase upon
infusion with sodium nitrite [140], nitrate ingestion [141], treatment with NO-releasing
aspirin [142], and dietary flavonoid consumption [143]. Perhaps more interesting, however,
is documentation of a correlation of S-nitrosothiol levels and disease pathology in humans.
As examples, cerebrospinal fluid of patients with multiple sclerosis [144] and airway lining
fluid in asthmatics treated with budesonide [145] have elevated S-nitrosothiols compared to
their respective controls. It is these types of studies and the wealth of literature supporting a
role for GSNO and other S-nitrosothiols in many (patho)physiological contexts that will
likely motivate additional clinical trials in this area.

8. Final Remarks
This review has focused on the chemical and biological aspects of GSNO and its potential as
a therapeutic agent, but it should be placed in the context of S-nitrosation as a whole. GSNO
may not be the best way to increase cellular S-nitrosothiol levels, and it is clearly only one
part of the story with respect to NO-dependent thiol modification. However, GSNO is well-
tolerated in humans and is likely a central intermediate in cellular nitrosation events.
Consequently, it remains an important molecule of study.
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Highlights

GSNO exerts its actions through nitric oxide- and S-nitrosation-dependent mechanisms.

GSNO effects should be placed in the context of S-nitrosation as a whole.

A role for GSNO in pathology will likely drive its development as a therapeutic agent.
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Figure 1.
A model for cellular S-nitrosothiol uptake. Cystine (Cys-SS-Cys) is transported into cells
through Xc

− and subsequently reduced to cysteine (Cys) within the cell. Cysteine can then
be exported back to the extracellular space where it is transnitrosated by GSNO to form S-
nitrosocysteine (CysNO). CysNO is a good substrate for amino acid transporter system L
(L-AT) and is avidly taken up by cells; thus, transferring the nitroso function group across
the plasma membrane. Additional transnitrosation rations can occur within the cell.
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