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A B S T R A C T   

Glutathione is a low molecular weight thiol that is present at high levels in the cell. The high levels of glutathione 
in the cell make it one of the most abundant antioxidants contributing to cellular redox homeostasis. As a general 
rule, throughout cardiovascular disease and progression there is an imbalance in redox homeostasis character
ized by reactive oxygen species overproduction and glutathione underproduction. As research into these im
balances continues, glutathione concentrations are increasingly being observed to drive various physiological 
and pathological signaling responses. Interestingly in addition to acting directly as an antioxidant, glutathione is 
capable of post translational modifications (S-glutathionylation) of proteins through both chemical interactions 
and enzyme mediated events. This review will discuss both the chemical and enzyme-based S-glutathionylation 
of proteins involved in cardiovascular pathologies and angiogenesis.   

1. Introduction 

Glutathione (GSH) was first described by Joseph de Rey-Pailhade 
[1–3]; even 135 years after its description GSH is still widely studied. 
GSH is the most abundant low molecular weight thiol in the cell and is 
usually present in millimolar concentrations (1–10 mM) [4,5]. GSH is 
distributed throughout the cytosol, where it is synthesized, as well as the 
nucleus and cellular organelles [6–8]. GSH is predominantly present in 
its reduced form but can be oxidized to its disulfide, GSSG. As reactive 
oxygen and nitrogen species (ROS and RNS) are generated during 
physiological and pathological processes GSH functions as a scavenging 
antioxidant; these reactions are typically catalyzed by glutathione per
oxidases that reduce hydrogen peroxide and lipid hydroperoxides using 
GSH as a reducing equivalent [9]. The ratio of GSH to GSSG is one of 
several cellular redox couples and an indicator of the redox potential of 
the cell. A steady state level of GSH (thiol) to GSSG (disulfide) occurs 
during homeostasis, dynamic changes in this steady state are responsible 
for many physiologic signaling events. Generally, GSH is 2 orders of 
magnitude more abundant than GSSG (100:1) [10,11] but can, under 
increasing oxidative or nitrosative stress, drop as low as 1:1 [12]. 
Recycling of GSSG back to GSH is important to maintaining this ratio 
and is mediated by glutathione reductase [13] in a reaction requiring 
nicotinamide adenine dinucleotide phosphate (NADPH) as a reducing 
equivalent. Changes in the GSH:GSSG ratios are known to regulate cell 
processes such as division and apoptosis and maintain a delicate balance 

between the physiological and pathological states of the cell [14–16]. 
GSH consists of three amino acids: glycine, glutamate, and cysteine; 

the thiol moiety of cysteine allows GSH to participate in redox reactions. 
Under physiological conditions a cell is in a reduced state. Organelles 
form discreet pockets that have their own microenvironments. An 
exception to the normally reducing environment of the cell is the 
endoplasmic reticulum (ER) where the microenvironment is highly 
oxidizing (GSH:GSSH ~3:1) [17] to facilitate disulfide formation be
tween cysteine thiols, an essential process during protein folding [18]. 
These disulfides contribute to protein conformation and to the tertiary 
and quaternary structure of proteins. Cysteine thiols can undergo redox 
modification under physiological and pathological conditions. These 
post-translational modifications (PTMs) can be the result of direct in
teractions with ROS and RNS or be the result of enzymatic activity of 
enzymes such as glutaredoxin and glutathione S-transferase. These 
modifications include sulfhydration (-S-SH), sulfenylation (-S-OH), 
S-nitrosylation (-S-NO), sulfenylamide (-S-SN), and S-glutathionylation 
(-S-SG) [19]. Cysteines can also be modified by fatty acids and lipids to 
produce S-palmitoylation and S-prenylation previously reviewed [20] 
(Fig. 1). This review focuses on S-glutathionylation (-SSG), and the 
current understanding of its role in cardiovascular pathology. 

1.1. S-Glutathionylation 

S-glutathionylation is the formation of a mixed disulfide bond 
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between the cysteine of glutathione and the cysteine of a protein. This 
modification to the protein can lead to enhanced or suppressed activity, 
discussed below. Similar to phosphorylation, this reversible post- 
translational modification is dynamic and participates in cell 
signaling. S-glutathionylation unlike phosphorylation is thought to be 
limited to one residue (cysteine) and can be directly regulated by the 
local redox state of the microenvironment, allowing for specific modi
fication of proteins in specific organelles. The utility of S-gluta
thionylation as a signaling mechanism requires specificity of the signal, 
determined by the susceptibility of a cysteine to S-glutathionylation, and 
is influenced by steric and electrochemical effects due to the 

conformation of the protein. 

1.2. Effect of protein conformation 

Protein conformation can influence whether a cysteine is S-gluta
thionylated or not due to steric hindrance affecting solvent accessibility 
(Fig. 2A). This is exemplified by the protein Titin that has more than one 
conformation. Titin is a sarcomeric protein that acts like a spring, 
constantly unfolding and refolding, determining muscle elasticity [21, 
22]. Titin contains solute inaccessible cysteines that are exposed during 
the mechanical action present during muscle stretching (physically 

Fig. 1. Cysteine modifications that lead to S- 
Glutathionylation. (I) ROS oxidizes a thiol (-SH) to 
sulfenic acid (-SOH), (II) in the presence of further 
ROS it is oxidized to sulfinic acid (-SOOH) (III) which 
in turn is further oxidized to sulfonic acid (-SOOOH), 
(IV) leading to proteolytic degradation. (V) Sulfenic 
acid (-OH) can be reduced by GSH to S-gluta
thionylate (-SSG) proteins. Enzymatically (enzymes 
denoted by boxes) S-glutathionylation is mediated 
via GSTπ, Grx1, and Grx2. Non enzymatically S-glu
tathionylation can occur directly via disulfide ex
change between the thiol and GSSG, the protein 
thiolate can also react with the sulfur of GSNO via 
nucleophilic attack leading to a disulfide and S-glu
tathionylation. (VI) The sulfenic acid (-SOH) can be 
S-glutathionylated by GSH, this process is also 
mediated by GSTπ. (VII) S-glutathionlyation can be 
reduced directly by GSH, or enzymatically by Grx1, 
Grx2, and GSTO. (VIII) S-nitrosothiols (-SNO) can 
form after reaction with RNS or GSNO. (IX) This in 
turn can further react with GSH to yield S-gluta
thionylation. (X) ROS can also lead to a protein thiyl 
(-S•) which (XI) upon reaction with GSH yields a 
disulfide radical anion (-SSG •) (XII) this further re
acts with O2 to yield S-glutathionylation.   

Fig. 2. Sequence and conformation determine 
probability of specific cysteine modification. A) 
GSH is a relatively large molecule, differences in 
solvent accessibility impact the availability of the 
cysteine to react with GSH. As the cysteine is less 
exposed in different proteins the probability of S- 
glutathionylation decreases. B) Cysteine modifica
tions are more likely with a stable thiolate moiety. 
Thiolate stability increases with decreasing acid 
dissociation constant (pKa). Positive residues (Arg, 
His, Lys) decrease pKa increasing the stability of 
thiolate.   
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stretching titin), as Ig domains of the protein unfold and refold [22]. 
Incubating titin with GSSG leads to S-glutathionylation of these hidden 
cysteines, which results in weaker refolding of titin, diminishing stiff
ness of human cardiomyocytes [23]. These effects are reversed when the 
cells are treated with the reducing agent DTT, leading to decreased 
glutathionylation and increased muscle stiffness [23], demonstrating 
the reversibility of this modification. 

1.3. Influence of pKa 

Amino acid residues in close proximity can also impact the acid 
dissociation constant (pKa) of cysteine (Fig. 2B) [24]; the majority of 
free cysteine thiols in the cytoplasm have pKa values above 8, and 
oxidative modification of these cysteines is unfavorable at the pH and 
reducing potential of the cytosol [25]. Cysteines that are flanked by 
positively charged residues (His, Lys, and Arg) [26] have lower pKa 
values, making them more susceptible to modification [27]. An example 
of this type of cysteine can be found in the active site of protein tyrosine 
phosphatases (PTPs) which contain an arginine and cysteine in close 
proximity. This arrangement of amino acids lowers the pKa of cysteine 
making it susceptible to oxidative modification [27]. Increases in free 
radical production such as that seen in cardiovascular disease, lead to an 
increase in oxidative modifications and S-glutathionylation of the active 
site cysteine of PTP1B inhibiting its activity [28]. Combined, the 
conformation and sequence of the cysteine containing domain can 
regulate how readily the key cysteine is S-glutathionylated. There are 
exceptions to this pH/pKa rule; one exception is G-actin which has a pKa 
of 8.5 [29] but is still S-glutathionylated leading to a decrease in poly
merization. Exceptions like G-actin suggest the mechanisms governing 
S-glutathionylation are extremely complex and require more study to 
fully understand. 

1.4. Effect of solvent accessibility 

Despite the increasing list of S-glutathionylated proteins, the mech
anism by which this modification occurs isn’t fully elucidated. As 
mentioned above the modification of cysteine thiols can proceed 
through direct redox mediated reactions with oxidants or reductants; 
modifications can also be catalyzed and/or removed by enzymatic ac
tivity, discussed in more detail below. S-glutathionylation can occur 
non-enzymatically under oxidative conditions where the ratio of GSH: 
GSSG in the cell approaches 1:1. Under these conditions the increased 
concentration of GSSG increases the probability of thiol-disulfide ex
change between the protein thiol and the disulfide [24]. Although GSH: 
GSSG ratios are usually much higher in the cytosol, highly oxidizing 
conditions characterized by drastically decreased GSH:GSSG ratios are 
normal in the ER [30]. Several studies describe S-glutathionylation of 
solvent inaccessible cysteines [31–33]. Interestingly, computational 
analysis of cysteine modifications using pKa and reactivity predictions 
as well as structural data predict 47% of solvent inaccessible cysteines 
are susceptible to S-glutathionylation, compared to 53% of solvent 
accessible cysteines [26]. In the case of Na+/K+-ATPase, increases in 
duration of hypoxia (a model condition of various cardiovascular dis
ease) increases the S-glutathionylation of solvent inaccessible cysteines 
[34]. Under physiological conditions this form of S-glutathionylation is 
likely occurring in the ER during protein folding. The functional role of 
S-glutathionylation of solvent inaccessible cysteines is not yet clear. 
Preventing protein disulfides during folding could impart flexibility to 
proteins akin to the effects of GSSG on titin above [23] and potentially 
prevent a disulfide between a cysteine participating in redox signaling 
and a solvent inaccessible cysteine [34]. 

1.5. Contribution of ROS and RNS 

Free thiols on both proteins and GSH are vulnerable to nucleophilic 
attack by ROS/RNS. These reactions lead to the formation of sulfenic 

acid (-S-OH) [35,36], a highly reactive and unstable electrophilic moi
ety, that can undergo further oxidative modifications leading to irre
versible changes in the form of sulfinic and sulfonic acids resulting in 
protein dysfunction and degradation [28,37–41]. GSH is a strong 
nucleophile and high concentrations lead to reaction with sulfenic acid 
forming -SSG. PTP1B sulfenic acid can proceed to a sulfenylamide 
moiety [42,43] that is then reduced through interaction with GSH back 
to sulfenic acid [43]; this is a proposed intermediate in PTP1B redox 
regulation. 

Cysteines can also react with RNS to form S-nitrosothiols (-SNO). 
Unlike sulfenic acid S-nitrosothiols are relatively stable in aqueous so
lutions and can persist for hours. Nitrosative stress can induce S-gluta
thionylation [44–46], however evidence of direct reaction of 
S-nitrosothiol with GSH is lacking. S-nitrosoglutathione (GSNO), a 
known facilitator of S-glutathionylation, is present in the cell at nM 
concentrations [47]. GSNO reacts with cysteine leading to trans
nitrosylation followed by disulfide exchange and S-glutathionylation 
[48]. This reaction could also produce an S-nitrosothiol, and the 
outcome of this reaction is influenced by the microenvironment of the 
cysteine residue being modified [49]. Due to the two-step nature of the 
process a hydrophobic microenvironment is more likely to yield a 
S-nitrosothiol than S-glutathionylation due to the cysteine being inac
cessible to GSH [49]. 

1.6. Enzymes 

Glutaredoxins (Grx) are oxidoreductases, and as members of the 
thioredoxin superfamily they contain a thioredoxin fold. Within this fold 
Grxs can have a CXXC active site motif (dithiol Grx) or a CXXS active site 
motif (monothiol Grx). Dithiol Grxs reduce disulfide bonds by sequential 
thiol-disulfide exchanges that leave the CXXC motif oxidized to a di
sulfide. Grx is recycled through reduction by GSH [50]. This reaction to 
reduce disulfides extends to the removal of S-glutathionylation. Nucle
ophilic attack can also lead to the formation of thiyl radicals [51,52] 
which react with GSH and O2 to form P-SSG [53]. This reaction can be 
enzymatically catalyzed by Grx [54] where the thiyl radical reacts with 
Grx to form a Grx-SSG intermediate, followed by radical recombination 
leading to S-glutathionylation and recycling of Grx. This reaction ap
pears to be dependent on local oxidizing conditions since under physi
ological conditions the S-glutathionylation is reduced. 

Glutathione S-transferases (GST) are phase II drug metabolism en
zymes that catalyze the conjugation of GSH to electrophilic moieties. 
While GSTs are well known for their role in xenobiotic detoxification, 
they also catalyze S-glutathionylation. One class of this enzyme family, 
GSTπ, has been implicated in S-glutathionylation. Peroxiredoxin-6 re
quires S-glutathionylation by GSTπ in order to maintain catalytic ac
tivity [55]. Furthermore, GSTπ deficiency leads to decreased 
S-glutathionylation in response to oxidative and nitrosative stress both 
in vitro and in vivo [56]. Interestingly a member of the Omega class of 
GST, GSTO1-1 is capable of reducing S-glutathionylation [57]. This 
capability was attributed to a conserved thioredoxin-like domain. 

The enzymatic and non-enzymatic mechanisms of S-gluta
thionylation are unlikely to be mutually exclusive. Enzymatic signaling 
appears to be amplified by the local and global redox potential of the 
cell. Amplification of this process may allow for the protection of redox 
sensitive cysteines from deleterious oxidation (i.e., preventing irre
versible oxidation) while still allowing for redox modulation of physi
ologic cellular signaling [48,58,59]. One point of interest is the ability of 
GST to bind conjugated GSH. This property is exploited ubiquitously in 
the generation of GST tagged recombinant fusion proteins. In this system 
GSH is immobilized onto a matrix via a sulfide bond and presented to 
GST in a similar conformation as GSH in S-glutathionylation. Indeed, 
one method for the detection of S-glutathionylation employs bio
tinylated GST from Schistosoma japonicum and is shown to be specific to 
S-glutathionylation [60]. It would be interesting to determine how 
human isoforms of GST interact with S-glutathionylation. GST is capable 
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of regulating kinase signaling pathways by directly binding kinases [61, 
62]. In the case of c-Jun N-terminal kinase (JNK; a player in the stress 
response pathway) neither the catalytic activity nor dimerization of GST 
was necessary for an inhibitory effect [63], while GSH mimetic drugs 
that interfere in GST-GSH binding abrogate the inhibitory effect of GSTπ 
on JNK [63–65]. The presence of this interaction also raises a question in 
GSTπ deficiency: Is decreased S-glutathionylation due to a lack of GSTπ 
activity or is it due to GSTπ protection of S-glutathionylation from Grx? 
Insight may be gleaned from the S-glutathionylation of aldose reductase 
(AR). AR is an aldo-keto reductase that catalyzes the NADPH dependent 
reduction of aldehydes and monosaccharides such as the reduction of 
glucose to sorbitol, it also reduces cytotoxic aldehyde products of lipid 
peroxidation. AR activity is increased during ischemia due to perox
ynitrite induced oxidation of Cys-298 and Cys-303 to sulfenic acid [66, 
67]. Upon reperfusion these sulfenic acid moieties are S-glutathiony
lated and AR is inactivated [68]. The reperfusion induced S-gluta
thionylation and inactivation effect on cardiac AR is absent in GSTπ 
knockout mice. Grx1 null mice also maintain cardiac AR activity during 
reperfusion. Interestingly, Grx1 overexpression reverses the effects of 
ischemia reperfusion, with decreased activity compared to wildtype in 
ischemia and an increase during reperfusion [68]. In vitro enzymatic 
assays with recombinant proteins coupled with co-immunoprecipitation 
elegantly revealed a sequence of peroxynitrite-mediated oxidation of 
Cys-298 to sulfenic acid followed by GSTπ catalyzed S-glutathionylation 
and finally Grx1 catalyzed reduction [67,68]. Combined, these experi
ments demonstrate the dynamic and overlapping nature of thiol modi
fication and enzyme driven S-glutathionylation and 
deglutathionylation. 

1.7. Methods of detection 

Detecting S-glutathionylation and isolation of S-glutathionylated 
proteins can be achieved through exploitation of enzyme interactions, 
antibody detection, or labeling of the S-glutathionylation. Indirectly S- 
glutathionylation can be investigated through cysteine labeling with a 
tag such as biotin or a fluorophore. Some methods are more appropriate 
for interrogating recombinant or purified proteins while others are 
appropriate for use in complex mixtures such as tissue and cell 
homogenates. 

Labeling with radioactive 35S was one of the earliest methods 
described for the detection of S-glutathionylation, indeed the majority of 
proteins known to be S-glutathionylated were identified using this 
method. This approach necessitates inhibition of protein synthesis with 
drugs such as cycloheximide, followed by incubation with 35S cysteine 
which is incorporated into GSH and ultimately the S-glutathionylation 
moiety [69]. Proteins can then be identified and quantified using 
methods such as 2D gel electrophoresis and mass spectrometry. This 
method can be specific where co-treatment with buthionine sulfoximine 
(BSO) leads to an 80% decrease of labeled proteins in human T cells 
[70]. This approach, however, is not free of limitations, one is the 
increased complication of working with radioactive material and 
another is the necessity to inhibit protein synthesis to prevent incorpo
ration of cysteine into the proteins. It is also not possible to enrich 
labeled proteins making the identification of low abundance proteins 
challenging. A similar approach uses biotinylated glutathione ethyl ester 
(bioGEE), a cell permeant GSH analog [71]. Once in the cell the bioGEE 
undergoes hydrolysis by esterases into biotinylated GSH. This labeled 
GSH is incorporated into the cellular pool of GSH and participates in 
S-glutathionylation. The newly biotinylated S-glutathionylated proteins 
can then be enriched using streptavidin. This method addresses two 
limitations of 35S cysteine, it avoids the use of radioactive material, and 
allows the enrichment of the S-glutathionylated proteins leading to 
increased sensitivity of low abundance proteins. 

Immune-assay based approaches use a mouse monoclonal antibody 
raised against S-glutathionylated keyhole limpet hemocyanin. In whole 
cell extracts, proteins detected by this antibody tend to be highly 

abundant proteins and detection of other targets requires some degree of 
enrichment such as immunoprecipitation [72]. Therefore the use of the 
antibody is not applicable to experiments designed to identify new tar
gets of S-glutathionylation in response to a biological stimulus. The low 
sensitivity of the antibody may be attributed to the flexible nature of 
S-glutathionylation [73] and the monovalent affinity of monoclonal 
antibodies leading to only a subset of conformation/motifs being 
detected. An interesting alternative to antibodies, briefly mentioned 
above, employs a recombinant biotinylated GST from Schistosoma 
japonicum [60]. This method was used to visualize S-glutathionylation 
on protein blots as well as tissue sections which was abolished by DTT or 
S-glutathionylated ovalbumin. This method is interesting because it 
exploits the specificity of GST - GSH interaction, and, due to the pro
miscuity of GST, is less likely to be affected by conformational changes 
as a monoclonal antibody. It should be noted however that this method 
hasn’t been benchmarked against any other established S-gluta
thionylation method. 

Removing S-glutathionylation and adding a tag to the newly reduced 
cysteine residue allows detection and enrichment of S-glutathionylated 
proteins, but there are pitfalls that researchers should be aware of during 
experimental design. Initially free sulfhydryl groups are blocked with 
thiol reactive compounds such as methyl methanethiosulfonate 
(MMTS), Iodoacetamide (IAA), and most commonly the alkylating agent 
N-ethyl maleimide (NEM). Once free cysteines are blocked the S-gluta
thionylated cysteines are reduced back to a sulfhydryl. This step is 
critical and the choice of reducing agent/method can have significant 
effect on specificity. A broad reducing agent such as DTT or tris(2- 
carboxyethyl) phosphine (TCEP) will reduce several cysteine modifica
tions as well as the S-glutathionylation. To circumvent these artifacts 
and increase assay specificity the catalytic activity of Grx1 [74] can be 
exploited to specifically remove S-glutathionylation. Following enzy
matic digestion, the exposed cysteine is mixed with a label conjugated to 
a thiol reactive moiety such as maleimide, Pyridyldithiol, and IAA. The 
latter is commercially available (IodoTMTsixplex™) with isobaric labels 
allowing identification and quantification of up to six different samples 
in tandem mass spectrometry. When performed correctly, indirect 
methods provide increased specificity and resolution in complex protein 
mixtures. However, several of the reagents used are incompatible with 
each other and thorough washing/buffer exchange is necessary between 
steps, this doesn’t lend itself to high throughput applications and in
creases the chances of misrepresentation of proteins that are S-gluta
thionylated. The methods discussed above each have their distinct 
limitations, and while they may provide insight into processes being 
affected by S-glutathionylation a combination of approaches would 
greatly increase the robustness of data described. 

1.8. S-Glutathionylation: cardiovascular physiology 

S-glutathionylation occurs at a basal level during normal physiology. 
This section is dedicated to a brief overview of known aspects of S- 
glutathionylation in two important organelles as well as nitric oxide 
synthase. Cellular organelles such as the mitochondria and sarcoplasmic 
reticulum provide unique environments in the cell where redox poten
tial can be drastically different then in the cytosol allowing for isolated 
regions of physiological signaling. 

1.9. Mitochondria 

Under physiological conditions mitochondria account for 10%–15% 
of the GSH in the cell. The amount of GSH and the GSH:GSSG ratio in the 
mitochondria is similar to that observed in the cytosol. Despite simi
larities in concentration and ratio the inner mitochondrial membrane 
(IMM) is impermeable to GSH and its transit into and out of the mito
chondrial matrix requires transport via GSH carriers, predominantly 
Dicarboxylate (DIC; Slc25a10) and oxoglutarate carrier (OGC, Slc25a11) 
[75]. This impermeability requires a robust local ability to control GSH: 
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GSSG ratios considering the many sources of ROS production including, 
the electron transport chain (ETC), pyruvate dehydrogenase (PDH), and 
α-ketoglutarate dehydrogenase (KGDH) [76]. The mitochondria also 
contains a myriad of NADPH producing enzymes (required for gluta
thione reductase activity and maintenance of a physiologic GSH:GSSG) 
allowing production of NADPH from an array of carbon sources, with 
nicotinamide nucleotide transhydrogenase (NNT) being the main source 
of NADPH [77]. 

Mitochondria contain both the Grx2 and Grx5 members of the glu
taredoxin family of enzymes. Grx5 plays a role in iron homeostasis by 
contributing to iron-sulfur cluster biogenesis [78]. Three isoforms of 
Grx2 are known Grx2a, Grx2b, and Grx2c, of these Grx2a localizes to the 
mitochondrial matrix and is expressed in most tissues. Grx2b and Grx2c 
on the other hand have nuclear and cytosolic localization and are only 
known to be expressed in the testis and certain cancer cells. Grx2 can 
deglutathionylate proteins, like most Grxs, but unlike most Grxs it can 
also S-glutathionylate proteins [79]. The directionality of these re
actions appears to be dependent on the GSH:GSSG ratio of the mito
chondrial matrix. Grx2 appears to play multiple roles in the cell by 
directly reducing thioredoxin 1 and 2, as well as forming complexes with 
iron-sulfur clusters resulting in an inactive homodimer [80]. During 
oxidative stress this Grx2-iron-sulfur complex dissociates releasing the 
active Grx2 monomer [80]. The various functions Grx2 performs and its 
abundance in the mitochondrial matrix make it an important regulator 
of mitochondrial S-glutathionylation. 

All the complexes of the ETC have at least one subunit that is known 
to be S-glutathionylated. When the mitochondrial pool of GSH is 

oxidized Grx2 catalyzes the S-glutathionylation of NADH:ubiquinone 
oxidoreductase core subunit S1 (NDUFS1) and subunit V1 (NDUFV1) of 
complex I [79]. The largest subunit of complex I, NDUFS1 is S-gluta
thionylated on Cys-531 and Cys-704 based on mass spectrometry of 
bovine cardiac mitochondria [81]. The S-glutathionylation of complex I 
is associated with a decrease in complex I derived ROS [81,82]. S-glu
tathionylation of NDUFS1 leads to a decrease in murine mitochondrial 
ATP production and may be a means of feedback regulation of complex I 
[82,83] In contrast to complex I, the succinate dehydrogenase complex 
flavoprotein subunit A (SDHA) in complex II is intrinsically S-gluta
thionylated at Cys-90 [84]. S-glutathionylation of SDHA protects it from 
superoxide induced thiyl radical formation and enhances complex II 
electron transfer efficiency [84]. Proteomic analysis of murine liver 
identified S-glutathionylation of complexes III and IV [85]. S-gluta
thionylation of complex IV was associated with a significant decrease in 
its activity [86]. However, the functional effect of S-glutathionylation on 
complex III is yet to be elucidated. H2O2 treatment of rat brain mito
chondria leads to S-glutathionylation of ATP synthase, and S-gluta
thionylation of ATP synthase is associated with decreased enzyme 
activity [87]. Upstream of the ETC, KGDH activity is decreased by 
S-glutathionylation of its E2 subunit during oxidative stress [88–90]. 
PDH was also identified as a S-glutathionylated protein in the hepatic 
mitochondria of Grx2 null mice [83,90]. S-glutathionylation appears to 
diminish the mitochondria’s ability to produce ATP, while this may 
protect from further ROS production and the triggering of apoptosis, it 
also creates an energy deficit potentially affecting normal cell, tissue, or 
even organ function. 

Fig. 3. Impact of S-glutathionylation on physiological pathways. Arrows denote S-glutathionylated proteins. A green up arrow enhances protein activity and a 
red down arrow decreases protein effectiveness. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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1.10. Sarcoplasmic reticulum 

The ryanodine receptors (RyR) are large calcium channels primarily 
present in the sarcoplasmic reticulum (SR) of the skeletal (RyR1) and 
cardiac muscle (RyR2). They are responsible for excitation-contraction 
coupling via calcium induced calcium release. Both RyR1 and RyR2 
have roughly 400 cysteines of which about 48 are susceptible to modi
fication [91–94]. Not surprisingly both proteins have been reported to 
be S-glutathionylated [95,96], and RyR2 appears to be basally gluta
thionylated [95]. Interestingly, while glutathionylation increased cal
cium release rates in RyR2 [95] this effect wasn’t observed in Ryr1. 
Instead, S-glutathionylation abrogated magnesium induced inhibition of 
RyR1 [33]. RyR2 S-glutathionylation is induced under physiological 
conditions during tachycardia and exercise, and is mediated by NADPH 
oxidase derived ROS [97]. This modification leads to an enhancement in 
calcium release but also a decrease in calcium leak. Altogether this 
response is present to protect from arrhythmias by more tightly con
trolling calcium flux. While RyRs release calcium from the SR, Sarco 
(endo)plasmic reticulum Ca2+ ATPase (SERCA) actively pumps calcium 
out of the cytosol back into the SR. There are three SERCA isoforms 
(SERCA1-3) of which SERCA1 [98] and SERCA2 [40] are known to be 
S-glutathionylated. Physiological concentrations of NO stimulate per
oxynitrite mediated S-glutathionylation of SERCA2 causing an increase 
in its activity. Mutating Cys-674 prevents both the NO induced S-glu
tathionylation and increase in SERCA2 activity [40]. Diamide (a strong 
thiol-oxidizer and inducer of S-glutathionylation) induces calcium 
oscillation in endothelial cells as well as an increase in cytosolic calcium 
concentration potentially through S-glutathionylation of the calcium 
channels inositol-1,4,5-trisphosphate receptor (IP3R) and plasmalemmal 
Ca2+-ATPase pump (PMCA) [99,100]. This enhanced calcium concen
tration is fully reversible by dithiothreitol (DTT). As a whole the phys
iological S-glutathionylation of calcium handling proteins appears to 
improve function and play a protective role in the cell. 

Several sarcomeric proteins have been identified to be S-gluta
thionylated, these include Titin (mentioned above), actin, myosin, 
myosin binding protein C, and Troponin. G-actin is basally S-gluta
thionylated at Cys-374, the removal of which accelerates polymerization 
and F-actin formation [29]. G-actin S-glutathionylation induces 
conformational changes with increased exposure of hydrophobic re
gions of the protein surface [101]. Both α-actin and β-actin are S-glu
tathionylated. While β-actin can be S-glutathionylated by thiol oxidation 
and disulfide exchange, α-actin is poorly S-glutathionylated by disulfide 
exchange and is predominantly S-glutathionylated by thiol oxidation 
[102,103]. Functionally, S-glutathionylation of F-actin causes a 
decrease in actomyosin ATPase activity as well as decreased ATP 
induced myosin detachment leading to a decline in contractility [104]. 
Isolated myosin is readily S-glutathionylated by GSSG [105], however 
when organized into a myofilament, actin is predominantly S-gluta
thionylated both basally and under oxidative conditions [106]. S-glu
tathionylation of fast troponin I (TnIf) in fast twitch (type II) muscle 
fibers causes an increased calcium sensitivity in both rats and humans 
[107]. Consistent with the conformation of TnIf in the troponin complex 
[108], Cys-134 was identified as the target of S-glutathionylation, 
furthermore, S-nitrosylation of Cys-134 decreased calcium sensitivity of 
muscle fibers, suggesting a competitive redox regulation of fast twitch 
muscle fibers [109]. 

Matrix metalloproteases (MMP) and calpain are both known to 
degrade sarcomeric proteins. While calpains are regulated by redox 
status (previously reviewed [110]) there is no direct evidence of their 
S-glutathionylation. Okamoto et al. show that proMMPs are activated by 
S-glutathionylation in a reaction mediated by peroxynitrite. Okamoto 
et al. further demonstrate that from the possible products of the reaction 
of peroxynitrite and GSH only GSNO was capable of inducing proMMP 
S-glutathionylation [111]. Mass spectrometry revealed the cysteine 
modified was in a well conserved autoinhibitory domain of proMMPS. 
Surprisingly, they also report resistance of the S-glutathionylation to 

DTT reduction and propose a (-S(O)SG) moiety [111]. Indirectly, 
S-glutathionylation of Ras Cys-118 leads to it increased activity and 
increased mitogen-activated protein kinase (MAPK) pathway [39] 
which is a potent regulator of MMP2 expression [112–114]. In this case 
S-glutathionylation appears to drive MMP activity and expression, 
possibly contributing to disease processes. A visual summary of the 
signaling mentioned in this section is provided in Fig. 3. 

1.11. Nitric oxide synthase 

Nitric oxide synthases (NOS) catalyze the reaction of L-arginine and 
NADPH to generate citrulline and the gaseous messenger nitric oxide 
(NO). Endothelial NO is an important regulator of vascular tone, smooth 
muscle cell proliferation, immune cell adhesion, and platelet aggrega
tion. NO also induces the S-glutathionylation of proteins via S-nitro
sylation [67,115]. Endothelial NOS (eNOS) can be S-glutathionylated on 
Cys-689 and Cys-908 via disulfide exchange with GSSG under oxidative 
stress, as well as protein thiyl GSH reactions [116]. This S-gluta
thionylation leads to an uncoupling of eNOS and a concomitant increase 
in superoxide production. Grx1 plays a dual role in regulating eNOS via 
S-glutathionylation when the GSH:GSSG ratio is low and deglutathio
nylation when the GSH:GSSG ratio is increased [117]. Interestingly, 
Grx1 catalyzes the S-glutathionylation of a unique cysteine (Cys-382) 
and while it decreases NO synthase activity it doesn’t induce uncoupling 
[117]. S-glutathionylation mediates both angiotensin II [118] and 
hypoxia reperfusion [119] induced eNOS uncoupling. 

2. Cardiovascular pathophysiology 

Aging and cardiovascular pathologies have been associated with 
increased oxidative stress, decreased levels of GSH and increased levels 
of S-glutathionylated proteins [58,120–125]. GSH redox effects on other 
diseases and pathological outcomes have been previously reviewed [16, 
126,127]. In the remainder of this review, we focus specifically on GSH 
in terms of protein S-glutathionylation within the realm of cardiovas
cular disease. 

2.1. Atherosclerosis 

S-glutathionylated protein levels in the serum of patients with 
Atherosclerosis Obliterans (ASO, a condition with obstruction of pe
ripheral arteries leading to ischemia in lower extremeties) were signif
icantly increased compared to age matched controls [122]. This study 
demonstrated a positive correlation between disease progression and the 
amount of S-glutathionylated proteins, one of which was ApoB100, the 
major component of LDL which may be a risk factor for early detection 
of peripheral vascular damage [122]. Significantly higher S-gluta
thionylated proteins were also observed in explanted sclerotic valves in 
another cardiovascular condition, Aortic Valve Sclerosis characterized, 
similar to ASO, with markedly lower GSH:GSSG ratios [123]. In vitro 
experiments within the same study using HUVECs showed that increases 
in S-glutathionylated proteins using 2-AAPA induced DNA damage 
affecting endothelial to mesenchymal transition signaling processes. 

The functional roles and consequences of S-glutathionylation during 
atherosclerosis has not been completely elucidated. Oxidized LDL 
(oxLDL), a primary contributor of atherosclerotic plaques depletes 
intracellular GSH, inhibits glutathione reductase activity and markedly 
promotes S-glutathionylation of proteins in human macrophages, major 
regulatory cells playing a role in atherosclerosis [128] and other car
diovascular pathologies. Recent studies have linked excessive S-gluta
thionylation of macrophages to cellular dysfunction and a state of 
chronic inflammation associated with atherosclerosis [129]. S-gluta
thionylated proteins identified in mouse peritoneal macrophages iso
lated from healthy and atherosclerotic mice were also identified within 
metabolically and oxidatively stressed THP-1 monocytes [129]. Vaso
dilation mediated by S-glutathionylation of SERCA is impaired in 
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atherosclerotic smooth muscle cells [40]. S-glutathionylation and acti
vation of Ras induced by angiotensin II signaling leads to increased 
phosphorylation of p38 and Akt regulating vascular hypertrophy 
implicated in atherosclerosis and subsequent hypertension in rat smooth 
muscle cells [130]. 

2.2. Myocardial infarction 

Increased ROS and RNS is an established sequelae of myocardial 
infarction (MI) and Ischemia/reperfusion injury (I/R) [131]. MI leads to 
decreased cardiomyocyte contractility and increased localized inflam
mation and apoptosis [132]. Consistent with an increased oxidative 
environment, MI in mice also leads to increased S-glutathionylation 
[133]. Several proteins involved in the contractile machinery of the 
heart are susceptible to S-glutathionylation; these modifications can be 
protective or deleterious to cardiac function depending on the modified 
protein. Passive myocardial stiffness is increased following MI and is 
considered a predictor of diastolic dysfunction [134,135]. A determi
nant of passive myocardial elasticity is the protein titin, which, as 
described above, is S-glutathionylated in cysteines buried deep within 
its Ig domain [23]. This leads to decreased refolding of the protein and 
increased elasticity of human cardiomyocytes [23]. S-glutathionylation 
of myosin binding protein C improved myofilament response to Ca2+ in 
failing mouse hearts [136]. In canine hearts S-glutathionylation of car
diac ryanodine receptors was correlated with faster Ca2+ release and 
these effects were ablated by use of the reducing agent DTT [95]. Similar 
to smooth muscle cells, S-glutathionylation of murine cardiac SERCA 
leads to enhanced Ca2+ uptake [32], however, sulfonation of the same 
cysteine leads to decreased activity [137]. Combined, S-gluta
thionylation leads to decreased stiffness and faster release of Ca2+ and 
an improved response to this released Ca2+. In contrast to these adaptive 
responses S-glutathionylation of G-actin prevents its polymerization into 
F-actin, which in skeletal muscle is detrimental to contractility [104]. 
Na+/K+ ATPase is an important determinant of the action potential of 
cardiomyocytes. Hypoxia induces the S-glutathionylation of the cata
lytic α subunit of Na+/K+ ATPase in isolated rat ventricular tissue [31]. 
Angiotensin II activity is enhanced following MI [138] and in the failing 
heart [139]. While, Angiotensin II induces the S-glutathionylation of the 
β subunit of Na+/K+ ATPase in rabbit cardiomyocytes [140]. Consid
ering these studies were undertaken in different models it is likely the 
amount and duration of oxidative challenge varied considerably be
tween studies, it would be particularly interesting to determine the ef
fect of MI or heart failure on these pathways in one model. GSTπ null 
mice exhibit increased sensitivity to I/R injury with increased infarct 
size [141], S-glutathionylation however was not a parameter interro
gated in this study. 

Mechanical strain stimulating the Raf/MEK/ERK pathway was also 
shown to be dependent upon S-glutathionylation of Ras affecting protein 
synthesis in cardiac hypertrophy [142]. Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) and actin have also been identified to be 
S-glutathionylated in Ischemia Reperfusion (IR) models; both modifi
cations are associated with inhibition of functions [143,144]. In the dog 
heart dyssynchronous heart failure (DHF) leads to increased S-gluta
thionylation of Cys-294 of ATP synthase and decreased activity of the 
enzyme [145]. Treatment with DTT abrogates the effects of DHF on ATP 
synthase [145]. 

The repercussions of cardiac mitochondrial S-glutathionylation has 
been tested using Grx2 knockout and overexpression; Grx2 ablation 
leads to increased body weight accumulation under a high fat diet with 
increased insulin resistance compared to wildtype mice [145]. Grx2 
knockout mice exhibit increased complex I S-glutathionylation [146]. 
This was accompanied by decreased cardiac ATP production, left ven
tricular hypertrophy and fibrosis, and hypertension [146]. Changes in 
S-glutathionylation status of mitochondrial proteins affecting their 
functions and thereby the downstream pathological outcomes during IR 
injury have a potential role in other ischemia related conditions such as 

peripheral vascular disease (PVD) [147]. One of these modifications, 
namely S-glutathionylation of mitochondrial complex II enhances 
associated electron transfer, both of these activities decrease during 
myocardial IR injury [84], demonstrating the dual roles of S-gluta
thionylation as a potentiator or as an inhibitor of signaling events. 

2.3. Diabetes 

Patients with type 2 diabetes mellitus (DMII) have elevated oxidative 
stress, total GSH [148] and as a result the GSH:GSSG ratio [149] is 
significantly decreased. The implications of this increased oxidative 
stress extend to both macro and microangiopathies. The decrease in the 
GSH:GSSG ratio along with increased oxidative stress increases the 
likelihood of S-glutathionylation. This is evidenced by the increased 
S-glutathionylation of hemoglobin (HbSSG) in DMII patient serum [150, 
151], particularly interesting is that HbSSG is increased in DMII patients 
with microangiopathy, and has been suggested as a marker of DMII 
progression [151]. Endothelial cells isolated from DMII patients as well 
as aorta’s from high fat fed ApoE null mice have significantly increased 
S-glutathionylation [152]. The same study associated metabolic stress 
and endothelial hyperpermeability to the mechanism of S-gluta
thionylation and inactivation of Rac1 (RhoGPase). Impaired glucose 
transport is a classic characteristic of DMII [153]. Glucose starvation 
induces S-glutathionylation of proteins across most cellular processes 
including glucose metabolism [154]. Indeed, several proteins involved 
in the energy production machinery of the cell are targets for S-gluta
thionylation, recently reviewed by Mailloux, RJ [155]. Plasma GST ac
tivity is also elevated in DMII patients [156,157] and appears to 
correlate with severity of the disease [157]. Mitochondria produce a 
significant amount of ROS and deactivation of mitochondrial proteins by 
S-glutathionylation can function as a negative feedback mechanism to 
prevent excessive oxidative stress [152]. Deregulated S-gluta
thionylation in DMII is likely to lead to further perturbation of this 
delicate balance in the mitochondria. 

2.4. Hypertension 

Hypertension is a prevalent condition that predisposes patients to a 
myriad of other cardiovascular diseases [158]. Hypertensive patients 
have significantly lower GSH:GSSG ratios than normotensive patients. 
This leads to a more oxidative environment and increases the probability 
of S-glutathionylation [159]. A major regulator of vascular resistant and 
smooth muscle myogenic tone is nitric oxide (NO) locally produced in 
the endothelium by endothelial nitric oxide synthase (eNOS) [160]. 
S-glutathionylation of eNOS by thiol disulfide exchange with GSSG leads 
to its uncoupling and a shift from NO production to superoxide O2

•−

[116]. Serine is a redox insensitive residue and Cys to Ser mutation of 
the 2 S-glutathionylated cysteines led to a S-glutathionylation resistant 
mutant. GSSG failed to shift the production of the Cys to Ser mutant from 
NO to O2

•− , while S-glutathionylation colocalized with eNOS in sponta
neously hypertensive rats [116]. S-glutathionylation induced uncou
pling of eNOS also occurs during pre-eclampsia [161]. Angiotensin II 
(AngII) induces increased myogenic tone in smooth muscle cells and a 
concomitant increase in blood pressure. This effect is mediated by an 
increase in ROS and p38 mitogen-activated protein kinase (p38 MAPK) 
activation [162,163]. S-glutathionylation of the small GTPase Ras is 
necessary for AngII induced phosphorylation of p38 MAPK as demon
strated by overexpression of a S-glutathionylation resistant Cys to Ser 
mutant Ras [39]. In contrast to these findings, hydrogen peroxide 
(H2O2) induced vasodilation is mediated by 4-aminopyridine 
(4-AP)-sensitive Kv channels [164]. GSSG equally activates these 
channels potentially through S-glutathionylation [165], while DTT 
[164] or GR [165] inhibit H2O2 activation of the channels. 
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2.5. Ischemia induced vascular remodeling 

Peripheral Vascular Disease (PVD) affects approximately 8.5 million 
people in the US, affecting one in every 20 Americans over the age of 50 
[166,167]. Between 2000 and 2010 worldwide incidence of PVD 
increased by 23.5%; these numbers will continue to grow due to the 
steady increase in our aging population [168]. PVD is characterized by 
blockage of peripheral arteries due to the formation of plaques that 
prevent normal blood flow to the limbs [169,170]. Ischemia resulting 
from this decrease in flow can have serious consequences including pain, 
poor healing of wounds which can lead to necrosis and amputation of 
the affected limb or limbs. Development of new blood vessels from 
preexisting ones, a process known as angiogenesis, is critical to 
compensate for this blockage by improving blood perfusion, oxygen, and 
nutrient supply to the ischemic limb and thereby preventing complica
tions [171]. However, PVD patients often lack these important 
compensatory angiogenic processes and thus, efforts to increase angio
genic revascularization is a primary therapeutic goal [172–174]. 

Angiogenesis, an integral compensatory mechanism to revascularize 
ischemic areas and its associated VEGF signaling have increasingly been 
connected with oxidative stress and GSH redox mechanisms [175–178]. 
VEGF-A binds to VEGFR2/Flk 1 and the sequential receptor dimeriza
tion and phosphorylation of tyrosine residues transduces endothelial 
angiogenic signals including proliferation, migration, and network for
mation. These pathways, however, are negatively regulated when 
VEGF-A alternatively binds to VEGFR1/Flt instead [179,180]. Addition 
of glutathione adducts has been shown to inactivate protein tyrosine 
phosphatases (PTP-1B and LMW-PTP) thus promoting VEGF phosphor
ylation and signaling [181,182]. JAK/STAT (Signal Transducer and 
Activator of Transcription-STAT phosphorylated by Janus Kinase-JAK) 
is a signaling pathway activated by VEGF in endothelial cells that 
leads to the angiogenic responses of cell proliferation, differentiation, 

and migration and is known to be regulated by S-glutathionylation 
[183]. S-glutathionylation of STAT3 prevents its phosphorylation, nu
clear translocation and DNA binding ability in response to IL-6 stimu
lation in human HepG2 hepatoma cells [184]. However 
S-glutathionylation exerted opposing effects in the regulation of STAT3 
and STAT1 in mouse microglial cells, where STAT1 phosphorylation and 
activity were not inhibited [185]. JAK/STAT signaling and regulation by 
suppressors are important inflammatory responses also implicated in 
atherosclerotic plaque formation, however the role of S-gluta
thionylation in this specific regulation is yet to be investigated [186]. 
Endothelial glutathione can regulate angiogenic signaling through 
VEGF-A mediated eNOS activity within these cells and affect direct 
VEGFR2 signaling with significant increases in total protein S-gluta
thionylation and decreases in GSH:GSSG ratios [187,188]. 
Sarcoplasmic-endoplasmic reticulum calcium ATPase2b (SERCA2b) 
activation by S-glutathionylation positively affects VEGF induced 
signaling and migration [189]. Inflammation pathways associated with 
angiogenesis have been shown to be regulated by S-glutathionylation, a 
modification which suppresses the antiangiogenic p65/NFkB/Wnt 
5/sFlt pathways [190]. Glutathione adducts on NFkB subunits (IkkB and 
p50) inhibit activity that is essential for the delicate regulation of the 
neovascularization processes [191,192]. Master angiogenic transcrip
tion regulator Hypoxia Inducible Factor (HIF-1α) controls VEGF pro
duction and is stabilized by S-glutathionylation leading to enhanced 
function and increased revascularization in ischemic muscles [193,194]. 
Hypoxia has been shown to increase S-glutathionylation of HIF-1α and 
its protein levels in colon cancer cells [194]. Grxs mediates removal of 
S-glutathionylation, hence transgenic overexpression of Grx shows 
impaired ischemic revascularization while knockouts demonstrate an 
enhancement of these processes [190,193]. 

Macrophages are involved in critical angiogenic processes from 
activation, migration, and proliferation of endothelial cells, basement 

Table 1 
Table of S-glutathionylated proteins in atherogenic and angiogenic associated processes.  

PROTEIN SPECIFIC PR-SSG EFFECTS ON PROTEIN FUNCTION DETECTION METHOD REF 

APOB100 lipid protein Apolipoprotein B, implicated in the development of atherosclerotic lesions show 
increased serum glutathionylated levels in ASO (Atherosclerosis Obliterans) patients. 

Biotinylated GST overlay (protein blot) [122] 

SERCA Ca2+ ATPase pump Sarcoplasmic-endoplasmic reticulum calcium ATPase- SSG leads to its 
activation regulating vasodilation in atherosclerotic smooth muscles. 

Biotin iodoacetamide, Biotin GEE (protein blot) [40] 

SERCA2B Sarcoplasmic-endoplasmic reticulum calcium ATPase2b-SSG leads to increases in VEGF 
induced signaling and migration. 

Glutathione antibody, (Western blot) [18]9 

RAS GTPase Ras-SSG leads to increased phosphorylation of p38 and Akt regulating vascular 
hypertrophy implicated in atherosclerosis and hypertension. Ras-SSG also induces Raf/MEK/ 
ERK pathway activation. 

Biotin GEE (Western blot) [39, 
142] 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase-SSG inhibits its function during cardiac 
oxidative stress in Ischemia Reperfusion models. 

Biotin GSH, Western blot [143] 

ACTIN Cytoskeletal proteins G-actin and F-actin -SSG decreases polymerization efficiency and 
binding with tropomyosin respectively affecting contractility during Ischemia Reperfusion. 

Glutathione antibody, Western blot [144] 

SQR Mitochondrial respiratory chain enzyme Succinate ubiquinone reductase or complex II-SSG 
leads to enhanced SQR-derived electron transfer efficiency. 

Glutathione antibody, Western blot [84] 

LMW-PTP Low molecular weight protein tyrosine phosphatase is inactivated by Pr-SSG, inhibiting VEGF 
mediated angiogenic migration. 

Glutathione antibody, Western blot [181] 

PTP-1B Protein tyrosine phosphatases-SSG inhibits activity that can effect VEGF mediated angiogenic 
responses. 

LC-MS/MS [28] 

IKK-В Inhibitory kβ kinase (IKK) β-SSG leads to its inactivation and resulting inhibition of NFkB 
activity affecting inflammatory responses. 

Biotin GEE (protein blot) [191] 

STAT-3 Transcription factor Signal Transducer and Activator of Transcription 3-SSG prevents 
phosphorylation, nuclear translocation and DNA binding. 

Derivitization with NEM, DTT, and Biotin 
Pyridyldisulfide 

[184] 

P65 Transcription factor NF-kB subunit p65-SSG inhibits NF-kB activity responsible for Wnt5a- 
sFlt activation leading to upregulation of VEGF mediated endothelial cell migration. 

Derivitization with NEM, DTT, and Biotin 
Pyridyldisulfide 

[190] 

P50 Transcription factor NF-κB subunit p50-SSG inhibits NF-κB activity and gene expression. In vitro labelling of recombinant proteins with 3H- 
GSH (scintillation and mass spectrometery) 

[192] 

HIF-1А Transcription factor Hypoxia inducible Factor 1α-SSG, stabilizes its activity leading to VEGF 
associated increased revascularization in ischemic muscles. 

Glutathione antibody, Western blot 
Derivitization with NEM, DTT, and Biotin 
iodoacetamide 

[193] 

PRO-MMPS Matrix Metalloproteinase precursors are activated by glutathionylation induced by 
peroxynitrite and GSH treatment. 

35S-GSH labelling of purified protein (PAGE and 
mass spectrometry) 

[111] 

А4 INTEGRIN Transmembrane receptors α4 integrin-SSG increases binding of neutrophils to endothelial 
cells adhesion molecule 1 (VCAM1). 

Biotin GEE, glutathione antibody (protein blot) [212]  
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membrane interaction and breakdown, to formation of new vascular 
sprouts [195,196]. Protein S-glutathionylation mechanisms within 
macrophages have been shown to contribute as physiologically impor
tant redox signaling mechanisms, also potentially contributing to 
atherosclerosis [197,198]. Additionally, macrophage functions 
including receptor expression, uptake, phagocytic activity and cytokine 
production have all been shown to be affected by cellular GSH 
[199–201]. Recent evidence links glutathione regulation to macrophage 
polarization during murine in vivo infection and in vitro activation [202, 
203]. Polarized macrophages have been shown to influence angiogen
esis, improving blood reperfusion when injected directly into ischemic 
tissues, an effect that is characterized by enhanced VEGF production 
[204–208]. Matrix Metalloproteinases (MMPs) contribute to physio
logical and pathological regulation of extracellular matrices with major 
implications in the development and progression of atherosclerosis 
[209,210], vascular basement membrane degradation and angiogenic 
remodeling [211]. MMP precursors or Pro-MMPs isolated from human 
neutrophils are activated by peroxynitrite and GSH possibly through a 
resulting S-glutathionylation [111] event. Neutrophil-associated α4 
integrin increases its binding to endothelial cells adhesion molecule 1 
(VCAM1) when modified by S-glutathionylation [212]. Endothelial cell 
adhesion molecules such as VCAM-1 facilitate activation of endothelial 
cells, interaction with circulating immune cells and mediate leukocyte 
transmigration important for inflammatory atherogenic and angiogenic 
processes [213–215]. 

Efficient revascularization post ischemia also depends on another 
important vascular remodeling process, arteriogenesis, which is the 
development of pre-existing collateral vessels caused by changes in fluid 
shear stress [216,217]. Hypoxia triggers HIF-1α/VEGF signaling 
possibly affecting arteriogenesis as this process and angiogenesis are 
intricately linked, although direct effects of this signaling axis have been 
debated [218–220]. Endothelial activation in collateral vessel walls due 
to increasing fluid shear stress gives rise to inflammatory processes 
leading to arteriogenesis, it stands to reason that the similarities be
tween angiogenesis and arteriogenesis do not stop at a recruitment of the 
inflammatory process. More than likely there is similar regulation 
through S-glutathionylation within endothelial cells, participating 
smooth muscle cells, and circulating monocytes that contribute to 
arteriogenesis [221,222]. The role of protein S-glutathionylation in 
other major endothelial signaling pathways has been extensively 

summarized in a recent review by Lermant, A., et al. [223]. The major 
proteins discussed in this section are summarized in Table 1 and asso
ciated diseases are represented by the Venn diagram (Fig. 4). 

3. Conclusion 

The subtleties of S-glutathionylation and its seemingly ubiquitous 
regulation of various signaling paradigms make it a fascinating PTM to 
study. In this review we have demonstrated S-glutathionylation as a 
major regulator of both cardiovascular pathologies (MI, heart failure, 
DMII, PVD) and in physiological signaling (angiogenesis and arterio
genesis). To date there is evidence of S-glutathionylation influencing all 
aspects of the cellular machinery from transcription to apoptosis. The 
many redundancies of S-glutathionylation signaling provides a cellular 
safety factor where the protein modification can protect proteins from 
irreversible oxidation or promote activation of a protein or even dampen 
protein activity. There is a consensus agreement in the literature that 
glutathionylation of proteins is detrimental to signaling during cardio
vascular pathologies. Acutely there may be signaling modifications to 
rescue a normal phenotype but in a chronic setting glutathionylation 
appears to contribute to dysfunction. Unfortunately, certain gaps in 
knowledge preclude our ability to accurately label glutathionylation as 
good or bad during disease. One glaring gap in the literature is the in
clusion of glutathionylated protein to non-glutathionylated protein, 
more specifically, a direct comparison of physiological concentrations of 
a particular glutathionylated protein compared to pathological con
centrations of that same glutathionylated protein. The distinction pro
vided with that type of knowledge is important as many of the 
experiments performed looking at S-glutathionylation occur under in 
vitro conditions where the redox environment doesn’t necessarily reca
pitulate the physiological milieu. This field is progressing rapidly and as 
it does our understanding of this intricate balance between S-gluta
thionylation and disease prognosis is ever expanding. 
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Fig. 4. Venn diagram representing known S-glutathionylated targets and the diseases associated with the modification.  
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