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Abstract

Redox homeostasis governs a number of critical cellular processes. In turn, imbalances in pathways that control
oxidative and reductive conditions have been linked to a number of human disease pathologies, particularly
those associated with aging. Reduced glutathione is the most prevalent biological thiol and plays a crucial role in
maintaining a reduced intracellular environment. Exposure to reactive oxygen or nitrogen species is causatively
linked to the disease pathologies associated with redox imbalance. In particular, reactive oxygen species can
differentially oxidize certain cysteine residues in target proteins and the reversible process of S-glutathionylation
may mitigate or mediate the damage. This post-translational modification adds a tripeptide and a net negative
charge that can lead to distinct structural and functional changes in the target protein. Because it is reversible, S-
glutathionylation has the potential to act as a biological switch and to be integral in a number of critical oxidative
signaling events. The present review provides a comprehensive account of how the S-glutathionylation cycle
influences protein structure/function and cellular regulatory events, and how these may impact on human
diseases. By understanding the components of this cycle, there should be opportunities to intervene in stress-
and aging-related pathologies, perhaps through prevention and diagnostic and therapeutic platforms. Antioxid.
Redox Signal. 15, 233–270.

I. Introduction 234
A. Glutathione homeostasis 234
B. Proximal donors for S-glutathionylation reactions 235

II. Detection of S-Glutathionylation 237
A. Antibody detection of S-glutathionylation 237
B. Analytical detection and quantification of P-SSG 237

III. Enzymes That Catalyze the S-Glutathionylation Cycle 239
A. Proteins with S-glutathionylase activity 239

1. Glutathione S-transferases 239
2. Gamma-glutamyl transpeptidase 240
3. Grx1 and Grx2 241

B. Proteins with deglutathionylase activity 241
IV. Redox Regulation of Kinase Signaling Pathways 241

A. S-glutathionylation and modulation of mitogenic signaling 241
1. Ras-MEK-ERK pathway 241
2. Protein tyrosine phosphatases 242
3. Protein kinase A 242

B. Phosphatidylinositol 3-kinase-Akt-p53 pathway 242
C. I kappa B kinase-nuclear factor kappa B pathway 243
D. JNK-c-Jun pathway 243

Reviewing Editors: Adam Benham, Isabella Dalle-Donne, Christopher H. Lillig, John Mieyal, Peep Palumaa, Han-A Park,

Fiorella Piemonte, Pierre-Marie Girard, and Nanduri Prabhakar

Departments of Pharmaceutical and Biomedical Sciences, Medical University of South Carolina, Charleston, South Carolina.
*These authors contributed equally to this work.

ANTIOXIDANTS & REDOX SIGNALING
Volume 15, Number 1, 2011
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ars.2010.3540

233



V. S-Glutathionylation and Modulation of Survival/Apoptosis 244
A. S-glutathionylation of death receptors 244
B. S-glutathionylation of caspases 246

VI. Redox Regulation of Calcium-Dependent Proteins 246
A. Protein kinase C 246
B. Sarco/ER calcium ATPase 246
C. Nitric oxide synthase 246

VII. S-Glutathionylation and Ubiquitin-Proteasome Pathway 247
VIII. S-Glutathionylation and Unfolded Protein Response 248

A. Signaling pathways in the unfolded protein response 248
B. Protein disulfide isomerase 248

IX. Redox Regulation of Cell Migration and Mobilization 249
A. S-glutathionylation of cytoskeletal proteins 249
B. Redox regulation of bone marrow mobilization 250

X. Cancer and Redox Homeostasis 250
A. Energy metabolism 250
B. S-glutathionylation and tumor metastasis 251
C. S100 proteins in cancer and leukocyte migration 252

1. S100B 252
2. S100A8 and S100A9 252

XI. Redox Dysregulation in Pathophysiology 252
A. Liver injury 252
B. Diabetes mellitus 253
C. Cardiovascular disease 254
D. Traumatic brain injury 254

XII. Neurological Diseases and Redox Pathways 255
A. Parkinson’s disease 255
B. Alzheimer’s disease 257
C. Huntington’s disease 258
D. Friedreich’s ataxia 259
E. Amylotrophic lateral sclerosis 259

XIII. Conclusions 259

I. Introduction

The production of reactive oxygen (ROS) and nitrogen
(RNS) species occurs under normal physiological condi-

tions. Cells have evolved elaborate mechanisms to maintain
redox homeostasis. There exists a significant and growing
body of literature that links human disease pathologies with
altered redox metabolism and homeostasis in cells and or-
ganisms. In particular, cancer and neurological disorders are
characterized by alterations in a variety of pathways involv-
ing reduced glutathione (GSH). Redox-mediate dysregulation
of signal transduction pathways leads to uncontrolled cell
growth (cancer) and cell death (neurodegenerative disorders).
As a tripeptide of glutamic acid, cysteine, and glycine, GSH
represents one of the most prevalent and important thiol
buffers in the cell. The ratio of GSH (reduced) and its disulfide,
GSSG (oxidized), contributes to the redox potential of the
cell and thereby contributes to redox homeostasis (Fig. 1).
Oxidative or nitrosative stress induced by physiological or
pathological conditions leads to a decreased ratio of GSH/
GSSG. In addition to the level of GSH and GSSG in cellular
compartments, redox homeostasis is defined by the GSH
content that is utilized by proteins themselves. The disulfide
proteome has been described as having two subproteomes, a
structural group and a redox-sensitive group (300). The re-
dox-sensitive proteome can be post-translationally modified
through disulfide linkages between GSH and redox-sensitive
cysteine residues within proteins, for example, S-glutathio-

nylated (P-SSG). Regulation through S-glutathionylation has
been ascribed to a large number of proteins that fall into the
following clusters: cytoskeletal, glycolysis/energy metabo-
lism, kinase and signaling pathways, calcium homeostasis,
antioxidant enzymes, and protein folding (271). This review
focuses on the molecular mechanisms that govern the redox-
sensitive disulfide proteome and highlights proteins that are
dysregulated in diseases of aging, specifically cancer and
neurodegenerative disorders.

A. Glutathione homeostasis

Intracellular GSH concentrations affect various compo-
nents of the S-glutathionylation cycle. Therefore, the en-
zymes that regulate intracellular GSH can contribute, though
indirectly to redox signaling events. Glutathione, initially
described as ‘‘philothion’’ or love of sulfur was crystallized,
determined to contain sulfur and renamed glutathione (125).
It is found in most prokaryotes and all eukaryotes and in
humans that the usual range of plasma GSH is 10–30 lM and
it has a flow rate to the kidney of 1 l/min, whereby
*60 lmol GSH is delivered to the lumen of the proximal
tubule where concentrations can approach 3 mM with a
turnover half-life of 20 min. Turnover of renal GSH suggests
that a further 2.4 lmol/h is delivered to the tubule lumen.
Since the concentration in urine is 1–3 lM, this is an excre-
tion rate of < 1 nmol/h, implying that 99% of the GSH is
reabsorbed.
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Intracellular GSH levels are governed by the rate of de novo
GSH synthesis and export. GSH cannot freely cross the cell
membrane and as such there are GSH transporters in some
tissues and enzymes that facilitate catalysis and uptake. In
general, GSH must be catabolized via a salvage pathway and
the constitutive amino acids brought into the cell for subse-
quent de novo synthesis. To date, only one enzyme is known to
facilitate this process. Gamma-glutamyltransferase (GGT) is a
cell surface heterodimeric glycoprotein expressed at high
levels in kidney tubules, biliary epithelium, and brain capil-
laries (112). GGT catalyzes the degradation of extracellular
GSH, hydrolyzing the c-glutamyl bond between glutamate
and cysteine and releasing the product cysteinyl-glycine
(CG) and glutamate. CG is cleaved by the membrane-bound
dipeptidase to cysteine and glycine (Fig. 2). The resulting
cysteine can be transported into the cell. This salvage sup-
plements the constitutive amino acids required for de novo
synthesis, achieved by sequential catalytic steps involving c-
glutamylcysteine synthetase (c-GCS) and glutathione syn-
thetase. The c-GCS reaction represents the committed step in
the biosynthesis and is subject to feedback inhibition by GSH,
but cysteine is rate limiting. Reactions of GSH can be sub-
divided into those involving the c-glutamyl and those of the
sulfhydryl of cysteine. The amino terminal peptide bond is
formed through the c-carboxyl of the glutamate residue. This
bond is resistant to degradation by serum proteolytic en-
zymes and this allows interorgan transport of GSH.

B. Proximal donors for S-glutathionylation reactions

Although both ROS and RNS can lead to S-glutathionylated
proteins, there is no precise understanding of which chemical
moieties might act as proximal donors for the post-translational
modification. Chemically, nucleophilicity is provided by the
thiol group of cysteine, and with a pKa of 9.65 (free) and 8.5
(GSH), it is basic enough to imbue important chemical prop-
erties. The pKa of cysteine within a protein is determined
by the neighboring protein environment but can have an

aliphatic thiol that provides proteins with nucleophilic sites
for a number of diverse post-translational modifications.
Under oxidative conditions the thiol can be oxidized to a thiyl
radical (RS˙) that has strong reactivity with oxygen, leading to
higher levels of cysteine oxidation (Fig. 3). Moreover, dis-
ulfide bonds between vicinal thiols can have critical implica-
tions for three-dimensional protein structures. Dependent
upon the steric properties and surrounding environment of
the cysteine, lipidation can occur through S-isoprenylation,
S-farnesylation, S-geranylgeranylation, or S-palmitoylation.
These additions provide significant bulk with resultant impact
upon protein structure, function, and subcellular compart-
mentalization. For example, modifications of the cysteine res-
idues in the ras oncogene can influence cellular transformation
pathways. The direct addition of GSH to low pK cysteines
creates an S-glutathionylated residue (Fig. 3), with an increase
in MW of 305 and a net increase in negative charge (from the
glycine residue of GSH). Nitrosylation of cysteines can also
occur upon exposure to nitrosative stress. Of relevance, con-
version of these residues to S-glutathionylated cysteines can
occur, indicating that products of nitric oxide have significant
capacity to cause S-glutathionylation. Identification of those
active metabolite(s) that might act as proximal donors for this
modification remains indeterminate. There is debate in the
literature as to which GSH species could facilitate the reaction.
Low levels of oxidative stress induced by H2O2 or diamide do
not generally produce high levels of S-glutathionylation. Ni-
trosylated cysteine residues can transduce to S-glutathiony-
lated, potentially through the following scheme, implicating S-
nitrosoglutathione (GSNO) as an intermediate.

PS-N¼OþGSH/PS-SGþHNO

PS-N¼OþGSH /PSHþGSNO

PSHþGSNO/PS-SGþHNO

In this example, GSNO can react with cysteine residues
through trans-nitrosylation followed by thiol disulfide
exchange and thus can act as a plausible donor in the

FIG. 1. Glutathione as a
biological redox buffer. The
ratio of GSH/GSSG reflects
the redox capacity of the cell.
The ratio is kept in balance
through oxidation/reduction
reactions involving GSH per-
oxidase and GSH reductase.
Reactive oxygen species-/
reactive nitrogen species-
induced changes that de-
crease GSH lead to cell death
via apoptosis or necrosis. GP,
GSH peroxidase; GR, GSH
reductase; GSH, reduced
glutathione; GSSG, oxidized
glutathione.
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S-glutathionylation reaction. Other possible species from the
interaction of nitric oxide and GSH may lead to S-glutathio-
nylation. Nitroxyl (HNO) may have biological importance
and pharmacological properties. For example, the degree of
electrophilic selectivity of HNO for thiols is higher than for

other nucleophiles (thiol > amine > oxygen nucleophiles) and
it can react with GSH to give N-hydroxysulfenamide (GS–
NH–OH), which can rearrange to generate a sulfinamide
(GS(O)NH2). Reaction of GS(O)NH2 with GSH can produce
glutathione disulfide-S-oxide (GS(O)SG), a product that also

FIG. 2. Regulation of GSH
metabolism by GGT. GGT
hydrolyzes extracellular GSH
and releases glutamic acid and
cysteinyl-glycine B1 . Cysteinyl-
glycine is cleaved by the mem-
brane-bound dipeptidase to
cysteine and glycine, and the
products are transported into
the cells B2 . The c-glutamyl
moiety is transferred to the ac-
ceptors and transported into
the cells B3 . The metabolic
components participate in the
de novo GSH synthesis cata-
lyzed by GCS and GCL B4 .
Intracellular GSH is exported
out of cells through MRP B5 .
The dashed lines indicate the
upregulation of GCS, GCL,
GGT, and MRP by oxidative
stress. GCL, glutamate cysteine
ligase; GCS, c-glutamylcysteine
synthetase; GGT, gamma-
glutamyltransferase; MRP,
multidrug resistant protein.

FIG. 3. S-glutathionylation cycle. Cysteine residues on proteins that have a low pKa are targets for redox modulation
under conditions of oxidative or nitrosative stress. The cysteine residue within proteins can be oxidized to form sulfenic,
sulfinic, and sulfonic acids. Both sulfenic and sulfinic acids of proteins can be reduced or conjugated to GSH to form S-
glutathionylated proteins via glutathione S-transferases, Grx, or nonenzymatically. The post-translational modification can be
reversed by Grx and/or sulfiredoxin. Grx, glutaredoxin.
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has the potential to act as the proximal donor in S-glutathio-
nylation reactions. A sulfinic acid (GS(O)OH) and NH3 are
possible hydration products from sulfinamide. Key interme-
diates leading to the synthesis of GS(O)SG are the sulfina-
mides (GS(O)NH2 and GS(O)–NH–SG). The reaction of
GS(O)SG or GS˙ with a cysteine residue (R-SH) can lead to the
formation of the S-glutathionylated mixed disulfide. Thus,
while GSH itself may not be an ideal proximal donor in S-
glutathionylation, candidates that may be involved include
GSSG, GS–O–SG, and GS–O–O–SG (126, 266). NO can also
produce oxidized intermediates that lead to the highly ni-
trosative species such as N2O3, which reacts with GSH to
produce GSNO. The latter can then react with cysteine
through trans-nitrosylation followed by thiol-disulfide ex-
change resulting in S-glutathionylation. Nitrosative species
such as nitrogen dioxide can also interact directly with GSH to
lead to S-glutathionylated cysteine residues. Some, or all, of
these reactions may produce products that lead to the post-
translational modification.

Oxidation and reduction reactions play an essential role in
numerous cell-signaling cascades, including those associated
with proliferation, inflammatory responses, apoptosis, and
senescence. Oxidative stress can be defined as the result of the
imbalance between the production of oxidants and their re-
moval by antioxidants and can play an important role in (i)
the origination, progression, and malignancy of a number of
cancers and (ii) a number of diseases of progressive demen-
tia. For example, high levels of ROS and/or RNS can lead to
cell senescence and/or death. Recent studies have identified
certain types of ROS as second messengers in signaling
pathways, thus implicating them in the regulation of cell
phenotype by acting as effector molecules. Understanding
the origin of various ROS/RNS, and their roles in disease
initiation and progression, as well as in the cell signaling
pathways involved in these could facilitate prognosis, diag-
nosis, and the development of therapies that might act to
prevent and/or counteract such human pathologies. As a
component of this, a more detailed understanding of those
features of S-glutathionylation that regulate cellular events
may help to enhance our understanding of the interface of the
pathways involved.

II. Detection of S-Glutathionylation

Although the importance of cysteine post-translational
modifications has been appreciated for many years, progress
in the field has been limited by the restricted sensitivity of
many of the methods used to measure, what can be, very low
levels of products. More advanced proteomic approaches,
together with optimization of other detection methods, have
allowed investigators greater flexibility in experimental de-
sign and interpretation. Contingent upon endpoint, each of
the following approaches has been utilized effectively to yield
publishable results.

A. Antibody detection of S-glutathionylation

Antibodies have been developed to detect protein S-
glutathionylation. Antibody detection is a blunt instrument
that provides information on global S-glutathionylation sta-
tus, unless preceded by immunoprecipitation of a specific
protein of interest. Table 1 summarizes the commercially

available antibodies along with the specific antigen used to
generate the reagent. S-glutathionylation of proteins is
predominantly detected using antibodies generated against
protein-glutathione adducts by employing methods such as
western blotting, ELISA or immunohistochemistry/immu-
nocytochemistry. In addition, S-glutathionylation mouse
monoclonal antibodies with a fluorescent DyLight 488 or
DyLight 549 label are available for fluorescent applications
(Arbor Assays, MI). GSH can be conjugated to bovine serum
albumin (BSA), keyhole limpet hemocyanin (KLH), and hu-
man lysozyme (LZM) to generate an immunogen for antibody
generation in rabbits, rats, and mice or using phage display
libraries (123). However, only highly abundant S-glutathio-
nylated proteins are detected and it is not possible to deter-
mine the identity of the modified proteins. Recent approaches
have shown that it is possible to generate peptide-based an-
tibodies against the GS-binding domain of proteins such as
mitochondrial complex I and II and to determine domain
specific functionality (139). Specifically, two peptides of the
S-glutathionylated domains of, respectively, the 51 kDa,
200GAGAYIC(GSH)GEETALIESIEGK219, and 75 kDa, 361VDS
DTLC(GSH)TEEVFPTAGAGTDLR382, subunit of complex I
were used to generate distinct polyclonal antibodies in rabbits.
In addition, two non-S-glutathionylated peptides were used as
chimeric isotopes for control antibodies. Upon binding, each
antibody generated from the S-glutathionylated peptides de-
creased superoxide production by 37% and 57%, respectively,
in isolated bovine mitochondrial Complex I (36, 139). Further,
these antibodies have been used successfully in ELISA, Wes-
tern blotting, and immunoprecipitation applications (36). Such
reports have demonstrated that antibodies can be used not only
in immunodetecting methods but also as tools to study bio-
logical samples.

B. Analytical detection and quantification of P-SSG

Analytical methodologies provide the platform for quan-
titative analysis of specific S-glutathionylation, as well as
information on which cysteine residues are targets for modi-
fication. Traditionally, derivatization (157, 228) and metabolic
labeling (30, 96) together with, or without, affinity chroma-
tography (37, 192) have been used to study S-glutathionyla-
tion, but advances in proteomic technologies and mass
spectrometry have made the detection, quantification, and
high-throughput analysis more tractable (109, 227, 273). Pro-
teomic approaches coupled with analysis of protein structure
and function (273, 274) were utilized to combine identification
of specific cysteine residues in vitro with structural and
functional characteristics of the target proteins. Specifically,
glutathione S-transferase pi (GSTP) and GSTP-SSG were
analyzed by circular dichroism and intrinsic fluorescence
analysis to show that the alpha-helical content is decreased in
GSTP-SSG and this translated into a decrease in enzyme
activity and loss of protein:protein interactions. Similar
technology was utilized to identify and characterize redox
modification of endoplasmic reticulum (ER) chaperones (274).

Incorporation of radioactively labeled 35S-cysteine in combi-
nation with the protein synthesis inhibitor, cycloheximide, can
provide estimates of S-glutathionylation after in vitro exposure
to oxidative stress (231). However, the technique requires that
further S-glutathionylation during the solubilization or extrac-
tion procedure is blocked with N-ethylmaleimide. In addition to
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radioactive labeling, biotinylated cell-permeable GSH ethyl es-
ters have been used (263). As an example, subjecting HeLa cells,
preloaded with biotinylated GSH ethyl ester to oxidative stress
through tumor necrosis factor a (TNFa) stimulation, led to the
incorporation of the marker and subsequent binding of S-
glutathionylated proteins to streptavidin-agarose beads (263).
In-gel digestion and Edman sequencing confirmed that two of
the S-glutationylated proteins were thioredoxin peroxidase II
and annexin II. Combining mass spectrometry with affinity
purification methods has proved beneficial in identification and
quantification protocols. A combination of two-dimensional
sodium dodecyl sulfate–polyacrylamide gel electrophoresis and
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry was applied to show that GSTP is S-glutathiony-
lated on Cys47 and Cys101 after oxidative and nitrosative stress
(273). Other studies using sensitive electrospray ionization-LTQ-
Orbitrap mass spectrometry determined that hemoglobin could
be S-glutathionylated through a cysteine sulfenic intermediate
on the Cys b93 residue (227). Lind et al. (157) developed an S-
glutathionylation-specific labeling protocol through modifica-
tion of the biotin switch method (133) by substituting ascorbate
with glutaredoxin 3 (Grx3) (C14S,C65Y mutant) as the reducing
agent. This labeling procedure together with biotin-streptavidin
enrichment and mass spectrometry should be highly adaptable
to the accurate determination of S-glutathionylated proteins

under basal and experimental conditions (Fig. 4). Conjugation of
GSH and GSSG with fluorescein allows labeling of S-glutathio-
nylated proteins (149) under situations where optical fluores-
cence microscopy and fluorescent immunoblotting application
are utilized.

It has been suggested that protein thiols may be a more
accurate indicator of total cellular redox status, since they
represent a potentially larger redox active pool than free glu-
tathione (113). Using the fluorescent thiol-specific probe
ThioGlo-1tm, the glutathione disulfide mimetic, NOV-002, was
shown to modifiy free thiols in a variety of tissues and to cause
S-glutathionylation of serum and liver proteins (Fig. 5) (273).
In keeping with the total cellular environment, an approach
has recently been developed for derivatization and detection
of sulfenic acids after thiol oxidation with H2O2 (245). Mod-
ification of sulfenic acid by dimedone yields an antibody-
specific hapten epitope that allows the determination of
cellular thiol oxidation status. This method is specific for sul-
fenic acids and allows discrimination over sulfinic and sulfonic
acid modifications and has been successfully applied in sev-
eral biological systems, including cancer cell lines (245).

Advances in proteomics combined with advances in mass
spectrometry instrumentation will undoubtedly enhance
capabilities in detection and perhaps more importantly
quantification of S-glutathionylated proteins. Currently, there

Table 1. Commercially Available Antibodies Directed Toward S-Glutathionylated Moieties

Company Origin Clone Immunogen Applications

Virogen Mouse D8 Unknown WB
Abcam Mouse D8 Glutathione conjugated to Keyhole

Limpet Hemocyanin (KLH)
ELISA, ICC/IF, IHC-P, IP, WB

AbD Serotec Rabbit Glutathione-glutaraldehyde-BSA ELISA
Abnova Mouse D8 Glutathione-protein complexes WB

Rat Glutathione conjugated to BSA ELISA, IHC-P
Thermo Mouse D8 Glutathione ELISA, WB, IP
Advanced targeting systems Rabbit Glutathione-glutaraldehyde-BSA ELISA, IHC-P

Rat Glutathione-glutaraldehyde-BSA ELISA, IHC-P
Arbor assays Mouse L4H Glutathione conjugated to KLH ELISA, WB, IP

Mouse L4H Glutathione conjugated to KLH,
DyLight 488 label

Fluorescence

Mouse L4H Glutathione conjugated to KLH,
DyLight 549 label

Fluorescence

Enzo Mouse D8 Unknown ELISA, WB, IP
Cellsciences Rabbit Glutathione conjugated to BSA ELISA, WB, IHC

Rat Glutathione-glutaraldehyde-protein ELISA
Fritzgerald Mouse D8 Unknown Unknown
Genway Rat Glutathione-glutaraldehyde-BSA ELISA
Kamiya Mouse D8 Glutathione conjugated to KLH ELISA, WB, IP, IHC
Lifespan Mouse Lv022 Glutathione ELISA, WB, IP

Mouse 2q68 Glutathione WB, IHC
Mouse D8 Unknown WB
Mouse GF5 Unknown WB
Rabbit Glutathione-glutaraldehyde-BSA ELISA, IHC
Rat Glutathione-glutaraldehyde-BSA ELISA

Chemicon Mouse D8 Glutathione WB, IHC
Rabbit Glutathione-glutaraldehyde IHC
Rat Glutathione-glutaraldehyde-BSA IHC

Santa Cruz Mouse 1v022 Glutathione WB, IP
Mouse D8 Glutathione WB, IP
Mouse 2Q68 Glutathione WB, IC

US Biological Rabbit Glutathione-glutaraldehyde-BSA ELISA
Rabbit Glutathione-glutaraldehyde ELISA, IHC
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exists a bottleneck because of the large size of the data files
generated; however, the rapid development of higher com-
puting power and better database search algorithms will cer-
tainly lessen such limitations. This will also reduce the number
of false-positives, but additional conformational studies using
alternative methodologies will still need to be developed.

III. Enzymes That Catalyze the S-Glutathionylation
Cycle

Like phosphorylation, S-glutathionylation is a regulated
post-translational modification. Numerous in vitro studies
with ROS/RNS and GSH at high levels show that redox-
sensitive proteins can be S-glutathionylated nonenzymatically.
Within cells, several proteins are now recognized to promote

and remove S-glutathionylation participating in the S-glu-
tathionylation cycle.

A. Proteins with S-glutathionylase activity

It is generally accepted in the signal transduction field that
cyclical phosphorylation is governed by kinases and phos-
phatases, either of which can have generalist or specialist
functions. Our understanding of the S-glutathionylation cycle
is presently limited. However, a handful of proteins are
players and as such it is possible to construct a scheme for the
forward and reverse steps of the S-glutathionylation cycle. S-
glutathionylation can serve to regulate directly the structure/
function of a quite diverse range of proteins and also serves to
prevent the sequential oxidation of thiol groups to sulfenic,
sulfinic, and sulfonic acids; the latter is generally irreparably
damaged and leads to the proteosomal degradation of the
protein. Reversibility of S-glutathionylation provides a switch
to control response to changes in redox conditions and cells
have evolved a degree of functional redundancy in regulation
of this reversible reaction.

1. Glutathione S-transferases. Historically, glutathione
S-transferases (GSTs) have been described as a family of
ubiquitously expressed Phase II detoxification enzymes that
catalyze GSH conjugation to electrophilic compounds
through thioether linkages. The family is composed of
members that can be present in the cytosolic, mitochondrial,

FIG. 4. Biotin labeling of sulfhydryls to detect P-SSG. Labeling of S-glutathionylated proteins as described by Lind et al.
(157). Free sulfhydryls are alkylated with N-ethylmaleimide followed by reduction of S-glutathionylated proteins with Grx3.
Reduced SH groups are labeled with biotin-maleimide and purified with streptavidin agarose. Purified proteins are separated
on a two-dimensional sodium dodecyl sulfate–polyacrylamide gel electrophoresis gel, and spots are excised and digested
with trypsin. The resultant tryptic peptides are spotted on a MALDI plate and subjected to MALDI-TOF mass spectrometry
followed by database searching using the MASCOT algorithm. 2D SDS-PAGE, two-dimensional sodium dodecyl sulfate–
polyacrylamide gel electrophoresis. MALDI-TOF, matrix-assisted laser desorption/ionization time-of-flight. (To see this
illustration in color the reader is referred to the web version of this article at www.liebertonline.com/ars).

FIG. 5. Fluorescent detection of modified sulfhydryls. The
thiol reactive compound ThioGlo-1 binds to free sulfhydryls
on cysteine residues and can be used to semiquantitatively
determine modified cysteines by fluorescence.
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and membrane-bound microsomal compartments. The cy-
tosolic GSTs are divided into seven classes: Alpha, Mu,
Omega, Pi, Sigma, Theta, and Zeta. There is > 60% se-
quence identity between family members and functionally
they are similar and have overlapping substrate specificities
(167, 173).

In the 1990s the role of GSTs in redox-mediated kinase
signaling emerged. It was discovered that the pi class of GST
plays a regulatory role in cellular stress response, apoptosis,
and proliferation through direct protein:protein interactions
with c-Jun N-terminal kinase ( JNK) (3, 94, 292). The list of
involvement with kinase interactions has expanded and to-
date includes JNK, apoptosis signal-regulating kinase 1
(ASK1), TNF receptor-associated factor 2 (TRAF2), and GSK
as well as other GST family members [for review see ref.
(271)]. It has been shown that GSTP can potentiate the for-
ward reaction of the S-glutathionylation cycle (165, 273). The
kinetics and magnitude of protein S-glutathionylation is sig-
nificantly greater in GSTP1P2 wild-type mice than those from
knockout animals (273). Distinct from the protein:protein in-
teractions described above, the catalytic activity is required
for protein S-glutathionylation. In response to both ROS and
RNS, cells expressing mutants of GSTP that lack the catalyi-
tically active tyrosine residue have diminished capacity to
S-glutathionylate proteins (273). There appears to be pro-
miscuity with respect to substrate proteins. In cell models of
nitrosative stress resistance a decrease in S-glutathionylated
proteins was concurrent with reduced GSTP levels (130).
In terms of specificity, GSTP does play a necessary role in the
S-glutathionylation of 1-cys peroxiredoxin (1-cysPrx) (165,
194, 220). Oxidation of the catalytic cysteine of 1-cysPrx to a
stable cys-sulfenic acid has been associated with loss of per-
oxidase activity. However, heterodimerization of 1-cysPrx
with GSTP mediates the S-glutathionylation of the previously
oxidized cysteine, followed by subsequent spontaneous re-
duction of the mixed disulfide, thus restoring its peroxidase
activity (165).

It is well established that kinases are auto-regulated (i.e.,
phosphorylated) as a means of feedback regulation. Interest-
ingly, GSTP is itself also subject to S-glutathionylation on
Cys47 and Cys101, thereby suppressing its catalytic proper-
ties and even its protein interactions with JNK, instead pro-
moting GSTP multimerization (Fig. 6). It is not known
whether S-glutathionylation of GSTP is a trigger for dissoci-
ation from the kinase complex. However, Cys47 and Cys101
reside in two distinct effector domains that are required for
direct interaction with JNK, whereas Cys47 is critical to ligand
binding with Prx1. It is worth noting that those proteins with
which GSTP has been previously shown to have pro-
tein:protein interactions are also targets for S-glutathionyla-
tion (53, 165).

The impact of GST polymorphisms on disease susceptibil-
ity, particularly when associated with ROS/RNS, has been
reviewed elsewhere (173). Four active, functionally different
polymorphisms of GSTP (GSTP1*A–D) have been identified
(173) (Table 2). To date, any evaluations of these differ-
ences have not considered the context of their impact on S-
glutathionylation or variation in an individual’s ability to
respond to oxidative or nitrosative stress. Future and ongoing
studies in this arena could provide new insights into phar-
macogentic response to drugs as well as the disease suscep-
tibilities.

2. Gamma-glutamyl transpeptidase. GGT catalyses the
breakdown of GSH into glutamate and CG. Both GSH and CG
have been shown to form mixed disulfides with cysteine
residues in redox-sensitive proteins. In a previous study it was
reported that S-glutathionylation is responsible for up to 85%
of cases of S-thiolation (244). It was reported that activation of
GGT resulted in a marked increase of CG bound to cellular
and extracellular proteins and the effect was largely pre-
vented by acivicin, a GGT inhibitor (52). Protein-bound CG
levels were much lower than those of S-glutathionylation, yet
increased levels of protein-bound CG led to a decrease in the
levels of protein S-glutathionylation, and the reverse was also
true (52). Active GGT on the cell surface can act as a GSH sink,
removing it from the local environment and affecting the in-
tracellular GSH/GSSG redox balance.

Due to the low pKa of the cystein in CG, it can easily in-
teract with metal cations, promoting a redox-cycling process

FIG. 6. The interplay of protein phosphorylation and
protein S-glutationylation pathways in cell signaling. Un-
der basal conditions, GSTP forms heterodimers with JNK
and TRAF2, resulting in kinase inactivation. Oxidative or
nitrosative stress induces complex dissociation and results in
S-glutathionylation and/or phosphorylation and activation
of c-jun, JNK, and TRAF2. S-glutathionylation of GSTP leads
to oligomerization and enzyme inactivation. These processes
are reversed when stress is removed. JNK, c-Jun N-terminal
kinase, GSTP, glutathione S-transferase pi. (To see this il-
lustration in color the reader is referred to the web version of
this article at www.liebertonline.com/ars).

Table 2. Polymorphisms of Glutathione

S-transferase Pi

Allele Nucleotide Variability Activity

GSTP1*A Ile105 Ala114 Reference
GSTP1*B Val105 Ala114 Decrease
GSTP1*C Val105 Val114 Decrease
GSTP1*D Ile105 Val114 No change

GSTP1*B and *C have decreased catalytic activity (173).
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that results in the production of ROS and stimulation of oxi-
dative reactions (Fig. 2). Stark et al. first suggested that CG
could cause the reduction of ferric Fe(III) to ferrous Fe(II) ion
(262). In agreement with this, Paolicchi et al. demonstrated
that in systems including ADP-Fe (III) complex, GSH can re-
duce some iron but the reaction rate increases significantly
when GGT or CG is included (202). Moreover, in histiocytic
lymphoma U937 cells overexpressing GGT or addition of CG
directly stimulates extracellular production of H2O2, which
can be suppressed by noncell permeant iron chelators, em-
phasizing the importance of extracellular iron in the reac-
tion (70). The GSH/GGT-mediated prooxidants significantly
affect the signaling cascades through the reversible S-
glutathionylation of the critical cysteine residues of the target
molecules, resulting in dysregulation of the proliferative/
apoptotic balance in cells. GGT as a cell surface protein may
also play a significant role in the S-glutathionylation of cell
surface or extracellular proteins.

3. Grx1 and Grx2. Grx is a thiol disulfide oxidoreductase
and member of the thioredoxin superfamily. A primary
function of Grx is to facilitate the removal of GSH from S-
glutathionylated proteins, S-deglutathionylation [for review
see refs. (178, 250)], but somewhat unexpectedly Grx also has
some activity in the forward reaction. Specifically, Grx1 and
Grx2 were shown to promote S-glutathionylation of GAPDH,
actin, and PTP1B using GS$ as the proximal donor (90). The
role of Grx as an S-glutathionylase appears limited. It is in-
teresting that GAPDH was identified as the target for Grx-
mediated S-glutathionylation since it is among a subset of
proteins that is S-glutathionylated despite the fact that the
target cysteine is not in a basic environment and thus lacks the
characteristic low pKa (210). To date, other known substrates
for Grx-mediated S-glutathionylation have not been identi-
fied. With GSTP (and likely other GSTs) redox regulation of
molecular targets may be determined by the context of the
proteins, rendering some degree of specificity.

B. Proteins with deglutathionylase activity

The protein S-glutathionylation cycle is initiated under
conditions of oxidative or nitrosative stress and is reversed
when a reducing environment is restored. As such, the GSH
moiety may be removed (deglutathionylated) by Grx and/or
sulfiredoxin (Srx). The role of Grx in deglutathionylation has
been extensively studied and is proposed to occur through
direct thiol/disulfide exchange reactions in three steps: (i) Grx
reacts with P-SSG to release P-SH and form the covalent in-
termediate, Grx-SSG (178); (ii) Grx-SSG is reduced by GSH,
yielding reduced Grx, and GSSG (90, 177); (iii) GSSG is re-
duced by glutathione reductase to restore GSH levels. The role
of Grx in this cycle and its impact on various clinical impli-
cations has been reviewed (177). However, a role for Srx in the
S-gluthionylation cycle is emerging. Findlay et al. reported
that Srx can act as a general deglutathionylase for a number of
proteins, including PTP1B and actin (79, 80). S-glutathiony-
lation of PTP1B inhibits phosphatase activity. However, Srx
restores the activity of PTP1B via deglutathionylation. Park
et al. demonstrated that deglutathionylation of 2-Cys perox-
iredoxin (Prx1) is specifically catalyzed by sulfiredoxin (203).
In these studies, the affinity of Srx and Grx1 toward Prx1 was
evaluated and it was determined that Srx has a greater

binding affinity for Prx1. The biological relevance was sup-
ported in cultured tumor cells after exposure to oxidative
stress.

The tissue distribution, subcellular localization, and sub-
strate specificity of Grx and Srx differ, suggesting distinctive
roles in redox regulation. Grx1 and Grx2 are localized in the
cytosol and mitochondria/nucleus, respectively (128). Grx1
has also been identified in the inner membrane space of the
mitochondria and has been suggested to translocate to the
nucleous; however, definite evidence for nuclear localization
of either Grx1 or Grx2 is limited [see review (178)]. Srx con-
tains a single cysteine residue, whereas Grx contains two
within a conserved CXXC motif. Consequently, the molecular
mechanism of deglutathionylase activity will undoubtedly
differ during disulfide exchange reactions. More importantly,
any substrate specificity for these enzymes for target proteins
has yet to be defined. There exist a growing number of disease
states (described in subsequent sections) that are associated
with S-glutathionylated proteins. A better understanding of
deglutathionylation pathways in the context of both Grx and
Srx could potentially provide druggable targets that may be a
platform for disease treatments.

IV. Redox Regulation of Kinase Signaling Pathways

A. S-glutathionylation and modulation
of mitogenic signaling

S-glutathionylation of several kinases, phosphatases and
transcription factors can impact signal transduction pathways,
particularly in cancer cells. For example, Figure 7 depicts the
Ras-MEK-extracellular signal-regulated kinase (ERK) path-
way and its key regulators, many of which contribute to the
regulation of cell growth.

1. Ras-MEK-ERK pathway. Ras is an essential compo-
nent of the signaling pathway that underlies growth factor-
induced cell proliferation, differentiation, or survival. Ras is
a member of the small GTPase superfamily, functioning as
regulated GDP/GTP switches between inactive GDP-bound
and active GTP-bound states. The three human ras alleles
encode H-Ras, N-Ras, and K-Ras proteins. The Ras GDP/GTP
cycle is controlled by two classes of regulatory proteins:
guanidine nucleotide exchange factors that stimulate
the formation of Ras-GTP, and GTPase-activating proteins
(GAPs) that stimulate hydrolysis of the bound GTP, thereby
returning Ras to the GDP-bound form. Mutated ras alleles
are found in 30% of human cancers, occurring at particularly
high frequencies in colon and pancreatic carcinomas. For
example, K-Ras mutations can be detected in 30%–40% of all
patients with colorectal cancer (182). The mutations render
Ras insensitive to GAPs and persistently activated in the
absence of external stimuli. Such gain-of-function mutations
of Ras are thought to be involved in the process of cell
transformation. S-glutathionylation of H-Ras on Cys118, a
reactive thiol that has been identified in the GTP-binding
region of H-Ras, increases its activity and leads to p38 and
Akt phosphorylation, which in turn contributes to the in-
duction of protein synthesis (1). As part of this pathway, it
has been speculated that modification of the critical thiol in
the Ras GTP-binding domain may create a conformational
change that favors GTP hydrolysis.
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2. Protein tyrosine phosphatases. Protein tyrosine
phosphatases (PTPs) are generally considered to be negative
regulators of tyrosine phosphorylation-involved signaling
pathways and are implicated in cancer development through
a somewhat obscure process of fine-tuning the intensity and/or
duration of signaling through phosphorylation. Several
groups have shown that either RNS or epidermal growth
factor (EGF) can reversibly inactivate PTP1B by causing its S-
glutathionylation (272). In these situations, the active site
Cys215 is the residue subject to oxidation to sulfenic acid,
reacting further with GSH to form the mixed disulfide (15).

In the protein tyrosine phosphatase family, a subgroup of
cytoplasmic PTPs containing two SH2 N-terminal domains
and a C-terminal PTP domain and are referred to as Src-
homology protein tyrosine phosphatases (SHPs). SHP-1 and
SHP-2 are intimately involved in regulation of cell growth,
regulating mitogen-activated protein kinase (MAPK), and
chemotactic response pathways (44). SHP-1 and SHP-2 each
promote the activation of the Ras-MAPK signaling path-
way. SHP-1 activity is Ras-dependent (146), whereas SHP-2
dephosphorylates phosphotyrosine sites on growth factor
receptors that recruit p120 Ras-GAP, thus preventing the in-
hibition of Ras activation by p120 Ras-GAP (4). Activating
mutations of PTPN11 (human SHP-2 gene) resulting in a loss
of auto-inhibition of PTP activity have been identified in in-
dividuals with Noonan syndrome, a human developmental
disorder sometimes associated with juvenile myelomonocytic
leukemia. Further, somatic mutations of PTPN11 are associ-
ated with pediatric leukemias (170). SHP-1 and SHP-2 were
susceptible to S-glutathionylation by GSSG in vitro, but these
observations have not been replicated in vivo (230). Never-
theless, these phosphatases are functionally quite important
and as a consequence their regulation through thiol modifi-
cations could prove to be physiologically significant and
pertinent to disease pathologies. As a consequence, further
studies are merited.

3. Protein kinase A. Protein kinase A (PKA) is the main
intracellular receptor of the second messenger cyclic adeno-
sine monophosphate and upon activation phosphorylates a
number of substrates that regulate such cellular functions
as glycogen metabolism, cell proliferation, and differentia-
tion. Possible cross-talk between cyclic adenosine monopho-
sphate/PKA and MAPK pathways has recently been
reviewed (95). The catalytic subunit of PKA contains two
cysteines at positions 199 and 343. Humphries et al. reported
that both cysteines are susceptible to S-glutathionylation, but
it was the modification of Cys199 that led to kinase inactiva-
tion (129). In light of the pleiotropic impact of PKA on a
number of critical signaling pathways (some of which have
disease relevance), the functional importance of this modifi-
cation may have quite broad significance.

B. Phosphatidylinositol 3-kinase-Akt-p53 pathway

Akt/protein kinase B is a Ser/Thr kinase with functional
significance in cell survival pathways. Akt is recruited to the
membrane by phosphatidylinositol 3-kinase (PI3K) through
generation of phosphoinositol triphosphate, where it is acti-
vated by phosphorylation at Thr308 and Ser473 by kinases,
including PDK (phosphoinositol-dependent kinase) and pro-
tein kinase C (PKC). The function of PI3K is opposed directly by
the tumor suppressor phosphatase and tensin homolog deleted
from chromosome 10 (PTEN). PTEN is an important target for
redox regulation. It was reported that S-nitrosothiols oxida-
tively modified PTEN, leading to reversible inhibition of its
phosphatase activity and that the oxidized species was a mixed
disulfide (311). In macrophages, ATP-induced ROS inactivated
PTEN by S-glutathionylation, leading to PI3K/Akt pathway
activation and a subsequent equilibrium shifted toward cell
survival (54). The dephosphorylation of Akt is mediated by the
Ser/Thr protein phosphatase 2A (PP2A). It was demonstrated
that H2O2 inhibited PP2A activity in human colon carcinoma

FIG. 7. S-glutathionylation
as a regulator for Ras-mitogen-
activated protein kinase path-
ways in cancer. This figure
depicts several sites in the Ras-
mitogen-activated protein ki-
nase pathway in cancer cells
where reversible glutathionyla-
tion may serve as a potential
regulatory mechanism. Ras,
PKA, PKC, SHP-1, SHP-2,
PTP1B, SERCA, RyR, and S100
proteins are highlighted, indi-
cating that they are the targets of
this modification.
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Caco-2 cells, and GSSG was able to inhibit the activity of iso-
lated PP2A, indicating that PP2A is a target for regulation by S-
glutathionylation (222). In general, the phosphatase family
members with cysteine residues that are critical to their cata-
lytic activity are subject to regulation by S-glutathionylation.

The p53 tumor suppressor is a potent transcription factor
that, in response to a variety of cellular stresses, including DNA
damage, hypoxia, chemotherapeutic drugs, oxidative stress,
and many aberrant growth signals, controls the expression of a
wide array of genes involved in cell cycle control, DNA repair,
differentiation, and apoptosis (286). Approximately 30%–50%
of human cancers contain mutations in p53. Inactivation of the
p53 gene or disruption of p53-regulated pathways eliminates
p53 function in many cancers. Murine double minute 2
(Mdm2) is an E3 ubiquitin ligase that plays a key role in
maintaining p53 at critical physiological levels by targeting it
for proteasome-mediated degradation in normal, unstressed
cells. Expression of the Mdm2 gene is p53-dependent and thus
p53 and Mdm2 cooperate in a negative feedback loop. Akt
phosphorylates Mdm2, enhances nuclear localization of
Mdm2, and increases ubiquitination and degradation of p53
(176). p53 binds to its consensus DNA sequence as a homo-
tetramer. In human malignant glioblastoma and colon carci-
noma cells, p53 was S-glutathionylated and mass spectral
analysis identified the modification sites as Cys124, Cys141 and
Cys182 in the proximal DNA-binding region (283). As a con-
sequence of S-glutathionylation, p53 lost the ability to recog-
nize its consensus DNA sequence. S-glutathionylation at these
sites also interfered with p53 oligomerization, another impor-
tant step in p53-targeted gene transactivation (283). Precisely
how redox control of the multiple p53 mediated pathways re-
lates to cancer is not clear. Nevertheless, the very fact that p53
can be influenced by S-glutathionylation implies an important
cross-talk between these pathways.

C. I kappa B kinase-nuclear factor kappa B pathway

Nuclear factor kappa B (NFjB) is an inducible transcription
factor that plays a role in the expression of over 100 genes
involved in immunity, inflammation, proliferation, and in
defense against apoptosis (140). It can tip the balance between
apoptosis and proliferation and malignant growth of tumor
cells. NFjB belongs to the Rel family of proteins that includes
five members: RelA (p65), RelB, c-Rel, NFjB1 (p50/p105), and
NFjB2 (p52/p100). The inactive form of NFjB is localized in
the cytosol as p65/p50 (most abundant) or p50/c-Rel het-
erodimers through interaction with IjB repressor proteins.
Upon stimulation, IjB is phosphorylated by I kappa B kinase
(IKK) and degraded via the ubiquitin-proteasome pathway,
allowing NFjB to translocate into the nucleus, bind to DNA
and activate transcription. The NFjB survival pathway is
regulated by S-glutathionylation at multiple steps. Therapeutic
strategies that selectively enhance S-glutathionylation of those
components could be effective therapeutic approach in oncol-
ogy and drug discovery efforts with interference of this modi-
fication as an endpoint could be a viable approach.

IKK, when phosphorylated by active Akt, phosphorylates
IjB and relieves the inhibition of NFjB. It was reported that in
alveolar epithelial cells, IKKb activity was suppressed by
H2O2-induced S-glutathionylation of Cys179, a process that
occurred through a sulfenic intermediate precursor (229). S-
glutathionylation of IKKb hence dampened TNFa-induced

NFjB activation. NFjB itself is also a direct target for S-
glutathionylation. One group reported that p50-NFjB was
S-glutathionylated at Cys62, a residue located in the DNA-
binding domain and caused a reversible inhibition of its
DNA-binding ability (212). Moreover, these studies showed
that the formation of a protein sulfenate at the same residue
contributed much less to the inhibition of p50-NFjB DNA-
binding. The implication from this observation is quite im-
portant since it implies that it is not just any modification at
Cys62, but a mixed disulfide that changes protein conforma-
tion and interrupts the p50-NFjB-DNA interaction. Under
normal conditions, increased ROS prevents NFjB activation
by cytokines, whereas hypoxia has been shown to promote
both degradation of IjBa and p65-NFjB nuclear translocation
and binding to DNA and transactivation in mouse and hu-
man cells (218). The cysteine precursor N-acetyl-L-cysteine
(NAC) enhanced hypoxic apoptosis in cells. This occurred at
the level of abrogating hypoxia-induced p65-NFjB binding to
DNA and subsequent NFjB-dependent expression of sur-
vival genes (218). S-glutathionylation of p65 was diminished
under hypoxic conditions in cell in which Grx was knocked
down (217). It was proposed that Grx may serve as a catalyst
for S-glutathionylation of p65 under the GSH-thiyl-radical
generating conditions of hypoxia and NAC treatment. Under
normoxic conditions, NAC is proposed to restore GSH levels
and redox homeostasis, which would disfavor S-glutathio-
nylation reactions. As such, delivery of NAC to the hypoxic
core of tumors could provide an effective means of cell killing.

D. JNK-c-Jun pathway

c-Jun N-terminal kinase (JNK) is a stress-activated protein
kinase implicated in pro-apoptotic signaling in cancer and
contributes to the mediation of the cytotoxicity of a variety of
chemotherapeutic agents. Activator protein 1 is a homo- or
heterodimeric transcription factor consisting of Jun (c-Jun,
JunB, and Jun D) and Fos (c-Fos, FosB, and Fra-1), which reg-
ulates a large number of genes involved in cancer cell signaling.
Both subunits interact with each other via their basic leucine-
zipper domain. JNK phosphorylates c-Jun and activates c-Jun
transcriptional activity. A decrease in the cellular GSH/GSSG
ratio provided an alteration in the redox potential that led to the
oxidation of c-Jun thiols by mechanisms that include both S-
glutathionylation and intermolecular disulfide bridge forma-
tion (144). Specifically, S-glutathionylation of c-Jun occurs at
Cys269, but not at the disulfide bridge between c-Jun subunits,
sterically blocking DNA binding (144).

MAPK/ERK kinase kinase 1 (MEKK1) is the first charac-
terized JNK kinase that activates JNK through phosphorylation
of mitogen-activated protein kinase kinase 4. Activation of
MEKK1 is known to transmit a cell survival signal. Cross and
Templeton reported that either N-ethylmaleimide or menadi-
one directly inhibited MEKK1 activity in human prostate can-
cer cells and that the inhibition involved S-glutathionylation at
a single unique cysteine residue, Cys1238, in the ATP-binding
domain of MEKK1 (53). They also confirmed that modification
by S-nitrosylation or oxidation of cysteine to sulfenic acid was
not an effective way of achieving the inhibition. ASK1 is also
able to phosphorylate mitogen-activated protein kinase kinase
4 on the same sites and to activate JNK. In contrast to MEKK1,
activation of ASK1 mediates TNFa-induced apoptosis. ASK1
was activated under oxidative stress (53), and its kinase activity
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was regulated by thioredoxin (Trx), a redox regulatory protein
known to protect cells from TNFa-induced cytotoxicity (171).
Trx bound to the N-terminus of ASK1 and inhibited its activity,
whereas oxidation of Trx under oxidative conditions disrupted
this interaction and subsequently activated ASK1 (238). S-
glutathionylation of Trx1 has been demonstrated in model cell
systems from plants through humans (108). In each case, the
modification does not occur at cysteines spanning the redox
regulatory domain, but at residue Cys73, located in the flexible
a3–b4 loop of the protein. S-glutathionylation of Trx1 leads to a
reduction in the enzymatic activity, but whether the mixed
disulfide alters its affinity for other potential interacting pro-
teins or even its subcellular localization remains to be shown.

The intracellular regulatory control of JNK by GSTP was
the first example of direct binding of a small redox protein
with a kinase (3). Subsequently, it seems that there are other
examples where GSTs play a regulatory role in cellular sig-
naling through interaction with key kinases involved in cel-
lular responses to stress, apoptosis, and proliferation.
In unstressed cells, c-Jun, JNK, and GSTP form a protein
complex that serves to sequester JNK in an inactive state.
However, under oxidative or nitrosative stress, the complex
is disrupted and all three components are subject to S-
glutathionylation. When the GSTP-JNK complex is disrupted
the released JNK is able to activate c-Jun and results in sub-
sequent activation of downstream effectors. Under these
conditions, the liberated GSTP forms oligomers (271). GSTP is
S-glutathionylated at Cys47 and Cys101, both identified as
critical residues for the interaction with JNK (273). GSTP has
also been implicated in control of TNFa-induced apoptosis at
levels upstream of JNK. GSTP can form a heterodimer with
the TRAF2 and inhibit TRAF2-mediated JNK activation (301).
Moreover, through this process, GSTP can also interfere with
the interactions between TRAF2 and ASK1, thereby inhibiting
the auto-phosphorylation of ASK1 (301).

GSTP upregulation has been observed in many tumors
compared with the surrounding normal tissues and in various
cancer cell lines resistant to anticancer agents (268), but pre-
cisely why such high GSTP levels are maintained in tumor cells
has never really been clear. There are now many examples
where GSTP expression levels have been experimentally ma-
nipulated in order to try to understand the importance of this
GST to cells. For example, forced expression of GSTP
in NIH3T3 fibroblasts increased the activation of p38 and
ERK MAPK pathways (310). However, GSTP-deficient
(GSTP1P2- / - ) mice present a phenotype that is partially
characterized by higher levels of circulating blood cells (all
three lineages) than wild-type animals (235). Pharmacological
manipulation of the GSTP inhibitor TLK199 also increased the
number of peripheral white blood cells in wild-type mice but
not in GSTP1P2- / - animals. Thus, both the genetics and
pharmacology support the principle that GSTP has a role in
regulation of myeloproliferation (235). Subsequently, it was
reported that the enhanced myeloproliferation in GSTP1P2- / -

mice was associated with increased JNK activation in bone
marrow cells (94). The discrimination between the survival and
apoptotic functions of JNK seems to correlate with the level and
duration of the enzyme activation. A strong and sustained
activation is associated with apoptosis, whereas a weaker and
transient phosphorylation is correlated with proliferation. This
is presumably tissue specific, and increased JNK activation
observed in GSTP1P2 - / - bone marrow cells could well be a

contributory factor in the observed increased levels of prolif-
eration of these cells.

The peroxiredoxin (Prx) family of redox regulatory proteins
also has an impact on JNK activity and also directly associates
with GSTP to prevent oxidative damage to membranes (165).
Under oxidative stress conditions, Prx can be S-glutathiony-
lated on its active site cysteine (194). The S-glutathionylation
mediated by GSTP through the formation of the heterodimer
between Prx and GSTP is an intermediate step in the regener-
ation of Prx catalytic activity (165). Overexpression of Prx,
primarily through interaction with GSTP-JNK complex, pre-
vents JNK release form the complex and causes resistance to
radiation and suppression of JNK activation and apoptosis in
lung cancer cells (143). Historically, GSTs were originally
identified as ligandins or binding proteins, and more recent
studies suggest that such proteins that are known to bind to
GSTP are also targets for S-glutathionylation. One possibility is
that the protein:protein proximity interactions might facilitate
this post-translational modification. Because the role of GSTP
in catalyzing S-glutathionylation reactions is recently reported,
the relative balance of GSTP function between ligand binding
(i.e., protein:protein interactions), protein S-glutathionylation,
and catalytic detoxification is yet to be characterized. It does
seem that GSTP is established as a versatile and multifunctional
protein, the existence of which may be contingent upon the
long-term selective pressures of convergent evolution.

V. S-Glutathionylation and Modulation
of Survival/Apoptosis

Under normal physiological conditions, the number of cells
within an organ remains constant with a balanced equilib-
rium of cell death and mitosis. However, ROS/RNS-induced
changes in redox potential can produce disease pathologies
and can lead cells to apoptosis or necrosis and disrupt this
equilibrium. In general, the extent of cell death is proportional
to severity of the disease. Low levels of ROS/RNS can lead to
activation of JNK/NFjB pathways and induce apoptotic
death pathways. In contrast, high levels of oxidants promote
necrotic cell death through inhibition of caspase activity that
is required to modulate apoptosis. Apoptosis or programmed
cell death is a ubiquitous homeostatic process and its dereg-
ulation is widely regarded as either a cause or consequence of
distinct pathologies including cancer and autoimmune and
neurodegenerative diseases. A number of signaling pathways
leading to the progression of apoptosis have been extensively
documented. However, recent reports serve to highlight how
changes in the redox environment might influence the effi-
cient activation of the cell death machinery (85). In particular,
GSH depletion and S-glutathionylation can be specific regu-
lators of apoptosis triggered by a wide variety of stimuli, in-
cluding activation of death receptors, stress, environmental
agents, and cytotoxic drugs (85). It is possible to reformulate
these emerging paradigms into our current understanding of
known cell death mechanisms. Figure 8 depicts some key
signal transduction pathways critical to survival/apoptosis in
which regulation by reversible S-glutathionylation of signal-
ing intermediates has been implicated.

A. S-glutathionylation of death receptors

Apoptotic cell death results from transduction of extracel-
lular death signals coupled with developmentally controlled
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activation of endogenous execution programs. Induction of
apoptosis through external signals may be triggered by acti-
vation of death receptors, such as Fas by Fas ligand (FasL),
DR4, DR5 by TNF-related apoptosis-inducing ligand (TRAIL),
and TNFR1 by TNFa. Activation of Fas, DR4, and DR5 leads to
the formation of the death-inducing signaling complex through
the recruitment of the Fas-associated death domain (FADD)
and caspase-8 and -10. Initiator caspase-8 is activated and fur-
ther amplifies the apoptotic cascade by activation of executioner
caspases-3, -6, and -7. In contrast, TNFa-induced signaling re-
sults in the recruitment of TNFR-associated death domain
protein (TRADD) and TRAF2. This complex mediates pro-
apoptotic signaling cascades, including the activation of ASK1
and JNK, leading to the transcriptional/post-transcriptional
regulation of apoptotic genes. TNF is a cytokine that leads to
apoptosis when TNF binds to TNF-receptor. TNFa-induced ap-
optosis can correlate with increased protein S-glutathionylation,
a process that can be inhibited by overexpression of B-cell
lymphoma 2 (Bcl-2) (263).

Another transmembrane protein of the TNF family is
Fas, a death receptor expressed on the surface of a variety
of normal and malignant lymphoid cells as well as non-

lymphoid tumors and tumor cell lines. In particular in the
immune system, its primary function is to trigger apo-
ptosis when Fas ligand binds. Recently, S-glutathionyla-
tion of Fas receptor at Cys294 has been linked to Fas
ligand-induced apoptosis. Evidence suggests that addition
of the mixed disulfide is a critical regulatory event that
promotes Fas aggregation and enhances binding of Fas
ligand to Fas, thereby amplifying the apoptotic signaling
cascades (10).

Because tumor cells have an altered redox status they are
generally more resistant to oxidative stress. Increased levels of
ROS are found in Ras-transformed NIH3T3 fibroblasts (132).
Clement and Stamenkovic also demonstrated that increasing
the intracellular superoxide anion (O2

- ) concentration in
human melanoma cells abrogated Fas-mediated apoptosis
(50). Conversely, Fas-resistant bladder tumor and osteosar-
coma cells were rendered sensitive to Fas signal by decreasing
their intracellular superoxide levels (50). Thus, it was pro-
posed that increased intracellular superoxide levels are re-
sponsible for the resistance of tumor cells to Fas-induced
apoptosis. The underlying mechanism could be due to oxi-
dative inactivation of the caspases.

FIG. 8. Apoptosis/survival signaling pathways that are regulated by reversible S-glutathionylation. This figure dem-
onstrates key signal transduction pathways in which regulation by reversible S-glutathionylation of signaling intermediates
has been implicated. Kinases (PKC, IKK, JNK, and MEKK1), phosphatases (phosphatase and tensin homolog deleted from
chromosome 10, and protein phosphatase 2A), transcription factors (p53, nuclear factor kappa B, and c-Jun), redox proteins
(GSTP, Trx, and Prx), and death molecules (Fas and caspase 3) are highlighted, indicating that they are the targets of this
modification. PP2A, protein phosphatase 2A; PTEN, phosphatase and tensin homolog deleted from chromosome 10.
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B. S-glutathionylation of caspases

The caspases belong to a family of at least 12 cysteine
proteases, which play an integral part in the execution phases
of apoptosis. Caspases are present in an inactive form in the
cytoplasm. Pro-caspases become activated during apoptosis
by proteolytic processing at specific sites, followed by as-
sembly of the active form. The active enzyme can cleave a
number of defined substrates and lead to the eventual dis-
mantling of the cell. Hence, regulation of caspase activity is
important in cancer signaling.

Since their activities rely on the catalytic cysteines, the
caspases clearly represent potential targets for regulation by
S-glutathionylation. Pan et al. found that caspase-3 was S-
glutathionylated in human umbilical vein endothelial cells
(HUVECs) under basal conditions and became deglutathio-
nylated by Grx upon the TNFa-induced apoptosis (201). Small
interference RNA knockdown of Grx significantly inhibited
TNFa-induced endothelial cell death due to the attenuated
caspase-3 cleavage concomitant with increased caspase-3
S-glutathionylation. Cysteine-to-serine mutations (C163S,
C184S, and C220S) of caspase-3 that were predicted to prevent
S-glutathionylation showed increased cleavage compared
with wild-type caspase-3. This inverse correlation between
caspase-3 S-glutathionylation and cleavage was further con-
firmed by the observation that in vitro S-glutathionylation of
caspase-3 inhibited its cleavage with recombinant caspase-8.
Apart from the inhibition of caspase-3 cleavage, Huang et al.
reported that after activation with actinomycin D when cas-
pase proteins were incubated with GSSG, the activity of cas-
pase 3 was inhibited in a dose- and time-dependent manner
and that the process was reversed by thiol-specific reducing
reagents. When biotin-labeled GSSG was incubated with re-
combinant caspase-3, the biotin label was found associated
with both p12 and p17 subunits of active caspase-3. Matrix-
assisted laser desorption ionization mass spectrometric anal-
ysis of GSSG-treated recombinant caspase-3 identified the
specific S-glutathionylation sites as Cys135 of the p17 protein
(equivalent to Cys163 of caspase-3) and Cys45 of the p12
protein (equivalent to Cys220 of caspase-3) (127). This pro-
vides a novel mechanism-based, regulatory role for S-
glutathionylation for the possible control of caspase activity in
apoptosis. Of note, in the early stages of apoptosis high levels
of ROS actually block apoptosis by downregulating caspase
activity (110), a fact that could account for the resistance of
tumor cells to ordinarily lethal drug challenges.

VI. Redox Regulation of Calcium-Dependent Proteins

Calcium (Ca) is an alkali earth metal essential to a number of
cellular processes. Intracellular calcium ions (Ca2 + ) are stored
in the ER, mitochondria, and some proteins and mobilization
and/or release from these stores is a trigger for many signaling
events that mediate a multitude of functions, including cell
contraction and movement, the control of ion pumps, and
critical signaling pathways. Calcium efflux can be induced by
both ROS and RNS; in fact, many redox switches are calcium
dependent. In addition, modification of Cys residues on cal-
cium transporters can alter calcium homeostasis (see below).

A. Protein kinase C

PKC is a family of serine/threonine kinases that play a
pivotal role in signal transduction. The activity of cPKC

(PKCa, PKCb1, and PKCb2) is calcium dependent and,
through phosphorylation of downstream targets, modulates
transcription, proliferation, and cognition. When activated,
PKCs translocate to the plasma membrane and have long-
term activation. The PKC family is involved in tumor pro-
motion and progression with roles in regulating mitogenesis,
cell adhesion, apoptosis, angiogenesis, invasion, and metas-
tasis (33, 174, 241). Elevated PKC levels are associated with
progressive malignancy and drug resistance of breast, lung,
and colon carcinomas. Human PKC isozymes contain 16–28
Cys residues including one or two Cys-rich zinc finger regions
in the regulatory domain and 5–8 Cys in the catalytic domain
(104). The thiol-specific oxidant diamide can induce S-
glutathionylation of seven PKC isozymes (a, b1, b2, c, d, e, and
f). Diamide-induced S-glutathionylation of PKC inactivated
the kinase activity of those isozymes, whereas PKCd was
unique in its resistance to inactivation (295) (48). Within the
range of diamide concentrations that resulted in the inacti-
vation of other isozymes, PKCd activity was potentiated.
Further evidence indicated that S-glutathionylation of the Cys
residue in the catalytic domain (e.g., Cys499 of PKCa) inacti-
vates PKCs and modification of Cys in the regulatory domain
stimulates PKCd activity by provoking Zn2 + release from the
regulatory domain (47). Much work remains to establish the
physiological importance of these modifications and whether
there are any connections with disease pathologies. As dis-
cussed above, thiol-mediated regulation of phosphatases now
seems to be partnered with a similar control of kinase activi-
ties. Such congruence serves as an interesting example of the
confluence of phosphorus and sulfur-based biochemistry.
Understanding the evolution and consequences of these
cross-regulatory events will prove to be quite educational.

B. Sarco/ER calcium ATPase

Cellular calcium levels are regulated by transport systems
in the ER, which, to a large extent, include the sarcoplasmic
endoplasmic reticulum calcium ATPase (SERCA) and the
ryanodine receptor (RyR). SERCA is the ER calcium uptake
system that transports cytosolic Ca2 + into the sarcoplasmic
reticulum, thereby quenching cytoplasmic Ca2 + -regulated
signals. As a consequence of nitrosative stress, Ca2 + uptake
by SERCA2 is activated once it is S-glutathionylated at Cys674
(2). In direct contrast to the function of SERCA, RyR is an ER
calcium release channel, releasing Ca2 + from the ER into the
cytosol and producing a Ca2 + signal amplification. NAPDH
oxidase activity stimulates S-glutathionylation of RyR1 and
RyR2, which would contribute to faster calcium release from
isolated triads (120). Multiple cysteine residues in RyR1 are
substrates for S-glutathionylation, nitrosylation, or disulfide
oxidation. However, S-glutathionylation of Cys3635, the only
cysteine so far characterized as involved in RyR-regulated
calcium release, does not result in the oxidative enhance-
ment of channel activity (12). Since RyR has 100 cysteine
residues, the oxidative targets that are functionally relevant to
the redox-sensing properties of the channel need further
identification.

C. Nitric oxide synthase

Cellular levels of NO are controlled by several isoforms of
nitric oxide synthase (NOS): neuronal (nNOS, NOS1), in-
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ducible (iNOS, NOS2), and endothelial (eNOS, NOS3). While
each isoform is a product of a distinct gene, both nNOS and
eNOS are constitutively expressed and primarily found in
neurons and endothelial cells, respectively. NO generation by
these enzymes is controlled by the elevation of intracellular
Ca2 + and the consequent activation of calmodulin (CaM).
iNOS is not constitutively expressed and is not calcium de-
pendent. The active form of eNOS is a homodimer with zinc
ions tetrahedrally coordinated to two pairs of symmetrical
cysteines. These cysteines are in a basic environment and, as a
consequence, have a low pK and may be subject to S-
glutathionylation. It has been shown that S-nitrosylation of
some of these cysteines results in dissociation of homodimers
into inactive monomers (224). eNOS can also be palmitoylated
and consequently attached to the inner part of the plasma
membrane. Its activation results in an NO burst close to the
plasma membrane where NADPH oxidase and a chloride ion
channel-3 (CIC-3) are also located. Ca2 + fluxes can activate
NADPH oxidase and superoxide-radical generated on the
exterior of the cell from either oxidative or nitrosative stress
can influx through CIC-3 channels. When spatially close, the
eNOS and CIC-3 channels may generate ONOO - , which to-
gether with excess GSH can induce eNOS S-glutathionylation.
Thus, the effect of NO on Ca2 + /NO homeostasis can start
as an extracellular NO-mediated surface protein-thiol
modification.

A glutathione metabolite of the preclinical drug O2-{2,
4-dinitro-5-[4-(N-methylamino)benzoyloxy]phenyl}1-(N,N-
dimethylamino)diazen-1-ium-1,2-diolate (PABA/NO) inhib-
its SERCA, perhaps, at the same site as thapsigargin initiating
intracellular Ca2 + increase, activating CaM and consequently
eNOS with the resultant NO burst. Our published report has
shown that PABA/NO causes intracellular NO levels to rise
above a certain threshold through eNOS activation with a
subsequent link between S-nitrosylation and S-glutathiony-
lation (166). Indeed, there is evidence to suggest that two

distinct pools of S-nitrosylated proteins exist, one that is GSH
stable and another that is GSH labile and subject to rapid
conversion to a S-glutathionylated product. Two possible
mechanisms of NO-mediated protein S-glutathionylation can
be envisioned: through a GSNO (activated thiol) formation
and its consequent reaction with protein-thiol (179) or
through an intermediate protein-thiol nitrosylation (activated
protein-thiol: analog of sulfenic acid) and its consequent re-
action with GSH. The exact mechanism of eNOS modifica-
tion is unknown but in vivo experiments have shown that
eNOS activation in aortas and iNOS transgenetic expres-
sion in mouse heart both result in NO-induced protein S-
glutathionylation. This dynamic modification may serve to
physiologically downregulate eNOS by NO under normal
conditions. Conversely, eNOS deglutathionylation can result
in eNOS upregulation, maintaining physiological NO levels.
Under normal physiological conditions the NO increase
might be controlled by S-nitrosylation/glutathionylation of
eNOS as an immediate response or by similar modification/
activation of SERCA in steady-state regulation.

VII. S-Glutathionylation and Ubiquitin-Proteasome
Pathway

A critical strategy to control the magnitude and duration of
signal amplification in cancer is through ubiquitin/protea-
some-dependent downregulation. Protein targeted for deg-
radation is tagged with a highly conserved 8.5 kDa protein,
ubiquitin. The attachment of ubiquitin to substrate proteins
involves three separate enzymatic reactions (Fig. 9). First,
ubiquitin is activated by ubiquitin-activating enzyme (E1)
through a thioester bond between the conserved thiol group
of E1 and the C-terminal glycine of ubiquitin, in an ATP-
dependent manner. Second, the activated ubiquitin is conju-
gated to a cysteine residue in an ubiquitin-conjugating en-
zyme (E2) via a thioester bond. Lastly, the ubiquitin is

FIG. 9. S-glutathionylation in the
ubiquitin-proteosome pathway. This
diagram outlines the sequential steps
involved in ubiquitination/proteasome-
mediated protein degradation. S-
glutathionylation steps for E1, E2, and
proteasome (-SSG) have been indicated.
This redox-regulated post-translational
modification leading to inhibition of pro-
tein degradation could differentially in-
fluence cancer development and cancer
prevention, depending on the function of
the substrate protein in specific signaling
pathways.
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transferred from the E2 enzyme to a lysine residue in the
protein by ubiquitin ligase (E3). Proteins bearing poly-
ubiquitin chains are targeted to the proteasome for proteolytic
cleavage. It was revealed by mass spectrometry that the E2
protein was a target for S-glutathionylation under oxidative
stress (86). The cysteines in the active sites of E1 and E2 en-
zymes actively participate in the ubiquitination process; thus,
they need to be maintained in a reduced state. The activities of
E1 and E2 enzymes in retinal pigment epithelial cells were
inhibited by a decrease in the GSH/GSSG ratio, which was
consistent with the suppressed proteolytic cleavage (197). In
PC12 cells, inhibition of GSH synthesis results in decreased
ubiquitin conjugation to the E1 enzyme (134). E3 ubiquitin
ligase also relies on the active cysteines to catalyze the con-
jugation of ubiquitin to the target proteins. However, there is
no evidence that E3 enzymatic activity is subject to redox
regulation. Besides the E1 and E2 enzymes, the proteasome is
also a target for S-glutathionylation. Demasi et al. reported
that the 20S proteasome is subject to S-glutathionylation in
intact cells and that S-glutathionylation differentially regu-
lates proteasome proteolytic activity (65).

S-glutathionylation of the components involved in the
ubiquitin pathway shuts down the proteasomal degradation
process. On the one hand, this could be cancer promoting if
the target protein mediates a proliferative (e.g., MAPK path-
way) or pro-apoptotic signal (e.g., JNK pathway). On the other
hand, if protein degradation is required as a survival signal
(e.g., activation of NFjB pathway) this could favor cancer
prevention.

VIII. S-Glutathionylation and Unfolded
Protein Response

A. Signaling pathways in the unfolded
protein response

Secretory and trans-membrane proteins are processed in
the ER. Such processing includes a series of post-translational
modifications, notably glycosylation and disulfide bond for-
mation. In contrast to the reducing conditions of the cytosol
(where the GSH:GSSG ratio is *100:1), protein disulfide bond
formation depends on the highly oxidizing conditions within
the ER compartment (GSH:GSSG *3:1). This unique envi-
ronment also provides a platform to sense oxidative and ni-
trosative stress. Stress upon the ER results in the accumulation
of misfolded proteins, leading to cellular deployment of the
unfolded protein response (UPR) (Fig. 10) (271). The UPR
imparts three primary functions: (i) initially restore normal
function of the cell by halting protein translation, (ii) activate
the signaling pathways that lead to increased production of
molecular chaperones involved in protein folding, and (iii)
trigger the degradation of terminally misfolded proteins (271).
If these objectives are not achieved within a certain time
frame, or the disruption is prolonged, the UPR will initiate
apoptosis. In mammalian cells, it is well established that ER
stress and the UPR are components of hypoxic stress response
in tumors (77).

The ER contains several key chaperone proteins that cata-
lytically mediate protein folding and prevent aggregation of
proteins as they undergo maturation. Multiple canonical
pathways ensure the quality control in protein folding within
the ER (Fig. 9) [reviewed in ref. (271)]. Specifically, the ER
membrane harbors three signal-transducing proteins that

modulate the UPR: (i) pancreatic ER kinase, (ii) activating
transcription factor 6, and (iii) inositol-requiring enzyme 1.
Regulation of these three proteins is contingent upon inter-
actions with binding immunoglobulin protein (BiP) also
known as 78 kDa glucose-regulated protein (GRP78). The
accumulation of misfolded proteins results in the dissociation
of BiP and elicits the UPR. Translational attenuation occurs
during hypoxia through the activation of pancreatic ER kinase
and phosphorylation of eukaryotic initiation factor 2a (25).
Different mechanisms contribute to ER-induced apoptosis
triggered by ROS and RNS. The first involves dissociation
of the inhibitor GSTP from TRAF2-ASK1-JNK complex and
activation of JNK. Multiple proteins within this cascade are
targets of S-glutathionylation and have been discussed in
prior sections. A second pathway involves transcriptional
activation of the gene that encodes the C/EBP homologous
protein (CHOP). Overexpression of CHOP has been reported
to activate inositol-requiring enzyme 1 through pro-apoptotic
Bcl-2 member BAX and BAK (118). CHOP can be phosphor-
ylated by the p38 MAP kinase, a process that leads to cell cycle
arrest (294). The third ER-induced apoptotic pathway in-
volves caspase activation, including caspase 3, and this has
also been discussed in previous sections.

B. Protein disulfide isomerase

The most abundant chaperone in the lumen of the ER is
protein disulfide isomerase (PDI). PDI is the first and most

FIG. 10. The UPR and pro-apoptotic pathways. This figure
depicts the UPR signaling cascades and UPR-related pro-
apoptotic pathways. During homeostasis, three endoplasmic
reticulum membrane signaling molecules, pancreatic ER ki-
nase, IRE1, and ATF6, are negatively regulated through as-
sociations with BiP. Oxidative (reactive oxygen species) and
nitrosative (reactive nitrogen species) stress leads to S-
glutathionylation of PDI that blunts isomerase activity. As a
consequence, protein folding is dysregulated and leads to the
accumulation of unfolded proteins. BiP triggers the UPR by
disassociating from the membrane signaling molecules,
thereby promoting transcriptional and translational regula-
tion of gene expression and signals pro-apoptotic pathways.
ATF6, activating transcription factor 6; ER, endoplasmic re-
ticulum; PERK, pancreatic ER kinase; UPR, unfolded protein
response.
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well-characterized member of the PDI subfamily that belongs
to the thioredoxin superfamily with two catalytically inactive
and two active thioredoxin domains (115). PDI is organized
into five domains (a, b, b¢, a¢, and c) and the C-terminal KDEL
sequence retains it to the ER. The crystal structure of yeast PDI
suggests that four thioredoxin domains (a, b, b¢, and a¢) form a
twisted U shape and/or an alternative boat conformation
with the catalytic domains facing each other and an internal
hydrophobic surface that interacts with misfolded proteins
(270). Similar to GSTP, PDI has both enzymatic and protein
binding functions. As a PDI, it contains two active sites in the a
and a¢ thioredoxin domains, each having two conserved
cysteine residues that cycle between oxidized (disulfide) and
reduced (dithiol) states to facilitate the folding and correct
disulfide bond formation of its protein substrates (115). As a
chaperone, PDI functions as a subunit of prolyl-4-hydroxylase
and as a microsomal triglyceride transfer protein (115).

PDI is regulated by the ER oxidase 1 (Ero1), which restores
reduced PDI to an oxidized state through disulfide ex-
change with Ero1. Ero1 activity is attenuated under oxidizing
conditions in the ER through modulation of noncatalytic
cysteine residues, which differ in yeast and human (246). Post-
translational modifications that alter PDI function have
recently been described. Nitrosylation of catalytic cysteine
residues in the a and a¢ domains of PDI occurs in the brains of
patients with sporadic Parkinson’s and Alzheimer’s disease
(AD) (280), both of which involve ER stress and activation of
the UPR. Nitrosylated PDI fails to function properly and
thereby leads to the accumulation of misfolded proteins.
In addition, our group reported that PDI undergoes S-
glutathionylation upon treatment with the anticancer agent
PABA/NO (274) and that S-glutathionylation occurred at two
of the four active-site cysteine residues (Cys53 or Cys56, or
Cys397 or Cys400), resulting in enzyme inactivation and ac-
tivation of the UPR and cancer cell death. Collectively, these
studies indicate that redox regulation of PDI is an upstream
signaling event in the UPR (Fig. 10), deregulation of which can
lead to tissue injury, and may even have relevance for cancer
therapeutics (271, 274).

PDI occurs abundantly on the surface of cancer cells (252).
A study with human breast ductal carcinoma tissue and his-
tologically normal tissue concluded that a subset of *30
proteins, including PDI, were characteristic of epithelial neo-
plasia (20). However, a role for PDI in the cancer phenotype is
not well characterized and any kind of clinical correlation

requires further work. In addition, proteomic analyses in a
wide range of cancer cell lines have revealed alterations in the
expression pattern of other PDI family members that corre-
late with UPR and various pathologies and they are listed in
Table 3.

IX. Redox Regulation of Cell Migration
and Mobilization

Cell migration is a central process in the development and
maintenance of multicellular organisms. Orchestrated move-
ment of cells in particular directions to destined locations are
required for proper tissue formation during embryonic de-
velopment, wound healing, and immune responses. Errors
within this process frequently result in serious consequences,
such as mental disorders, vascular disease, tumor formation,
and metastasis. Knowledge of the mechanisms regulating cell
migration may lead to the development of novel therapeutic
strategies for controlling, for example, invasion of tumor cells.
Here we focus on S-glutathionylation of cytoskeletal, cyto-
solic, and surface proteins all of which to some extent play
roles in cell migration, bone marrow mobilization, and tumor
metastasis.

A. S-glutathionylation of cytoskeletal proteins

The most prevalent S-glutathionylated cytoskeletal com-
ponent is actin, an abundant protein involved in maintaining
the infrastructure of the cytoplasmic matrix. S-glutathionyla-
tion of actin alters the ratio of soluble:polymerized protein,
and consequently results in changes in the cellular architecture
and membrane ruffling with concomitant changes in intra-
cellular trafficking of many types of molecules. Wang et al.
reported that S-glutathionylation at Cys374 of actin was
prevalent in unstimulated cells; when cells were stimulated
with growth factors (EGF, FGF), Grx-mediated deglutathio-
nylation of actin led to actin filament polymerization and
cytoskeletal rearrangement (289, 291). The S-glutathionyla-
tion of actin also plays a key role in cell spreading and in
disassembly of actinomyosin complex during cell adhesion
(78). Regarding protein–protein interactions, the modified
actin, relative to the unmodified protein, manifests a weaker
affinity for tropomyosin. Dalle-Donne (57, 58, 101, 233) and
colleagues have carried out a series of studies to identify
those residues that are critical in the S-glutathionylation of
actin and the corresponding alterations in structure/function

Table 3. Mammalian Protein Disulfide Isomerase Family Members Implicated in Unfolded

Protein Response and Pathologies

Protein
Cellular

localization
[ In unfolded

protein response
Implication

in pathologies

PDI ER, surface, nucleus, cytosol, secreted Yes See text (251, 270, 273, 279)
ERp5 ER, surface Yes See text (251)
PDIp ER, cytosol unknown Upregulation in Parkinson’s disease
ERp29 ER, surface Yes Unknown
ERdj5 ER Yes Unknown
HAG-2 ER, surface, cytosol Unknown Hormone responsive breast tumor growth (20, 251)
HAG-3

The involvement of other protein disulfide isomerase family members in the unfolded protein response, cancer, and neurodegenerative
disorders has not been reported to date, so they are not listed in this table.

ER, endoplasmic reticulum.
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relationships. They showed that S-glutathionylation in-
creased exposure of hydrophobic regions of the protein sur-
face, increased ATP exchange, and decreased susceptibility to
proteolysis. Structural changes of one of the loop domains
were judged to be influence general actin polymerization
kinetics. Table 4 summarizes the identified cytoskeletal pro-
teins that are targets of S-glutathionylation in vitro or in cell
culture. Some of their functions are subject to regulation by
this modification.

Accumulating evidence has revealed the correlation be-
tween S-glutathionylation of cytoskeletal proteins and
neurodegenerative diseases that will be discussed in subse-
quent sections. For example, S-glutathionylation of actin
was increased in fibroblasts of patients with Friedreich’s
ataxia (FRDA) (204). The aberrant polymerization of S-
glutathionylated Tau into Alzheimer-associated filament was
also reviewed (68). Taken together, documentation of the re-
dox regulation of cytoskeletal proteins may help in under-
standing the pathogenesis of such diseases and provide
possible therapeutic directions.

B. Redox regulation of bone marrow mobilization

Serpins are a broadly distributed family of protease inhibi-
tors that cause a conformational change to inhibit target en-
zymes. Humans have 36 serpin-like genes, out of which 27
encode inhibitory serpins (150). For example, SerpinA1 (anti-
trypsin) inhibits neutrophil elastase, and SerpinA3 (antic-
hymotrypsin) inhibits cathepsin G. Accumulating evidence
has suggested that SerpinA1 and SerpinA3 play an unexpected
role in regulating the bone marrow hematopoietic microenvi-
ronment as well as influencing the migratory behavior of he-
matopoietic precursors. Hematopoietic stem and progenitor
cells normally reside in the bone marrow but can be mobilized
into the peripheral blood after treatment with cytokine or
chemotherapy (153). Winkler et al. reported that SerpinA1 and
SerpinA3 were downregulated in bone marrow during cyto-
kine-induced hematopoietic progenitor mobilization (299). It
was further demonstrated that radiation-induced SerpinA1
upregulation in bone marrow was responsible for radiation-
induced inhibition of hematopoietic stem and progenitor cell
mobilization (281). Thus, inhibition of SerpinA1 and SerpinA3
expression or activity in bone marrow might provide means to
improve the outcome of clinical stem cell transplantation.
However, mutations in SerpinA1 result in insoluble aggregates
accumulated in the ER and lead to cirrhosis; the deficiency of
SerpinA1 or SerpinA3 results in emphysema (160). The non-
inhibitory serpins function as hormone transporters, molecular
chaperones, or tumor suppressors (150). For instance, SerpinB5
(Maspin) has been linked to inhibition of mammary carcinoma
cell metastasis (316).

The inactivation of serpins involves spontaneous confor-
mational transition to latency (150), and mutations that result
in polymerization, one molecule docking into another to form
an inactive long-chain serpin polymer (73, 160). It was pre-
viously demonstrated that a marked decrease in elastase-
inhibitory properties of SerpinA1 occurred after modification
of the protein with a number of thiol-specific reagents, in-
cluding GSSG, and that this decrease in activity was corre-
lated with changes in spectral properties suggestive of a
protein conformational change (279). Removal of the thiol
modifications with DTT restored the inhibitory activity,
strongly suggesting that the altered properties of the deriva-
tives were due to thiol modification alone (279). There is a
single cysteine residue in SerpinA1 that has been localized at
position 232. SerpinA1 and SerpinA3 were shown to be S-
glutathionylated in plasma from mice treated with a redox
modulating agent that mitigates myeloproliferation (273). The
sites of modification and impact on functionality have yet to
be determined.

X. Cancer and Redox Homeostasis

A. Energy metabolism

Under normal physiological conditions, cells maintain a
redox buffer with GSH/GSSG at a ratio of 100:1 to minimize
the oxidative action of ROS/RNS. Perturbation of this redox
state will lead to oxidative stress that is a significant contrib-
uting factor for carcinogenesis (99). Cancer cells differ from
normal cells as they exhibit resistance to oxidative stress, in-
creased metabolic activity, mitochondrial dysfunction cou-
pled with uncontrolled cell growth and abnormal balance of
cell survival versus apoptosis. Upregulation of GGT as de-
scribed in the previous section is a major contributing factor to
the altered redox state of cancer cells. Here we describe some
of the clusters of S-glutathionylated proteins in the context of
cancer biology.

Malignant, rapidly growing tumor cells typically have
glycolytic rates that are significantly higher than those of their
normal tissues of origin (Warburg effect), which results in
decreased mitochondrial ATP formation (177). Some tumor
cells can survive without functional mitochondria. The War-
burg effect suggests that mitochondria dysfunction may be an
adaptive response in cancer cells that diminishes apoptosis
and enables cell survival under hypoxic conditions. This hy-
pothesis is also interpreted as the consequence of poor blood
supply to tumors causing the hypoxia environment that
makes glycolysis the viable metabolic pathway for energy
production. It was demonstrated that the embryonic M2
splice isoform of pyruvate kinase is exclusively present in
cancer cells and is essential for the shift in cellular metabolism

Table 4. Cytoskeletal Proteins Susceptible to S-Glutathionylation

Protein Effects Reference

Actin Multiple: see text (57, 58, 78, 101, 204, 288, 290)
Protein 4.2/spectrin Red blood cell hemolysis 233
Cofilin/myosin/vimentin
Profilin/tropomyosin/ Multiple 233, review 270
MAP2/tau Microtubule polymerization 68
Tubulin Tubulin polymerization 233, review 270

250 XIONG ET AL.



to aerobic glycolysis that promotes tumorigenesis (46). Inter-
ference with energy metabolism by abnormal ROS/RNS
levels is probably a critical event in carcinogenesis.

A recent series of observations has implicated S-
glutathionylation of the glyoxalase system as critical in
influencing intermediary metabolism. Glyoxalase 1 and 2
constitute a detoxification system that protects against two
oxo-aldehydes and in particular, methylglyoxal. Methyl-
glyoxal is a product of catalytic degradation of both triose
phosphates and amino acid metabolism. Detoxification of
these molecules proceeds through a hemithioacetal interme-
diate (GSH conjugation to the methylglyoxal) to D-lactate and
free GSH. As a consequence of enterobacterial metabolism,
high levels of methylglyoxal are particularly prevalent in the
gastrointestinal tract. Although the primary sequence of
glyoxalase 1 has been appreciated for some time (221), there
has been considerably less information about whether the
protein is subject to post-translational modifications or how
enzymatic activity may be modulated. Reversible inactiva-
tion of glyoxalase 1 has been documented after nitrosylation
of cysteine 139 of the enzyme (63). This result predicts that
this and/or other cysteine residues may have importance
in achieving post-transcriptional regulation of enzymatic ac-
tivity. A recent study used mass spectrometry to identify
four post-translational products (21). These included removal
of N-terminal methionine, N-terminal acetylation, a vicinal
disulfide bridge at Cys19/20, and S-glutathionylation at
Cys139 (21).

S-glutathionylation of Glyoxalase1 effectively inhibited
enzyme activity at physiologically relevant concentration of
GSH (21). This study implies that direct regulation of the en-
zyme can occur in response to changes in cellular redox state.
Since deregulation of the glyoxalase system has been impli-
cated in a number of human pathologies (particularly diabetes
and cancer), regulatory control by S-glutathionylation may be
a critical component worthy of further studies. In addition, a
number of key enzymes that actively participate in energy
metabolism have been identified by mass spectrometry as
targets for ROS/RNS-induced S-glutathionylation and their
enzymatic activities are reversibly inhibited by S-glutathio-
nylation; for review see refs. (177, 271). Figure 11 summarizes
these enzymes and the critical steps involved in energy

metabolism (i.e., glycolysis, citric acid cycle, and electron
transport chain) are indicated. It does not seem unreasonable
to suggest that S-glutathionylation of some of the enzymes of
intermediary metabolism may be functionally associated with
uncontrolled growth, the Warburg effect, and/or dysregula-
tion of proliferation/apoptotic pathways in tumor cells.

B. S-glutathionylation and tumor metastasis

Cancer is more than just a mass of transformed cells, and
90% of deaths from solid tumors can be attributed to metas-
tasis. Several discrete steps are discernible in the biological
cascade of tumor cell metastasis: loss of cellular adhesion,
increased invasiveness and entry into the blood stream (in-
travasation), survival in the circulation, exit into new tissues
(extravasation), and eventual colonization of a distant site.
Despite extensive studies, how metastasis occurs is still poorly
understood.

Several metastasis suppressor genes have been confirmed,
among which, the nucleoside diphosphate kinase (Nm23) was
first identified and characterized by its reduced RNA levels in
tumor cells exhibiting high metastatic potential (232). Over-
expression of cellular Nm23 correlated with decreased meta-
static potential of breast, melanoma, colon, and oral
squamous cell carcinoma. Mutations of Nm23 observed in
some cancers, including colorectal carcinoma, were associated
with increased tumor aggressiveness. In response to H2O2

treatment in vitro and in vivo, Nm23-H1 was oxidized to
various states that included S-glutathionylation, intra- and
interdisulfide bonds, and sulfonic acid. Either oxidation or S-
glutathionylation of the Cys109 of Nm23-H1 inhibited its
enzymatic activity and accordingly its metastatic suppressor
activity (151). This report points out that altered redox regu-
lation in cancer cells may favor tumor metastasis by inhibiting
metastasis suppressors.

Proteins facilitating metastasis could be therapeutic targets
for redox modulation. Specifically, ERp5, another PDI family
member, is a plausible candidate. ERp5 is expressed on the
cell surface (Table 3) and is upregulated in invasive clinical
breast cancer specimens, and its overexpression enhanced
breast cancer cell metastasis through activation of the EGF re-
ceptor/PI3K and downstream signaling molecules, including

FIG. 11. Enzymes involved in energy
metabolism that are regulated by S-
glutathionylation. This figure summa-
rizes the key participants in energy
metabolism, of which regulation by re-
versible S-glutathionylation (-SSG) has
been implicated. The steps of glycolysis,
citric acid cycle, and electron transport
chain are indicated.

S-GLUTATHIONYLATION AND SIGNALING 251



Akt and RhoA (107). ERp5 overexpression is not limited to
breast cancer. ERp5 was also upregulated during full-blown
multiple myeloma and promoted efficient MHC class I chain-
related protein A shedding, an event associated with immune
suppression and progression of multiple myeloma (136). Im-
portantly, the enzyme activity of ERp5 was required for MHC
class I chain-related protein A shedding. S-glutathionylation
of PDI shunts isomerase activity. The active site of ERp5
contains the WCGHC motif (like PDI) that contains the tar-
get cysteine within a basic region of the protein for S-
glutathionylation. As such, this may prove to be a possible
therapeutic targeting opportunity in cancer metastasis and
immune response.

C. S100 proteins in cancer and leukocyte migration

The S100 proteins constitute a multigene calcium-binding
family comprising 20 known human members. They are
commonly upregulated in tumors and this is often associated
with tumor progression. The expression pattern of different
members of the family in various solid tumors has been ex-
tensively reviewed and how detection may be useful for di-
agnosis, monitoring and as possible therapeutic targets has
been discussed (239). Cysteine residues have been suggested
to play a pivotal role in the regulation of biological activity of
the S100 proteins. Among the 20 recognized S100 sequences,
only three do not contain cysteine residues. However, redox
regulation of the S100 proteins is not extensively understood.
As such, this section focuses mainly on the family members
that are targets of S-glutathionylation and oxidation, namely,
S100B, S100A8, and S100A9.

1. S100B. Serum levels of S100B increase in a stage-
dependent manner in patients with melanoma and are asso-
ciated with the presence of metastases, allowing S100B to be
used as a diagnostic marker for the staging of malignant
melanoma in a clinical setting. S100B contains a conserved
cysteine, Cys84, in the C-terminus. GSNO and GSSG induce
nitrosylation and S-glutathionylation at Cys84 of purified
S100B and result in a global alteration of protein structure
(315). The activity of the S100 proteins strongly depends on
their metal ion binding. The accessibility of Cys84 was shown
to increase upon calcium binding in human S100B (258), and
S-glutathionylation of Cys84 by GSSG was observed only for
the calcium-bound S100B. Since these modifications so far
have only been shown in vitro, the physiological relevance of
S100B nitrosylation and S-glutathionylation need to be ex-
plored further.

2. S100A8 and S100A9. S100A8 and S100A9 are upre-
gulated in many cancers and are also implicated in the
metastatic process. Vascular endothelial growth factor A,
transforming growth factor b, and TNFa secreted by primary
tumors induce expression of S100A8 and S100A9 in myeloid
and endothelial cells within the lung before tumor metastasis
(219). S100A8 and S100A9 are thus considered as chemoat-
tractants to facilitate the homing of tumor cells to premeta-
static sites within the lung parenchyma. S100A8 and S100A9
also increase the motility of circulating cancer cells by p38
MAPK-mediated activation of tumor cell pseudopodia (122).
In addition, high or elevated levels of expression in activated
leukocytes and their extracellular roles in leukocyte migration

have linked them with various acute/chronic inflammatory
disorders. Therefore, S100A8 and S100A9 could be viable
therapeutic targets in the goal to prevent tumor cell metas-
tases and/or inflammatory diseases.

S100A8 and S100A9 are readily oxidized by ROS/RNS that
leads to structural changes that alter their functions. S100A8
and S100A9 can be nitrosylated by GSNO in vitro; S100A8
is more susceptible than S100A9 and nitrosylated S100A8
suppresses mast cell-mediated inflammation by reducing
leukocyte adhesion and extravasation in the rat mesenteric
microcirculation (156). While GSSG and GSNO can lead to S-
glutathionylation of S100A8 and S100A9 in vitro, only the S-
glutathionylated S100A9 was detected in cytosol of activated
neutrophils (156). S-glutathionylation of S100A9 reduces its
capacity to form heterocomplexes with S100A8 and abrogates
S100A9-mediated neutrophil adhesion to endothelial cells.
Combined with the functional changes reported for ni-
trosylated S100A8, particular oxidative modifications of these
proteins may regulate the magnitude of neutrophil migration
and limit tissue damage in acute inflammation.

XI. Redox Dysregulation in Pathophysiology

ROS/RNS-induced redox alterations can lead to cell death
through dysregulation of mitogenic and apoptotic pathways
previously described. Cell death is a crucial event that leads to
the clinical pathology of many diseases that will be high-
lighted in this section.

A. Liver injury

Hepatotoxicity may result from exposure to any one of a
number of chemical or biological stresses. Drugs, alcohol, and
viruses are foremost in this regard and one common theme to
the inflicted damage is the intermediate involvement of ROS
and RNS. As a consequence of its function as a detoxification
organ, the liver has high cellular levels of GSH and com-
mensurately high expression patterns of Phase I and II
detoxification enzymes, particularly GSTs. Although species-
and sex-dependent expression patterns exist, GST alpha and
mu isozyme activities are the most prevalent.

Death of hepatocytes is crucial in causing the clinical
manifestations of hepatotoxicity. Changes in the redox bal-
ance after exposure to agents that deplete GSH induce apo-
ptosis and necrosis in hepatocytes. At least one cause:effect
relationship implicates redox dysregulation of the many
proteins that modulate cell survival and death, including,
NF-jB, JNK, PKC, and cysteine-dependent caspases. As dis-
cussed in other sections of this review, many of these proteins
are subject to regulation or inactivation by nitrosylation or S-
glutathionylation. High concentrations of damaging agents
can lead to relatively large shifts in redox homeostasis re-
sulting in necrosis of primary hepatocyte cultures. On the
other hand, more modest redox alterations do not seem to
promote apoptosis in hepatocytes. Any external insult that
depletes GSH will alter overall intracellular redox homeo-
stasis and regulate the response of liver cells to TNFa or Fas-
induced apoptosis. Thus, redox alterations in hepatocytes
may be important in regulating the cell death pathways that
mediate a broad range of different liver pathologies, inde-
pendent of the causative agent. As a general cytokine, TNF
can regulate inflammation in the liver, but can also promote
liver injury during the inflammatory process. Liver damage
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caused by exogenous agents (e.g., carbon tetrachloride and
chronic alcohol) is markedly decreased in mice deficient in the
expression of the TNF receptor. In this regard, sustained ele-
vated levels of TNF may be responsible for promoting apo-
ptosis and necrosis in hepatocytes and this may contribute
directly to liver pathologies such as liver ischemia, alcoholic
liver disease, and liver toxicity caused by agents like carbon
tetrachloride. There are some indications that the precise role
of TNF in controlling the response of liver to oxidative/
nitrosative damage may be subject to a threshold effect. For
example, Han et al. (111) suggest that moderate changes in
cellular redox potential caused by sublethal levels of agents
that cause depletion of cytoplasmic GSH levels can sensitize
cells to TNFa-induced apoptosis through interference with
NF-kB signaling. Larger redox changes producing substan-
tially decreased GSH levels cause necrosis in hepatocytes,
regardless of the presence of TNF. They imply from such
observations that a certain critical redox threshold exists and,
once passed, results in irreversibly high levels of cell necrosis,
but below such a threshold, the redox changes may actually
sensitize cells to TNF-induced apoptosis.

Acetaminophen overdose is lethal in humans and mortality
has been linked with severe GSH depletion in hepatocytes.
The condition can be reversed if GSH is replenished through
timely treatments with NAC. This serves to emphasize how
critical GSH is to liver cell survival. However, it is possible
that drug-induced alterations, in addition to GSH depletion,
may be important in the pathology and/or prognosis of this
condition. For example, it has been suggested that GSH de-
pletion may result in the activation of redox-regulated pro-
teins such as JNK and that this has a direct role in mediating
hepatocyte death caused by acetaminophen (111). As dis-
cussed earlier, kinases such as JNK and ASK1 are quite sus-
ceptible to inhibition by GSTP or Prx. S-glutathionylation of
JNK will cause the breakdown of the protein:protein inter-
actions necessary to keep the GSTP:JNK complex together.
This will activate JNK that in hepatocytes could push the cells
toward apoptotic pathways. Moreover, most protein tyrosine
phosphatases, including JNK phosphatase, have low pK
cysteines subject to regulation through S-glutathionylation,
inhibiting these enzymes and enabling the persistence of ac-
tivated kinases. The involvement of these pathways (activated
by the S-glutathionylation) in the steps leading to liver dam-
age is intriguing and merits further study.

B. Diabetes mellitus

Approximately 90% of diabetic patients are of the type 2
diabetes mellitus phenotype characterized by insulin resis-
tance at target tissues and impaired insulin secretion. Type 1
diabetes mellitus results from an inflammatory autoimmune
response that can lead to destruction of b-cells of Langerhans
and characteristic insulin insufficiency. One complication as-
sociated with diabetes is increased in oxidative stress (28) and
it has been shown that patients with type 1 or type 2 diabetes
mellitus have depleted levels of GSH in erythrocytes (61, 265).
In addition, hyperglycemia can lead to the generation of free
radicals and increased lipid peroxidation, which together
with a decrease in antioxidants such as vitamin E and gluta-
thione peroxidase (GPX), further impacts cellular defenses
against oxidative stress induced damage (297). Given the
decrease in plasma and erythrocyte GPX (297), a natural as-

sumption may be made that increasing these enzymes might
be a plausible treatment strategy for diabetes. However,
GPX1-overexpressing mice develop insulin resistance com-
pared with wild-type animals (172). In addition, they have a
30%–70% reduction in insulin-induced phosphorylation of
the liver insulin receptor and are fatter and heavier than wild
type (172). At least one interpretation of these data is that
antioxidant levels may play a role in the balance of the insulin
resistance effects of high ROS (243) and that ROS may be
involved in the regulation of insulin sensitivity (159). While
ROS contribute to the disease phenotype, mitochondrial
dysfunction has been established as an etiologic factor in di-
abetic pathophysiology. During hyperglycemic episodes, ex-
cessive glucose oxidation can overload the mitochondrial
electron transport chain and increase superoxide production,
generated by mitochondrial complexes I and III (28, 307).
Superoxide in turn is converted to H2O2 by manganese su-
peroxide dismutase (MnSOD). H2O2 is scavenged by GPX by
catalyzing GSSG formation through interaction with GSH.
GSSG can be reduced to GSH by GSH reductase at the ex-
pense of NADPH and completes the redox cycle (Fig. 1). It is
clear from this that GSH is involved in mitochondrial dys-
function and may thus influence the diabetic condition. The
lower erythrocyte GSH levels in diabetic patients (49, 61, 184,
265) are accompanied by increases in GSSG with lower c-GCS
and glutathione reductase activities, but no change in gluta-
thione synthetase (184). Taken together, the increase in GSSG
and decrease in glutathione reductase activity could produce
a more oxidized cellular environment, whereas the lower GCS
activity could impair GSH synthesis. In general, erythrocyte
proteins would be exposed to an oxidizing environment with
less redox buffering capacity, with a consequent potential for
protein degradation. It remains unclear if the redox state of
erythrocytes merely reflects oxidative protection capacity or
might result in additional impairment of insulin regulation.
NAC treatment did not increase GSH concentration in ado-
lescents with type 1 diabetes (60), suggesting that more ag-
gressive treatments are needed.

The shift toward a more oxidizing cellular environ-
ment could create conditions conducive to higher levels of S-
glutathionylated proteins. In fact, patients with type 2
diabetes with microangiopathy have increased S-glutathio-
nylated hemoglobin and lower GSH levels compared to
controls (240), implying altered redox signaling as a charac-
teristic of the disease. Although other studies have also
identified increased S-glutathionylated hemoglobin in type 2
diabetic patients (186, 193), there is at least one example where
no differences were found (124). Incubation of rat retinal
Muller cells with diabetic concentrations of glucose does lead
to an increase in Grx1, translocation of NF-jB to the nucleus,
and induction of intercellular adhesion molecule-1 (ICAM-1)
(249). In addition, Grx was also increased in retinal homoge-
nates of diabetic rats (249). In follow-up studies the same
authors found that inhibition of IjB kinase prevented the in-
crease in ICAM-1 induced by glucose or Grx1 overexpression
(248). Interestingly, under nonstressed conditions, IjB kinase
is S-glutathionylated on Cys-179, suggesting that deglu-
tathionylation by Grx1 may have some role in diabetes (248).
GSTA4 catalyzes thioether bond formation of a- and b-
unsaturated aldehydes with GSH for detoxification (247).
GSTA4 is downregulated in adipose tissue of obese insulin
resistant mice and in subcutaneous adipose tissue of obese
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insulin-resistant patients (56). Such data support the conten-
tion that S-glutathionylation is evident in diabetes and redox
regulation could impact diabetic pathophysiology (Table 5).

C. Cardiovascular disease

Cardiovascular disease (CVD) is the leading cause of death
in the United States, accounting for 34.3% of all deaths. Given
that diabetes mellitus is a cardiovascular risk factor for CVD
(196, 255), it seems reasonable to assume that oxidative stress
is a major contributor to CVD. In fact, there is documented
evidence that ROS, thioredoxin, Grx, and glutathione each
have contributory roles in the pathophysiology of CVD (5,
102, 200). ROS-activating enzymes are found in vascular en-
dothelial cells and ROS production causes oxidation of LDL,
which in turn causes expression of vascular adhesion mole-
cule-1 (VCAM-1) and monocyte chemotactic protein-1 (MCP-
1), both redox-sensitive proteins (91). Treatment with niacin
(nicotinic acid), which reduces myocardial infarction, reverses
ROS-induced increases in these redox-sensitive proteins and
also increases GSH and NADPH (91). Increases in GPX can
help overcome deleterious effects of excess levels of ROS.
Transgenic mice overexpressing GPX show lower levels of
thiobarbituric acid-reactive substances in the left ventricular
area after myocardial infarction compared to wild type (253).
In addition, they show an increase in survival rate during the
infarction period and lower left ventricular end-diastolic
pressure (253), suggesting that redox regulation through GPX
is involved in myocardial infarction. While excessive ROS
levels may eventually induce apoptosis, Grx has an anti-
apoptotic effect in cells treated with ROS. For instance, it has
been shown that ROS induces activation of Akt through PI-3
kinase, and its activation is inhibited by PI-3 kinase inhibitors
(211). The Cys297 and Cys311 residues of Akt can be S-glu-
tathionylated during oxidative stress and reduced by Grx1. The
reduction would inhibit Akt association with PP2A and sub-
sequent dephosphorylation of Akt leads to continuous Akt
activation (185). Further evidence for the role of ROS and Grx1
in CVD comes from ischemic preconditioning studies where
Grx1 expression is increased after adaptation to ischemia (164).
In addition, transgenic mice overexpressing Grx1 showed im-
proved ventricular recovery and smaller infarct size after is-
chemia, whereas Grx1 knockout mice had decreased functional
recovery and larger infarct size (164). This was accompanied by
decreased ROS production in hearts overexpressing Grx1 and
increased ROS production in the knockout animals (164). A
critical role player in vascular smooth muscle cell hypertrophy,
angiotensin II, increases production of ROS (1). Induction of
hypertrophy by angiotensin II leads to the S-glutathionylation
of Ras on Cys118 and activation of p38 and Akt (1); however, it
is inhibited by Grx1 overexpression. The same authors deter-
mined that SERCA activity is increased by S-glutathionylation
and prevented by mutation of Cys674 (2). This is interesting
since SERCA is responsible for the mobilization of Ca2 + and

regulates cardiac muscle relaxation. Recently, treating endo-
thelial cells with cinnamaldehyde induced p65 S-glutathiony-
lation of NF-jB and inhibited TNFa-induced p65 nuclear
translocation (155). In addition, p65 S-glutathionylation is
prevented by treatment with the GSH synthesis inhibitor,
buthionine sulfoximine (BSO) (155). Given the importance of
oxidative stress and ROS in CVD, S-glutathionylation seems to
have roles with differential outcomes in CVD protection,
whereas Grx1 has mainly beneficial effects. It has been recently
shown that diminished Grx1 levels in elderly rats contributed
to increased apoptotic susceptibility of cardiomyocytes via
regulation of NFjB function (89).

GSTP has been found in mouse (305), rat (190), and human
(276) cardiac tissue. Biotransformation of the nitrovasodilator,
glycerin trinitrate is accomplished by rat (190) or human (276)
GSTM isoforms, and in the former, this isozyme is down-
regulated in the left ventricle and aortic vessel of the sponta-
neously hypertensive rat (313), GSTP, still has an important
role in CVD. In fact, GSTP1P2 - / - mice show an increase in
endothelial dysfunction after exposure to tobacco smoke (51)
and acrolein (risk factors for CVD) compared to wild types.
The acrolein-induced endothelial dysfunction is prevented by
pretreatment with NAC, demonstrating the involvement of
redox regulation in GSTP protection of CVD.

D. Traumatic brain injury

Traumatic brain injury (TBI) is the leading cause of death
among young people in developed countries (162). While the
primary injury is due to impact from an external source,
secondary damage can be evident after the initial incident
(162). ROS, glutamate excitotoxicity, mitochondrial dysfunc-
tion, and cytokines are all induced by TBI (34, 256). Increases in
free radical scavengers such as superoxide dismutase, catalase,
GPX (105), and neurotrophic factors such as nerve growth factor
(NGF) might act as physiological compensatory actions to pre-
vent excessive brain damage. In rats, intraventricular infusion of
nerve growth factor serves to increase catalase and GPX activ-
ities by 1 day post-trauma and continues until day three (105,
191). Studies have pointed to a biphasic regulation of hippo-
campal nerve growth factor and GPX, suggesting a more
complex temporal regulation of the redox cycle in TBI patients
(64). When compared to adult animals, young mice (21 days
old) do not demonstrate increased GPX, even though baseline
GPX levels are the same, suggesting an impaired redox response
to TBI (76). Overexpression of GPX in mice prevents TBI-in-
duced decreases in energy-coupling mitochondrial dysregula-
tion, whereas GPX knock out mice show an enhanced
sensitivity in mitochondrial dysfunction to TBI compared to
wild types (304). During mitochondrial respiration experiments,
brain mitochondrial dysfunction was reversed by adding the
calcium chelator, egtazic acid mitochondria isolated from GPX
knock out and wild-type animals (304), implying an essential
role for Ca2 + in TBI-induced mitochondrial dysfunction.

Table 5. S-Glutathionylated Proteins Observed in Diabetes Mellitus Models

Sample Pathology Protein Reference

Human Type 2 diabetes with microangiopathy Hemoglobin 240
Human Type 2 diabetes Hemoglobin 186, 193
Rat glial cells (rMC-1) Normal glucose conditions lkb kinase Cys179 248
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Decreases in mitochondrial and cytosolic GSH contribute to
dysregulation of mitochondrial electron transfer after TBI in
rats. However, NAC pretreatment 5 min preinjury or up to 1 h
postinjury does replete GSH to normal levels (303). Depletion
of intracellular GSH with BSO exacerbates injury in brain en-
dothelial cells and preincubation with GSH reduces injury as
measured by lactate dehydrogenase levels (98). NAC treatment
15 min after TBI increases GSH, superoxide dismutase, and
GPX activity and decreases TBI-induced increases in mal-
ondialdehyde (119). Further evidence for the beneficial effects
of GSH comes from Zn2 + -induced cell death studies. Free Zn2 +

is released from synapses in excess during TBI, is colocalized
with glutamate, and contributes to the brain injury. Zn acetate
is able to inactivate glutathione reductase via an NADPH-de-
pendant mechanism and increase GSSG/GSH ratios in astro-
cytes (22). In addition, Zn acetate treatment increases
intracellular ROS. This mechanism is distinct from that of car-
mustine, a glutathione reductase inhibitor. Carmustine did not
alter GSSG/GSH ratios or generate ROS (22), suggesting that
Zn may be a primary contributor to astrocyte toxicity (22).
Further, preincubation of primary cortical neurons with GSH
partially blocked toxicity and completely blocked Zn2 + -in-
duced primary astrocyte toxicities (43). This is especially im-
portant since astrocytes are responsible for clearing
extracellular glutamate through the glutamate transporters,
GLT-1 and GLAST. Astrocyte cell death is evident under severe
hypoxia, and high glutamate levels can downregulate GLT-1
and GLAST expression (152). This would impair the ability of
astrocytes to clear excessive glutamate. Excess glutamate re-
lease can lead to neuronal excitotoxicity as a consequence of an
influx of Ca2 + through NMDA receptors and microdialysis
studies have shown that TBI elevates glutamate in preclinical
(121) and clinical samples (34). In fact, glutamate levels can be
correlated with injury severity, which is brain region specific
(121). There is lower expression of the antiapoptotic gene Bcl-2
for as long as 12 months after TBI in the rat hippocampus, an
area crucial in memory formation (189). Mice overexpressing
GPX show an acute decrease in nitrotyrosine and an increased
number of hippocampal neurons and improved spatial mem-
ory 3 months post-TBI (277). However, in young mice (post-
natal day 21) GPX overexpression is unable to prevent TBI-
induced deficits in hippocampal neuronal proliferation and
survival later in life (214), indicating that the age at which TBI
occurs is important for functional recovery. In a comprehensive
time-dependent antioxidant and hippocampal synaptic protein
study, 24 h postinjury TBI caused a reduction in GSH and
GSH/GSSG ratio, an increase in GSSG, decreases in GPX ac-
tivity and glutathione reductase activity, decreases in Cu/
Zn-SOD and Mn-SOD activity, and an increase in levels of
4-hydroxynonenal, acrolein, protein carbonyl content, and 3-
nitrotyrosine (11). Further, there were time-dependent de-
creases in synapsin-1, PSD-95, and SAP-97 in the hippocampus
as well as increases in FJB, neuronal death, staining in the
dentate gyrus, CA3, and CA1 hippocampal subfields (11). Al-
though these variables are numerous, at least one central
component of the damage control revolves around GSH. One
of the major thiol sensitive transcription factors is nuclear factor
erythroid 2-related factor 2 (Nrf2). Nrf2 knock out mice have
higher levels of inflammatory cytokines such as TNF-alpha,
IL-1beta, and IL-6 and more pronounced brain edema and
neurological deficits compared to wild types (135). In addition,
they have lower levels of GSTA1 and NADPH:quinone

oxidoreductase (135). As may be expected, mild repetitive
TBI in rats can cause increases in ROS that lead to long
lasting and sustained alterations in the redox system (267).
This may have important implications for recurring con-
cussions in humans where permanent redox system dysre-
gulation may occur.

As measured by microtubule-associated protein light chain
3 II (LC3 II) expression patterns, TBI is also accompanied by
increased autophagy (148). Given that ROS is an essential
factor in both autophagy and TBI, treatment with the anti-
oxidant gamma-glutamylcysteinyl ethyl ester (GCEE) par-
tially reduced LC3 II expression and improved behavioral
outcomes (148). In another study, after experimentally in-
duced TBI, intraperitoneal GCEE treatments decreased oxi-
dized protein carbonyls and 3-nitrotyrosine levels (226). The
fact that this treatment can be administered postinjury may
have implications for clinical treatment strategies. Perhaps
less expected, oral administration of GSNO in adult male rats
reduces blood–brain barrier (BBB) injury and macrophage
activation after TBI (142). In addition, GSNO treatment re-
verses TBI-induced decreases of BBB integrity proteins, ZO-1
and occludin and improves behavioral outcomes (142).

In clinical studies, total antioxidant reserve, including
ascorbate and GSH, is decreased in the cerebrospinal fluid
(CSF) of infants or children after TBI (18). Other studies found
that hypothermia treatment after TBI in infants and children
preserved the antioxidant reserve in CSF, with GSH levels
inversely correlated with temperature control (17). Perhaps
this suggests that hypothermia can be used as a therapeutic
approach to maintain redox status in TBI patients. Taken to-
gether, treatment strategies to increase GSH (pharmacologi-
cally), GPX activity, and hypothermia may ameliorate the side
effects of TBI-induced damage.

XII. Neurological Diseases and Redox Pathways

Altered GSH levels, changes in redox status, and oxida-
tive stress underlie many neurodegenerative diseases such
as Parkinson’s disease (PD), Alzheimer’s disease (AD),
Huntington’s disease (HD), and Friedreich’s ataxia (FRDA)
(92, 168, 169). For example, low GSH levels were thought
to be the result of PD, but subsequent data provide evidence
that changes in GSH levels precede the onset of PD or
HD symptomology (254) underscoring the importance of
GSH and redox regulation in these conditions. After nitric
oxide generation a recent study provided evidence for
S-glutathionylation of neuronal and astrocyte proteins
(Fig. 12) (308). Further, this led to an increase in GSNO and
GSSG with a shift in the redox potential toward a more oxi-
dized state. Specific decreases in neuronal GSNO reductase
and GSSG reductase were liabilities to recovery with the con-
sequence that neurons were more susceptible than astrocytes to
further NO exposure. This could be one reason for the selective
degeneration of neurons in the different disease states.

A. Parkinson’s disease

PD is characterized by selective loss of dopaminergic neu-
rons in the pars compacta of the substantia nigra and by the
presence of Lewy bodies. The loss of dopamine neurons re-
sults in a decrease in striatal dopamine that leads to difficulty
in movement coordination and execution. In addition,
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ubiquitin and a-synuclein containing Lewy bodies are con-
sidered hallmarks of the disease (74) and it has been suggested
that oxidative damage or misfolded proteins can initiate the
formation of Lewy bodies that ultimately cause dopamine
neuronal degeneration (242). Pharmacotherapeutic treatment
for PD has focused on increasing dopamine levels with the do-
pamine precursor, L-3,4-dihydroxyphenylalanine (L-DOPA),
or combination therapies with a decarboxylase inhibitor such
as carbidopa or benserazide. In addition, prolonging the half-
life of levodopa with cathechol-O-methyltransferase inhibi-
tors or inhibiting the enzymatic breakdown of dopamine with
monoamine oxidase type B inhibitors are strategies to provide
symptomatic relief of the debilitating symptoms (269). How-
ever, current treatments do not prevent the inevitable de-
generation of the dopaminergic system and more research is
needed on the cause of the dopaminergic cell loss. One current
hypothesis is that oxidative stress can cause damage that may
lead to misfolded proteins preceding Lewy body formation
and subsequent dopaminergic neurodegeneration (59, 97).
This is further strengthened by studies showing increased
levels of damaged proteins in the brains of PD patients (97)
and impairments in the ubiquitin proteasomal system and
autophagy lysosomal pathways (234). More specifically, ni-
trated tyrosine residues in a-synuclein have been observed in
Lewy bodies in the brains of patients with PD, suggesting
impairment of the antioxidant defense (97).

S-nitrosylation and S-glutathionylation can impact mito-
chondrial complex I biology (19, 187). For instance, the
mitochondrial thiol transferase, Grx2, catalyzes protein S-
glutathionylation of complex I in the presence of GSSG and
results in inhibition of complex I activity (19). Mitochondrial
complex I is especially sensitive to changes in redox state (38,
187) and complex I inhibition elicits selective neuronal loss,
which contributes to behavioral effects that are characteristic
of PD. The neurotoxin and mitochondrial complex I inhibitor,

1-methyl-1,2,3,6-tetrahydropyridine (MPTP), causes selective
damage to dopaminergic neurons of the nigrostriatal path-
way (62). More specifically, the damage is caused by the active
metabolite of MPTP, MPP + , which increases oxidative stress,
the opening of the mitochondrial permeability transition pore,
the release of cytochrome c, and caspase activation (83, 285).
After dopamine depletion, there is an early detectable de-
crease in total GSH levels and subsequent mitochondrial
complex I impairment, followed by striatal dopaminergic cell
loss and neurodegeneration (254). Another complex I inhibi-
tor, rotenone, is used in vitro and in vivo as an experimental
model for PD. Rotenone decreased the GSH redox potential,
and the antioxidant and GSH precursor, NAC, reversed the
rotenone-induced change in the redox potential (103). The
authors used carotid body chemoreceptor cells as a model to
determine the impact of mitochondrial respiratory chain
blockers and a mitochondrial uncoupler on ROS produc-
tion by measuring GSH, GSSG, and the redox potential. The
respiratory chain blockers utilized were rotenone, 3-
nitropropionic acid (3-NP), antimycin A, sodium azide, and
the uncoupler 2,4-dinitrophenol. A rotenone concentration of
1 lM was able to significantly lower the redox potential with
2 mM NAC reversing the rotenone-induced decrease in the
oxidative status. In addition, rotenone treatment elicited a
dose-dependent activation response in chemoreceptor cells as
measured by 3H catecholamine release.

Inducible downregulation of c-glutamyl cysteine ligase
(the rate-limiting enzyme in de novo glutathione synthesis) in
catecholaminergic neurons in transgenic mice leads to re-
versible thiol-oxidation-dependent mitochondrial complex I
inhibition (40). This was followed by nigrostriatal neurode-
generation in an age-related manner (40). In contrast, treat-
ment with c-glutamylcysteine ethyl ester, a GSH precursor,
provided in vitro and in vivo protection against MPTP-induced
PD symptoms (41). There are inherent difficulties in treating

FIG. 12. Glutathione syn-
thesis in neurons and astro-
cytes. Both neurons and
astrocytes are able to synthe-
size glutathione through
c-GCS and glutathione syn-
thetase, whereas only astro-
cytes are able to export GSH.
Extracellular GSH can be bro-
ken down and the constitutive
amino acids (glutamate, cys-
teine, and glycine) taken up by
neurons for subsequent GSH
synthesis. In addition, astro-
cytes are able to exchange
glutamate for cystine through
the cystine-glutamate ex-
change of system xc-, which
allows cystine to be used for
GSH synthesis. Further, it has
been shown that GSH can act
as a neurotransmitter through
binding to NMDA, AMPA, or
even GSH receptors. (To see
this illustration in color the
reader is referred to the web
version of this article at
www.liebertonline.com/ars).
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PD patients with GSH or restoring GSH levels with antioxi-
dants. GSH does not effectively cross the blood–brain barrier,
meaning that de novo synthesis of GSH in the CNS is the pri-
mary source. Cysteine administration is also not an effective
means of elevating GSH in the CNS in vivo. NAC does not
cross the blood–brain barrier (175), but is able to increase GSH
levels through supply of cysteine after being metabolized
(287). A disadvantage is that cysteine can interact with glu-
tamate receptors, which may lead to excitotoxicity (198, 216),
whereas NAC has been reported to be an oxidative stressor at
high concentrations in vivo (114) and intrastriatal infusion of
NAC caused neuronal toxicity (183). In addition to cysteine
toxicity, nucleophilic addition of cysteine with dopamine
metabolites such as dihydroxyphenylacetate (dopac) leads to
formation of a cysteinylcathechol, 5-S-cysteinyl-3,4-dihydro-
xyphenylacetate. 5-S-cysteinyl-3,4-dihydroxyphenylacetate is
a dopaminergic neurotoxin and inhibits complex I activity
(181), which ultimately may contribute to PD. While GSH
ethyl ester does provide protection against striatal damage
(41), central delivery and the toxicity of the ethanol formed
after ethyl ester cleavage (312) limits the use of this GSH
precursor to ameliorate PD symptoms. As a whole, impaired
GSH levels may be the first in a range of antioxidant and
redox system impairments that ultimately contribute to the
PD symptomology and future treatment strategies could
beneficially focus on GSH modulation in the CNS.

Nitric oxide GSH derivatives such as S-nitrosoglutathione
(GSNO) could protect substantia nigra dopaminergic neurons
from oxidative stress in vivo (223). Increased lipid peroxida-
tion in vivo was caused by intranigral infusion of either ferrous
citrate (4.2 and 10 nmol caused an 8- and 13-fold increase) or
peroxynitrate (33.6 nmol caused only a 40% increase). GSNO
and GSH dose-dependently blocked the formation of
hydroxyl radicals of both compounds. In addition, photo-
degraded GSNO and GSSG (100 lM) had no effect on iron-
induced or peroxynitrate-induced lipid peroxidation (223).
GSNO partly mediates cytoprotective effects through S-
nitrosylation-induced inhibition of proteolysis and cyto-
toxicity caused by caspases and HIV-1 protease (42). This
protective effect seems tissue and cell specific, since stimula-
tion of HEK293 cells with GSNO caused S-nitrosylation of
thioredoxin and subsequently activation of ASK1 (264). More
recent studies confirm that GSNO is a mediator of P-SSG in
neurons and further characterization of target proteins may
lead to a better understanding of the protective effects of
GSNO (308).

GGT, a biomarker for liver dysfunction and alcohol con-
sumption, is highly enriched in those brain endothelial cells that
constitute the blood–brain barrier and is responsible for me-
tabolizing extracellular glutathione into the GSH precursor
amino acid, glutamate, the dipeptide gamma-glutamylamino
acid, and/or cysteinylglycine. These amino acids and dipep-
tides can subsequently be used for synthesis of reduced GSH in
the intracellular environment (296). Astrocytes can transport
cysteinylglycine (71), and both neurons (72) and glia (71) are
able to utilize this dipeptide for GSH biosynthesis (Fig. 12).
Serum contains GGT (163) and some metabolism of GSH could
occur, but it is unclear if cysteinylglycine can be transported
across the blood–brain barrier. However, blood–brain barrier
GGT and amino dipeptidases can still metabolize cysteinylgly-
cine into cysteine, and this can subsequently be transported
across the blood–brain barrier and used for GSH synthesis.

Recent studies suggest that GGT may be involved in the
generation of ROS (69, 75). In the presence of iron, GSH can
induce lipid peroxidation and NFjB activation. These effects
are GGT dependent, since they were prevented by the GGT
transition state inhibitor, serine-borate complex (69). In con-
trast, upregulation of GGT is a compensatory reaction to GSH
depletion and mitochondrial complex I inhibition, possibly
representing an adaptive response to maintain or increase
intracellular GSH levels (39).

Interestingly, GSTP is the only member expressed in dopa-
minergic substantia nigra neurons (32, 257). A recent study has
shown that inhibition of GSTP by RNA interference and/or
pharmacological inhibition of GSTP increases sensitivity to
MPTP-induced PD, whereas GSTP1P2 - / - mice show an in-
creased sensitivity to MPTP (257). Further, overexpression of
three GSTP variants, GSTP1B, 1C, and 1D, provided protection
against rotenone-induced neuron loss (251), whereas another
study revealed a significant association between the GSTP1B
allele and sporadic PD (284). These data demonstrate the im-
portance of GSTP and the role of genetic polymorphisms in PD
etiology, and while catalysis of S-glutathionylation through
GSTP may play an role in PD, Grx has been shown to have a
significant impact on redox regulation in PD. The loss of DJ-1
protein levels, a gene linked to early onset PD, is evident after
Grx1 downregulation, but not depletion of GSH (237). In ad-
dition, the death-associated protein Daxx translocates from the
nucleus and causes cell death, whereas overexpression of DJ-1
prevents the Daxx-induced cell death. As a translational ob-
servation, L-DOPA as a first-line treatment for PD causes a
decrease in Grx activity without a change in enzyme levels in
dopaminergic SHSY5Y cells (236). Further, inhibition of Grx
leads to neuronal apoptosis, which may be mediated by reac-
tive quinones after L-DOPA oxidation (13, 236). Reactive qui-
none adducts, which are also evident in the substantia nigra of
patients with PD (261), may contribute to the side effect profile
of L-DOPA in the treatment of PD.

B. Alzheimer’s disease

AD is the most common form of dementia and an estimated
24.3 million are affected worldwide (195). AD can be classified
into sporadic and familial subtypes with sporadic AD being
the most common (195). It is characterized by impairment of
cognitive functions, impacting daily activities and eventually
resulting in death. The disease starts anatomically from the
entorhinal cortex and spreads via the hippocampus to other
cortical areas. The presence of senile plaques (SP) and neu-
rofibrillary tangles has been regarded as a histopathological
hallmark of AD (209) and is further characterized by synaptic
loss in brain areas that are responsible for learning and
memory (67, 195, 199). A major component of senile plaques is
amyloid beta-peptide (AB), a 40–42 amino acid peptide that is
cleaved from amyloid precursor protein (APP) by beta- and
gamma-secretases (282). AB is a cytotoxic peptide that exists
as soluble and insoluble forms that can induce neuronal
death, impair mitochondrial function, and increase ROS (14,
100, 206, 306). There is substantial evidence for the role of
oxidative stress and mitochondrial impairment in AD (131,
225) and targeting mitochondria has been proposed as a
therapeutic mechanism (225). On a genomic level there is an
increase in mitochondrial cytochrome c oxidase II and IV
mRNA ratios in the hippocampus, inferior parietal lobule,
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and cerebellum, which may contribute to the dysregulation
in oxidative metabolism of patients with AD (8). Recent
evidence for the regulation of APP by microRNAs (miRNAs)
has sparked interest as potential treatment strategies for AD
(116). miRNAs are small, noncoding RNAs highly enriched in
the brain that are involved in mRNA translational regulation;
for review see ref. (188). More specifically, miRNAs of the
miR-20a family are endogenous regulators of APP (116) and
overexpression of hsa-miR-106a and hsa-miR520c repress
APP translation (205). In contrast, decreases in miR-106b
(116), miR-107 (293), and in the miR cluster, miR-29a/b-1
(117), were found in patients with AD. The decrease in miR-
107 and niR-29a/b-1 coincided with an increase in beta-site
APP-cleaving enzyme 1 (BACE1) mRNA (117, 293). While it is
known that BACE1 is responsible for AB generation (282), it is
clear that further research into miRNAs may point to novel
targets for neurodegenerative diseases such as AD.

Utilizing proteomic methods, it has been found in clinical
studies that the most pronounced mitochondrial protein ex-
pression changes occur in the early stages of AD (161). By
labeling mitochondrial proteins with isotope coded affinity
tags, it was determined that pathways responsible for ATP
utilization were preferentially activated (161). Additional
proteomic studies pointed to an increase in oxidized proteins
and proteins damaged through oxidation by ROS (31). Oxi-
dative damage to proteins can be measured by an increase in
carbonyl content (6, 7), which in AD is associated with a re-
duction in GSH and an increase in GSSG levels leading to an
altered redox balance (29). These oxidatively modified pro-
teins include creatine kinase, glutamine synthase, ubiquitin
carboxy-terminal hydrolase L-1 (31), dihydropyrimidinase-
related protein 2, and alpha-enolase (31). The change in redox
could lead to S-glutathionylation of proteins. In fact, there is
an increase in p53 S-glutathionylation in the inferior parietal
lobule (66) and elevated serum levels of GGT (309) in patients
with AD. These data have been corroborated by preclinical
studies that have shown a reduction in GSH, an increase in
GSSG and a decrease in the GSH/GSSG ratio in the brains of
aged rats (314). More specifically, these changes were evident
in the cortex, striatum, midbrain, and cerebellum of both male
and female rats. In addition, there was a concomitant decrease
in c-GCS and increases in GGT, GST, and glutathione perox-
idase. Males also showed an increase in glutathione reductase
in all brain areas and in females an increase in the cortex and
midbrain only (314). Treatment of neuronal cell cultures with
AB resulted in oxidation of 14-3-3 and glyceraldehyde-
3-phosphate dehydrogenase, which is prevented by pre-
treatment with gamma-glutamylcysteine ethyl ester (24).
Other studies have found a protective effect for GSNO on AB-
induced neurotoxicity in primary rat neuronal cultures, which
involved activation of cGMP-dependent protein kinase, PI3K,
and ERK (137). S-glutathionylation via GSTP has only recently
emerged and as such the mechanism and impact of GST-
mediated redox regulation has not been established. We do
know, however, that polymorphisms that lead to alterations
in the catalytic activity of GSTP are causally linked with
neurodegenerative disorders. While preclinical data on GSTP
is scarce (see above), clinical studies found that AD patients
who were carriers of the GSTP1*C allelic variant, but not
GSTM1, had a faster decline in cognitive functions (259). A
similar study found an increase in the V allele of the GSTP1
polymorphism in AD, whereas the GSTT1 polymorphism

was higher in controls (213). In addition, postmortem brains
of patients with AD show an increase in Grx, which is oxi-
dized by AB in vitro, and subsequent translocation of Daxx
and apoptosis (9). The increase in Grx could be a compensa-
tory mechanism of the human brain since, Grx overexpression
prevented AB-induced toxicity. Taken together, the data from
both clinical and preclinical studies underscore to the im-
portance of redox regulation in AD.

C. Huntington’s disease

Another neurodegenerative disorder affected directly or
indirectly by mitochondrial dysfunction is HD. HD is caused
by a pathological elongation of the CAG repeat in exon 1 of
the gene encoding the Huntington protein. The mutated gene
leads to a stretch of glutamine (Q) residues near the Hun-
tington N-terminal domain, with more than 39 CAG/Q re-
peats almost always leading to HD [for review see ref. (16)].
There is accumulating evidence that the pathological poly-
glutamine repeats might contribute directly or indirectly to
mitochondrial dysfunction and oxidative stress or vice versa
(81, 87, 288). Huntington overexpressing, transfected neuro-
nal cells showed an increase in ROS levels and cytochrome c
release. The polyglutamine-induced cell death was reduced
by overexpression of heat shock protein 27 and inhibition of
cytochrome c release (302). Further, both NAC and GSH
provided protection against cell death (302), indicating a role
for redox regulation in HD.

Animal models for HD include the 150/150Q mutant
Huntington knock-in mice and the R6 transgenic mouse
model. The R6 transgenic mouse model consists of the R6/1
and R6/2 lines, with the R6/2 being the better characterized
of the two for the study of HD (154). Generally, symptom
progression is delayed, whereas life expectancy is longer for
the R6/1 versus the R6/2 strain. Given the importance of ox-
idative stress and mitochondrial dysfunction, it is therefore
not surprising that there is interest in redox regulation in R6/2
mice. While there is no difference in cellular GSH between
R6/2 and wild-type mice, the transgenic mice do show an
increase in mitochondrial GSH in the cortex and striatum (45).
In addition, R6/2 mice show a decrease in glutamate-cysteine
ligase activity in the cortex and a decrease in glucose-6-
phosphate dehydrogenase (G6PD) activity in the striatum
(45). The decrease in the enzymatic activity may point to im-
pairment in GSH utilization, whereas the increase in GSH
may reflect a compensatory reaction to the oxidative stress.
Another study in R6/2 mice found an increase in forebrain
GSH, whereas there were increases in Grx, GSH reductase,
and glutamate-cysteine ligase mRNA levels (84). Daily treat-
ment for 4 weeks with 112 mg/kg/day cystamine reversed
the mRNA changes in GSH reductase and glutamate-cysteine
ligase to control levels (84). In the related R6/1 transgenic
strain, there is an increase in striatal lipid peroxidation (207)
and in ROS production, whereas striatal glutathione peroxi-
dase activity remained unchanged (208). These data suggest
that alterations in the redox status may contribute to the ob-
served HD phenotype of the transgenic mice.

In addition to transgenic mouse models, treatment with 3-
NP results in a HD phenotype and represents a recognized
pharmacological model for HD [for review see ref. (26)]. More
specifically, 3-NP treatment causes alterations in cognitive
deficits, mitochondrial dysfunction, and redox status. The
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primary mechanism underlying 3-NP-induced striatal toxic-
ity is inhibition of respiratory chain complex II activity (158)
and succinate dehydrogenase (SDH) activity, which is re-
duced in patients with HD (27, 106). In rats treated with 3-NP
there was an increase in protein carbonyl groups, lipid per-
oxidation, and total nitrite (nitrite + nitrate) levels in striatal
synaptosomes, a reduction in GSH, catalase, GSH peroxidase,
and SDH activity in the striatum (278). Transcranial magnetic
field stimulation (TMS) at 60 Hz and 0.7 mT for 4 days par-
tially reversed the 3-NP-induced changes in protein carbonyl
levels, total nitrite levels, lipid peroxidation products, GSH,
GSH peroxidase, catalase, and SDH activity (278). It has been
shown that the nitric oxide carrier, GSNO, decreases 3-NP-
induced neurotoxicity in fetal rat striatal cultures and in-
creases cell survival. This GSNO-induced protective mecha-
nism was more potent than treatment with the antioxidant,
NAC (138). Given the fact that GSNO treatment provided
protection against iron-induced hydroxyl radical- and per-
oxynitrate formation in substantia nigra dopaminergic neurons
in vivo (223), it is not surprising that GSNO partially protected
neurons from 3-NP. GSNO could be providing protection not
only by inhibiting 3-NP-induced hydroxyl or peroxynitrate
formation (290), but also inhibiting caspase activity (23, 180).
Additional evidence for the involvement of nitric oxide in 3-
NP-induced neurotoxicity comes from experiments that have
shown efficacy for the NO inhibitor, l-NAME, in combination
with the immunosuppressant FK506, in reversing cognitive
deficits and GSH decreases in vivo (147).

In vivo clinical studies have found potential peripheral
biomarkers in the plasma of patients with HD. Plasma mal-
ondialdehyde was elevated and showed a correlation with
disease severity (35). In addition, there was a reduction in
erythrocyte Cu/Zn-superoxide dismutase and glutathione
peroxidase activity (35). Further in vivo evidence for increased
oxidative stress in patients with HD includes higher plasma
lipid peroxidation and lower GSH levels (145). Younger
asymptomatic HD gene carriers had a similar profile, which
suggests that oxidative stress precedes the onset of HD
symptoms. These preclinical and clinical data suggest that
redox regulation may be a valuable pharmacotherapeutic tool
for the treatment of HD.

D. Friedreich’s ataxia

The most common form of hereditary ataxias is FRDA,
which is caused by a pathological expansion of the GAA
triplet repeat in the first intron of the frataxin protein (215).
The length of the repeats is positively correlated with the
severity of the disease and results in the loss of the mito-
chondrial protein, frataxin. This protein plays an essential role
in the binding of free iron and low levels are thought to lead
to mitochondrial dysfunction, accumulation of free iron, and
subsequent generation of ROS (93). In a knockout mouse
model of frataxin, there is time-dependent intramitochondrial
iron accumulation, a deficiency in mitochondrial complex
I–III activity and aconitase activity (215). While studies on S-
glutathionylation in FRDA are limited, one did find an in-
crease in protein S-glutathionylation in fibroblasts of patients
with FRDA (204). In addition, it was found that actin was S-
glutathionylated probably through an increase in ROS due to
iron overload (204). FRDA fibroblasts showed a significant
disarrangement of F-actin, which was reversed by treatment

with GSH. This suggests that the cellular abnormalities may
have been caused by oxidative stress. In a recent study, the
spinal cord of patients with FRDA exhibited an increase in
tyrosinated tubulin and phosphorylated neurofilaments,
which colocalized with increased protein S-glutathionylation
(260). Taken together, these studies suggest that abnormal
cellular S-glutathionylation and oxidative stress may play a
role in FRDA, implying that antioxidants may therefore be
potential therapeutic interventions. In a small clinical study,
patients with FRDA responded to treatment with idebenone,
a short chain analog of coenzyme Q10. Larger meta-analysis
found that idebenone treatment was more effective than
placebo in halting and reversing the hypertrophic cardiomy-
opathy associated with FRDA, but did not improve neuro-
logical symptoms (141, 275). In contrast to PD genetic studies
that found differences in GSTP polymorphisms, similar
studies in patients with FRDA found no such differences.
However, FRDA patients did show an increase in the general
specific activity of GST in erythrocytes (82), suggesting the
importance of redox regulation in FRDA.

E. Amylotrophic lateral sclerosis

Although there are limited studies in the importance of
redox conditions to the etiology of ALS, one recent report (88)
suggests that activation of Cu, Zn-superoxide dismutase
(SOD1) may involve several post-translational modifications,
including copper and zinc binding, as well as formation of an
intramolecular disulfide bond. There is a metal chaperone for
SOD1, CCS, which is involved in intracellular copper loading
in SOD1 (55). It appears that CCS may have dual roles. Not
only does it deliver copper to SOD1 under stringent copper
limiting conditions, but it also facilitates the conversion of the
disulfide-reduced immature SOD1 into the active disulfide-
containing enzyme. Thus, two new functions may be attrib-
uted to CCS, oxygen-dependent sulfhydryl oxidase, and
disulfide isomerase-like activities. The CCS activation of
SOD1 seems to be dependent upon cellular exposure to con-
ditions of oxidative stress. The structure and protein aggre-
gation status of SOD1 are quite dependent upon cellular
redox balance, which links it to the neurodegenerative disease
amyotrophic lateral sclerosis (ALS). Recent studies showed
that S-glutathionylation of SOD1 is pertinent to ALS (298).
SOD1 isolated from human erythrocytes was shown to be S-
glutathionylated at Cys 111 and promotes SOD1 monomer
formation, a prerequisite step in SOD1 aggregation.

XIII. Conclusions

GSH homeostasis is an evolutionarily well-conserved
process for controlling intracellular redox conditions. The
versatility of GSH comes from the nucleophilicity of its cys-
teine residue, allowing covalent modifications of a variety of
cell proteins that have cysteine residues located in basic re-
gions. The addition of a bulky tripeptide and a net negative
charge through the glutamic acid residue can influence the
structure/function of the protein. There is value to the concept
that S-glutathionylation, as a post-translational modification,
may have consequences every bit as critical as phosphoryla-
tion, perhaps providing a contiguous relationship between
sulfur and phosphorus biochemistry. Aberrations in redox
homeostasis frequently manifest through alterations in GSH
and associated pathways have been conditionally linked with

S-GLUTATHIONYLATION AND SIGNALING 259



the etiology and progression of a number of human diseases
of aging exemplified by cancer and neurological dementias.
Interpretation of some of the published material does not al-
ways allow for the separation of cause:effect relationships
with respect to the involvement of oxidative stress, protein
modifications, and their involvement in or consequences to
these pathologies. Nevertheless, there is reason to be opti-
mistic that ongoing and continued attention to the variety of
components of the S-glutathionylation cycle may help to
identify possible biomarkers for diagnosis, progression, and
response to therapies in these diseases.
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Abbreviations Used

2D SDS-PAGE¼ two-dimensional sodium dodecyl
sulfate–polyacrylamide gel
electrophoresis

3-NP¼ 3-nitropropionic acid
AB¼ amyloid beta-peptide
AD¼Alzheimer’s disease

APP¼ amyloid precursor protein
ASK1¼ apoptosis signaling kinase 1
ATF6¼ activating transcription factor 6
Bcl-2¼B-cell lymphoma 2

cAMP¼ cyclic adenosine monophosphate
CG¼ cysteinyl-glycine

CHOP¼C/EBP homologous protein
EGF¼ epidermal growth factor

ER¼ endoplasmic reticulum
ERK¼ extracellular signal-regulated kinase
Ero1¼ER oxidase 1

FRDA¼ Friedreich’s ataxia
c-GCS¼ c-glutamylcysteine synthase

GAP¼GTPase-activating protein
GCL¼ glutamate cysteine ligase
GGT¼ gamma-glutamyltransferase
Grx¼ glutaredoxin

GSH¼ reduced glutathione
GSNO¼ S-nitrosoglutathione
GSSG¼ oxidized glutathione

GST¼ glutathione-S-transferase
HD¼Huntington’s disease
IKK¼ I kappa B kinase
JNK¼ c-Jun N-terminal kinase

L-DOPA¼L-3,4-dihydroxyphenylalanine
MALDI-TOF¼matrix-assisted laser desorption/

ionization time-of-flight
MAPK¼mitogen-activated protein kinase
Mdm2¼murine double minute 2

MEKK1¼MAPK/ERK kinase kinase 1
miRNAs¼microRNAs

MPTP¼ 1-methyl-1,2,3,6-tetrahydropyridine
MRP¼multidrug resistant protein
NAC¼N-acetyl-L-cysteine
NFjB¼nuclear factor kappa B

PABA/NO¼ (O2-{2,4-dinitro-5-[4-(N-
methylamino)benzoyloxy]phenyl}
1-(N,N-dimethylamino)diazen-1-
ium-1,2-diolate)

PD¼Parkinson’s disease
PDI¼protein disulfide isomerase

PDK¼phosphoinosityl-dependent kinase
PERK¼pancreatic ER kinase
PI3K¼phosphoinositide 3 kinase
PKA¼protein kinase A
PKC¼protein kinase C

PP2A¼protein phosphatase 2A
Prx¼peroxiredoxin

PTEN¼phosphatase and tensin homolog
deleted from chromosome 10

PTP¼protein tyrosine phosphatase
RNS¼ reactive nitrogen species
ROS¼ reactive oxygen species
RyR¼ ryanodine receptor
SDH¼ succinate dehydrogenase

SERCA¼ sarcoplasmic endoplasmic reticulum
calcium ATPase

SHP¼ Src-homology protein tyrosine
phospphatase

SP¼ senile plaques
TNFa¼ tumor necrosis factor alpha

TRAF2¼TNF receptor-associated factor 2
UPR¼unfolded protein response
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