
1941

1Department of Pharmacology, Case Western Reserve University, Cleveland, Ohio.
2Louis B. Stokes Cleveland Veterans Affairs Medical Research Center, Cleveland, Ohio.

ANTIOXIDANTS & REDOX SIGNALING
Volume 10, Number 11, 2008
© Mary Ann Liebert, Inc.
DOI: 10.1089/ars.2008.2089

Comprehensive Invited Review

Molecular Mechanisms and Clinical Implications of
Reversible Protein S-Glutathionylation

John J. Mieyal,1,2 Molly M. Gallogly,1 Suparna Qanungo,1

Elizabeth A. Sabens,1,2 and Melissa D. Shelton1,2

Reviewing Editors: Allan Butterfield, Isabella Dalle-Donne, Santiago Lamas, and Danyelle M. Townsend

IIIII. Introduction 1943
IIIII. Potential Mechanisms of Protein–SSG Formation 1944

A. Thiol-disulfide exchange 1944
B. Sulfenic acid intermediates 1944
C. Sulfenylamide intermediates 1944
D. Thiyl radical intermediates 1945
E. Thiosulfinate intermediates 1945
F. S-Nitrosylated intermediates 1945

IIIII. Potential Catalysis of Protein Glutathionylation 1945
A. GST� 1945
B. Grx 1945
C. Flavoprotein sulfhydryl oxidease (QSOX) 1945
D. Other potential mechanisms of catalysis/control of protein S-glutathionylation 1946

IIIV. Proteomics of Discovery of Potential Protein–SSG Intermediates 1946
IIIV. Deglutathionylation (Reversal) of Protein–SSG: Properties of the Glutaredoxin Enzymes 1946
IIVI. Glutaredoxin Mechanism of Action 1947
IVII. Modualtion of Grx Expression 1948
VIII. Diabetes and Implications of Changes in S-Glutathionylation Status 1948

A. Mechanism of hyperglycemic damage and ROS 1948
1. Insulin-glucose dynamics and diabetes complications 1948

B. Glucose metabolism: aldose reductase–SSG (Fig. 3, step 1a) 1949
C. K� channels: Grx regulated (Fig. 3, step 2a) 1949

1. ATP-sensitive potassium channels 1949
2. Voltage-gated potassium channels 1950

D. Ca2� channels: SERCA-SSG and Grx-reversible RyR-SSG (Fig. 3, step 3a) 1950
1. RyR-SSG 1950
2. SERCA-SSG 1951

E. Insulin exocytosis: Grx regulated (Fig. 3 step 6a) 1951
F. Insulin receptor: Grx-reversible PTP1B-SSG (Fig. 3, step 6b) 1951
G. Signal transduction [Fig. 3, Ras-SSG (step 7b), MEKK-SSG (step 8b), c-Jun-SSG (step 9b), 1951

Akt-SSG (step 10b), IKK-SSG (step 11b), NF-�B(p50)-SSG (steps 5a and 12b), and PKC-SSG (step 4a)]
1. Ras-SSG 1952
2. MEKK-SSG 1952
3. c-Jun-SSG 1952
4. Akt-SSG 1952



MIEYAL ET AL.1942

5. IKK-SSG 1952
6. NF-�B-SSG 1952
7. PKC-SSG 1952

H. Summary and discussion: Grx as a therapeutic target in diabetic complications 1954
IIIX. Cardiovascular Diseases and Alterations in Protein-S-Glutathionylation Status 1954

A. Myocardial infarction 1954
B. Preconditioning 1958

1. Protein kinase C (PKC) 1959
2. Protein kinase A (PKA) 1959
3. Nuclear factor �B (NF-�B) 1959
4. Akt 1959

C. Nonspecific oxidative injury 1959
D. Cardiac hypertrophy 1960
E. Atherosclerosis 1961

IIIX. Implications of Protein S-Glutathionylation in Lung Disease 1963
A. Tobacco exposure 1963
B. Hyperoxic injury 1964
C. Inflammation 1965
D. Fibrotic and granulomatous diseases 1965
E. Chronic obstructuve pulmonary disease (COPD) 1965
F. Summary 1965

IIXI. Implications of Reversible Protein S-Glutathionylation in Cancer 1966
A. Thiol oxidation and cancer 1966
B. S-Glutathionylation and signal transduction in cancer 1966
C. S-Glutathionylation and modulation of kinase/phosphatase signaling pathways 1966

1. Protein kinase C (PKC) 1966
2. I3 kinase and Akt 1967
3. Protein tryosine phosphatase 1967
4. c-Jun N-terminal kinase (JKN) 1968
5. H-Ras 1968

D. S-Glutathionylation and modulation of the proteasome pathway 1969
E. S-Glutathionylation and modulation of transcription factors (c-Jun, NF-�B, p53, AP-1) 1969

1. NF-�B 1970
2. AP-1, c-Jun 1970
3. p53 1970
4. Caspases 1970
5. Ku 1971

F. Modulation of S-glutathionylation as a chemotherapeutic strategy for cancer 1971
G. Conclusions 1971

IXII. Implications of Protein S-Glutathionylation in Neurodegenerative Diseases 1972
A. Oxidative stress and neurodegeneration 1972
B. Sources of reactive oxygen and nitrogen species in brain 1972

1. Alzheimer’s disease 1973
2. Parkinson’s disease 1973
3. Huntington’s disease 1973
4. Amyotrophic lateral sclerosis 1973
5. Freidreich’s ataxia 1973

C. Glutaredoxin and neurodegeneration 1973
D. Proteins associated with neurodegeneration that are redox regulated through S-glutathionylation 1974

1. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 1974
2. Actin 1974
3. Mitochondrial NADP�-dependent isocitrate dehydrogenase (IDPm) 1975
4. Tau 1975
5. Complex I 1975
6. Tyrosine hydroxylase 1975
7. p53 1976
8. Cytosolic calcium regulators 1976
9. Ras 1976

10. Proteasome degradation pathway 1976
11. �-Ketoglutarate dehydrogenase 1977

XIII. Summary and Conclusions 1977
XIV. Frontier Areas of Investigation 1977



PROTEIN GLUTATHIONYLATION IN DISEASES 1943

Abstract

Sulfhydryl chemistry plays a vital role in normal biology and in defense of cells against oxidants, free radicals,
and electrophiles. Modification of critical cysteine residues is an important mechanism of signal transduction,
and perturbation of thiol–disulfide homeostasis is an important consequence of many diseases. A prevalent
form of cysteine modification is reversible formation of protein mixed disulfides (protein–SSG) with glutathione
(GSH). The abundance of GSH in cells and the ready conversion of sulfenic acids and S-nitroso derivatives to
S-glutathione mixed disulfides suggests that reversible S-glutathionylation may be a common feature of redox
signal transduction and regulation of the activities of redox sensitive thiol-proteins. The glutaredoxin enzyme
has served as a focal point and important tool for evolution of this regulatory mechanism, because it is a spe-
cific and efficient catalyst of protein–SSG deglutathionylation. However, mechanisms of control of intracellu-
lar Grx activity in response to various stimuli are not well understood, and delineation of specific mechanisms
and enzyme(s) involved in formation of protein–SSG intermediates requires further attention. A large number
of proteins have been identified as potentially regulated by reversible S-glutathionylation, but only a few stud-
ies have documented glutathionylation-dependent changes in activity of specific proteins in a physiological
context. Oxidative stress is a hallmark of many diseases which may interrupt or divert normal redox signaling
and perturb protein–thiol homeostasis. Examples involving changes in S-glutathionylation of specific proteins
are discussed in the context of diabetes, cardiovascular and lung diseases, cancer, and neurodegenerative dis-
eases. Antioxid. Redox Signal, 10, 1941–1988.

ample, microsomal glutathione S-transferase (57); carbonic
anhydrase III phosphatase-Cys186 (33); HIV-1 protease-
Cys67 (64, 65); matrix metalloproteinase (220); hRas-Cys118
(1); sarco/endoplasmic reticulum calcium ATPase (SERCA)
(2); and mitochondrial complex II (39). Although this list is
not comprehensive, it reflects the breadth of protein activi-
ties that can be modulated up or down by S-glutathionyla-
tion.

A large number of proteins have been identified as po-
tentially regulated by reversible S-glutathionylation; how-
ever, studies of only a few effectively fulfill most of the cri-
teria of Table 1. These examples include the protein tyrosine
phosphatases (PTPs) (19, 20, 142), hRas (1), and actin (315,
317). These three well-characterized cases, however, repre-
sent a spectrum of complexity. First, the PTPs are the most
straightforward. In response to an extracellular signal (e.g.,
growth factor) ROS is generated as the second messenger.
This oxidative impulse mediates oxidation of the low-pKa

active site cysteine residues of the PTPs [i.e., mixed disulfide

TABLE 1. CRITERIA FOR S-GLUTATHIONYLATION AS A

REGULATORY MECHANISM

1. S-Glutathionylation occurs at a discrete site and
changes the function of the modified protein.

2. S-Glutathionylation occurs at relatively high
GSH/GSSG ratio, i.e. physiological conditions.

3. S-Glutathionylation occurs within intact cells in
response to a physiological stimulus, and elicits a
physiological response.

4. There is a rapid and efficient mechanism for formation
of specific proteins-SSG

5. There is a rapid and efficient mechanism for reversing
the S-Glutathionylation reaction.

The table lists criteria for evaluating reports of reversible S-glu-
tathionylation of specific proteins. The criteria serve as a guide for in-
terpreting data on protein-SSG formation as a potential mechanism
of regulation of the cellular functions of the glutathionylated pro-
teins. (See text for further explanation).

I. Introduction

SULFHYDRYL CHEMISTRY PLAYS A VITAL ROLE in normal cell
biology and in defense of cells against oxidants, free rad-

icals, and electrophiles. Modulation of thiol–disulfide status
of critical cysteines on enzymes, receptors, transport pro-
teins, and transcription factors is recognized as an important
mechanism of signal transduction and an important conse-
quence of oxidative stress associated with aging, cardiovas-
cular and neurodegenerative diseases, diabetes, and cancer.
Within these contexts, a prevalent form of cysteine modifi-
cation is reversible formation of protein mixed disulfides
(protein-SSG) with glutathione (GSH), the major nonprotein
thiol compound in cells. Protein glutathionylation increases
globally during overt oxidative stress [e.g., cardiac isch-
emia–reperfusion (79)], but selective/local generation of re-
active oxygen species (ROS) mediates physiological redox
signaling (1, 19, 20, 317).

To facilitate interpretation of the growing literature on re-
dox regulation via reversible glutathionylation, we have sug-
gested five criteria for evaluating reported studies (Table 1).
Briefly, S-glutathionylation must (a) be site-specific and
functionally effective, (b) occur in a physiologically relevant
context, (c) occur under physiologically relevant redox con-
ditions, (d) occur via an efficient mechanism for protein-SSG
formation, and (e) exhibit an efficient mechanism of rever-
sal (i.e., deglutathionylation). A more complete discussion of
the rationale for these criteria is presented in our previous
review (273). In many reports, S-glutathionylation is charac-
terized as inhibitory, for example, phospho-fructokinase
(199, 331); carbonic anhydrase III (33); nuclear factor 1 (NF1)
(18); glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(175, 202); protein tyrosine phosphatase 1B (PTP1B-Cys215)
(19, 20); protein kinase C� (320); nuclear factor kappa B
(NF�B) (237, 242); creatine kinase (249); actin-Cys374, (59, 61,
315, 317); protein phosphatase 2A (247); protein kinase A
(124); tyrosine hydroxylase (28), mitochondrial complex I
(293); I�B Kinase (IKK) (251). Likewise, there are many cases
where S-glutathionylation represents an activation, for ex-
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formation (PTP-SSG)], thereby leading to inactivation of the
enzymes. The process is reversed by the specific deglu-
tathionylase enzyme glutaredoxin, which reactivates the
PTPs. Second, hRas is regulated analogously, but S-glu-
tathionylation in this case occurs at an allosteric site and
leads to activation of hRas. Third, actin regulation is the most
complex. Glutathionylation of the normal-pKa cysteine
residue near the C-terminus of actin pre-exists at steady state
(actin-Cys374-SSG). In response to growth factor stimulation,
ROS is produced intracellularly, but this oxidative signal
leads to deglutathionylation of actin-SSG (i.e., reduction).
This paradoxical sequence of events indicates at least an ox-
idant-induced conformational change in the actin to expose
the disulfide moiety to Glutaredoxin (Grx), but other expla-
nations are plausible. Thus, much remains to be learned
about regulation via reversible glutathionylation, especially
regarding the intracellular organization of the signaling 
cascades (e.g., ref. 294), and the events that occur between
production of the activated second messengers [ROS and/
or reactive nitrogen species (RNS)], and the changes in 
protein–glutathionylation status that result from various
physiological or pathophysiological stimuli with various
types of cells.

None of the studies described above elucidated the mech-
anisms of formation of protein-SSG in vivo [i.e., criterion 4
(92); and see below]. In contrast, the primary mechanism of
deglutathionylation has been characterized well and attrib-
uted to the enzyme glutaredoxin (41, 140). This review con-
siders the status of knowledge of mechanisms of formation
and reversal of protein–SSG in mammalian systems perti-
nent to human health and disease; then particular sections
are devoted to assessing current understanding of perturba-
tions of regulation by S-glutathionylation in a variety of dis-
ease contexts.

II. Potential Mechanisms of Protein–SSG Formation

Unlike the history of phosphorylation as a regulatory
mechanism, where specific kinases and their substrates were
characterized before phosphatases were discovered, regula-
tion via reversible S-glutathionylation has gained momen-
tum through characterization of the deglutathionylation
mechanism (see below). Thus, S-glutathionylation is a prevalent
protein modification, but the mechanisms of protein–SSG
formation are not resolved. Figure 1 depicts potential mech-
anisms of protein–SSG formation that may occur sponta-
neously or be catalyzed by enzymes that are yet to be 
identified. These mechanisms, described briefly here, are dis-
cussed in more detail in our previous review (92).

A. Thiol-disulfide exchange

The glutathionylation status of a protein-SH depends on
the GSH/GSSG ratio (ca. 100/1 in nonstressed cells) and the
specific oxidation potential for formation of the mixed 
disulfide (protein–SSG), termed “Kmix;” typically Kmix �1
(99). This means for most protein–thiols the intracellular
GSH/GSSG ratio would have to decline markedly (i.e., from
100/1 to 1/1) to drive 50% conversion of protein-SH to pro-
tein–SSG (98). Hence thiol–disulfide exchange with GSSG is
an unlikely mechanism of protein–SSG formation. However,
there may be exceptions. For example, c-Jun, whose DNA
binding activity is inhibited by S-glutathionylation, displays

an unusually high thiol redox potential [Kmix � 13 (156)],
rendering it susceptible to S-glutathionylation by exchange
with GSSG at relatively high GSH/GSSG ratios (i.e., 50% pro-
tein–SSG at GSH/GSSG � 13). In general, mechanisms that
involve intermediate formation of reactive thiol derivatives
(described below) are more likely to mediate protein-SSG
formation in cells.

B. Sulfenic acid intermediates

Protein- and glutathione-sulfenic acids are expected to
form by reaction of the cysteine moieties with endogenously
produced ROS and/or RNS (19, 123, 239). Exposed sulfenic
acids are highly unstable (155, 239), rapidly undergoing fur-
ther oxidation to sulfinic (-SO2H) or sulfonic (-SO3H) acids,
or reacting with neighboring thiols (vicinal disulfide forma-
tion), or with GSH to form protein–SSG (Fig. 1, #2). Usually
protein sulfenic acids are thought to be short-lived species
in cells, although there are well-characterized enzymes that
utilize uniquely stabilized, active-site cysteine-sulfenic acids
(Cys-SOH) or selenocysteine-selenenic acids (Cys-Se-OH) as
intermediates in their catalytic mechanisms (89, 239, 252). In
the context of redox regulation, many proteins have been
identified as candidates for modulation by sulfenic acid for-
mation (e.g., c-Jun, Fos, bovine papillomavirus E2 protein,
nuclear factor 1, NF�B-p50, GAPDH) (45, 237, 331). In most
cases, however, sulfenic acid formation was either not doc-
umented directly, or shown to occur only under artificial ox-
idative conditions in the absence of GSH, which would re-
act quickly with most protein-SOH to form protein–SSG.
Studies on mammalian protein tyrosine phosphatases sup-
port the likelihood of rapid conversion of protein-SOH to
protein–SSG by GSH (19, 20).

C. Sulfenylamide intermediates

Sulfenylamide formation is a unique post-translational
modification described for protein tyrosine phosphatase 1B

FIG. 1. Potential mechanisms of protein S-glutathionyla-
tion. This figure depicts various biochemical mechanisms 
by which protein thiol moieties could be converted to 
protein–SSG mixed disulide adducts. (1) via thiol-disulfide 
exchange; (2) via sulfenic acid intermediates; (3) via
sulfenyamide intermediates; (4) via thiyl radical intermedi-
ates; (5) via thiosulfinate intermediates; (6) via S-nitrosyl in-
termediates. (See text for further explanation).

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2089&iName=master.img-000.png&w=240&h=168
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(PTP1B) after treatment with H2O2 or with 2-phenyl-isoxa-
zolidine-3,5-dione, and interpreted to proceed from an 
initial sulfenic acid species (261, 309). The sulfenylamide
moiety was reducible to PTP1B-SH by GSH, suggesting 
interconversion with PTP1B–SSG (261). Whether sulfeny-
lamide formation represents a more generalizable redox sig-
naling intermediate or a side reaction requires further study,
including characterization of the kinetics of its formation and
breakdown in the presence of GSH (92).

D. Thiyl radical intermediates

Production of thiyl radicals has been reported under vari-
ous conditions in vitro and in vivo, including exposure to ROS
and RNS, potentially representative of redox signaling condi-
tions (139, 145, 161, 188). Thiyl radicals (RS�) are among the
shortest-lived sulfhydryl derivatives (269, 321, 326), readily
mediating formation of protein–SSG via radical recombination,
or reaction with a thiolate followed by reaction with O2 (Fig.
1, #4). Several proteins whose functions are redox-sensitive
have been shown to undergo S-glutathionylation in the pres-
ence of GS-radical generating systems in vitro, and these reac-
tions can be catalyzed by glutaredoxin (287) (see below).

E. Thiosulfinate intermediates

The thiosulfinate derivative of GSH (GS(O)SG) has been
detected by HPLC analysis in aqueous solutions containing
decomposed GSNO, and in tissues treated with the
O2��/H2O2-producing system xanthine/xanthine oxidase
(X/XO) (169). Like sulfenic acids, thiosulfinates are reported
to be highly reactive, particularly with thiols, forming disul-
fide and water almost exclusively (123). This reactivity sug-
gests that glutathionyl-thiosulfinate would be chemically
and kinetically competent to glutathionylate proteins by re-
action with protein cysteines (Fig. 1 #5). However, it is dif-
ficult to distinguish whether GS(O)SG would be the primary
mediator of protein glutathionylation, or whether a differ-
ent activated species generated under conditions of the
X/XO or decomposed GSNO experiments (e.g., GS� or GSSG)
would play a more prominent role. It is also feasible that pro-
tein thiosulfinates could react with GSH to form protein–SSG
and GSOH (Fig. 1 #5), however definite evidence to support
this concept has not been reported as yet (92).

F. S-Nitrosylated intermediates

Cysteine sulfhydryls on proteins and GSH undergo nitro-
sylation in vivo under a variety of normal and pathological
conditions (32, 82, 121, 139, 187) , forming protein-SNO, and
GSNO, respectively. GSNO is the major nitrosothiol in cells,
detected in micromolar concentrations in nonstressed tis-
sues, with increased amounts in certain disease states (97),
whereas protein-SNO is more prevalent in extracellular
spaces (197, 286). Both GSNO and protein-SNO are relatively
stable sulfhydryl derivatives, with half lives on the order of
hours in aqueous solution (13, 229, 278). Nevertheless, bio-
chemical studies support the potential role of GSNO to pro-
mote protein S-glutathionylation. Thus, GSNO reacts rapidly
with a variety of isolated proteins (papain, creatine phos-
phokinase, GAPDH), forming protein-SSG within minutes
of treatment (101, 202, 324); and many other proteins have
been reported to be glutathionylated by treatment of the iso-

lated proteins or cultured cells with GSNO, but reaction rates
were not determined systematically (37, 134, 157, 169, 202).
Alternatively, reaction of GSNO with protein-SH may result
in transnitrosation (i.e., protein-SNO) with the propensity to
glutathionylation vs. nitrosylation by GSNO likely being in-
fluenced by the microenvironment of the modified Cys
residues (101). On the other hand, the possibility that cer-
tain protein-SNO intermediates might serve as precursors to
protein–SSG via reaction with GSH has not been as thor-
oughly studied as the converse (Fig. 1, #6) (92).

III. Potential Catalysis of Protein Glutathionylation

A. GST�

It is conceivable that a glutathione-S-transferase enzyme
could catalyze conjugation of GSH to an activated cysteine
residue, made electrophilic by oxidation (e.g., Cys-SOH). In-
deed evidence for such a mechanism has been described for
GST� interacting with 1-cysteine peroxiredoxin sulfenic acid
(1CysPRx-SOH) (186). However, it is not known whether this
type of catalysis is peculiar to this one example, or a more
general phenomenon (92, 295).

B. Grx

Oxidized derivatives of GSH increase during oxidative
stress, including GS�, GSNO, and GSSG (155, 296), and they
are proposed to contribute to formation of protein–SSG, as
described above. Based on the low pKa of the active site-
Cys22 of Grx1 (199), and the increased stability of disul-
fide-anion radicals compared to thiyl radicals (269, 321), we
anticipated Grx1 might catalyze protein glutathionylation
via stabilization of the GS� thiyl radical as an enzyme disul-
fide anion radical intermediate (Grx1-SSG��), facilitating
GS-radical recombination with a protein thiyl radical (287).
Indeed, Grx1 promoted glutathionylation of isolated
GAPDH, PTP1B, and actin in the presence of a GS� radical
generating system, but protein–SSG formation was com-
petitively inhibited by reaction of O2 with the Grx1-SSG��

intermediate. These observations suggest that the mode of
catalysis by Grx1 could depend upon the redox environ-
ment of the cell; for example, transiently acting as a glu-
tathionylating enzyme under an oxidative stimulus, and as
a deglutathionylase when the oxidative signal or stress sub-
sides. In a recent study of hypoxia/N-acetyl cysteine-in-
duced apoptosis of pancreatic cancer cells, the data impli-
cated Grx1 as the mediator of NF�B inactivation via
S-glutathionylation of p65 (242).

C. Flavoprotein sulfhydryl oxidase (QSOX)

Sulfhydryl oxidase enzymes, ubiquitous in multicellular
organisms but absent in prokaryotes and yeast, utilize met-
als (metalloenzyme family) or flavins (flavoenzyme fam-
ily) to catalyze disulfide bond formation from diverse thiol
substrates with concomitant reduction of O2 to H2O2 (297).
Based on the ability of the QSOX enzyme to utilize both
low molecular weight and protein thiols as substrates (52,
223), we anticipated QSOX might catalyze protein-SSG for-
mation. Initial studies showed QSOX- and GSH-dependent
inhibition of PTP1B in a time-dependent manner, suggest-
ing glutathionylation of the active site Cys215 of PTP1B
(92).
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D. Other potential mechanisms of catalysis/control of 
protein S-glutathionylation

By analogy to their typical catalytic reactions, other en-
zymes may be implicated in catalysis of S-glutathionyla-
tion. For example, a glutathione peroxidase-like mecha-
nism could apply if protein-SH is substituted for one of the
two GSH molecules in its typical reaction. Similarly, glu-
tathionylation could proceed via a monooxygenase-like
mechanism (utilizing either a heme-enzyme or a flavo-en-
zyme). To the best of our knowledge, glutathionylation ac-
tivity of well-known peroxidases and monooxygenases has
not been reported. In general, it remains uncertain whether
protein glutathionylation may be an important function of
known or as yet undiscovered enzymes. Alternatively, the
specificity of S-glutathionylation reactions pertinent to re-
dox signal transduction may be governed instead by the
organization of receptors and ROS/RNS-producing en-
zymes with their specific protein substrates on scaffolds
that provide localized control of the concentrations of the
activated species and spatial orientation of the signaling
intermediates.

IV. Proteomics of Discovery of Potential 
Protein–SSG Intermediates

Efficient methodology continues to emerge that can detect
proteins with oxidant–sensitive cysteine residues, the oxida-
tive insult being produced in various ways, for example, di-
amide, menadione, hydrogen peroxide, ischemia/reperfu-
sion, and TNF-�. However, many of the current approaches
do not distinguish protein–SSG formation from other possi-
ble types of oxidized cysteine modifications, and there are
shortcomings that preclude definitive and quantitative as-
sessment of the role of the identified proteins in actual sig-
nal transduction situations. Further studies are needed to
evolve this methodology into an efficient and accurate de-
tection for S-glutathionylated proteins within cell signaling
pathways both in the absence and presence of an oxidative
signal (reviewed in refs. 60, 272, and 273).

V. Deglutathionylation (Reversal) of Protein–SSG:
Properties of the Glutaredoxin Enzymes

The net reaction catalyzed by glutaredoxin is appropri-
ately depicted as a thiol–disulfide exchange reaction involv-
ing nucleophilic displacement reactions rather than single
electron transfer reactions that would involve radical inter-
mediates. Accordingly, the original name “transhydroge-
nase” which was applied to the enzyme activity from rat
liver (244) was replaced by the name “thioltransferase,” be-
cause it more accurately represents the nature of the reac-
tion that is catalyzed (16). In another context, Holmgren 
discovered an enzyme that catalyzed GSH-dependent turn-
over of oxidized ribonucleotide reductase in a mutant of 
Escherichia coli that lacked thioredoxin, and he named it
“glutaredoxin” (122). Subsequent to those earlier studies, 
“thioltransferase” and “glutaredoxin” enzymes from a vari-
ety of organisms and mammalian tissues were isolated and
characterized, and a high degree of structure–function con-
gruence has led to the widely accepted supposition that “thi-
oltransferase” and “glutaredoxin” simply represent alterna-
tive names for the same family of enzymes. Although

“thioltransferase” better depicts the reaction catalyzed by
these enzymes, the name “glutaredoxin” has been adopted
as the most commonly used name internationally. Recently,
other enzymes (e.g., sulfiredoxin and PDI) (87a, 233a) have
been reported to exhibit deglutathionylating activity; how-
ever, it is uncertain whether they contribute significantly to
intracellular protein de-glutathionylation (reviewed in ref.
92).

There are two forms of Grx that have been characterized
in mammals, Grx1 and Grx2. Five forms of Grx (Grx1-5) have
been identified in E. coli and yeast, and the gene for a mam-
malian form of Grx5 has been reported. However, it is not
clear whether the mammalian Grx5 exhibits deglutathiony-
lase activity [reviewed in (92)]. Grx1 is the better character-
ized isoform in mammalian systems. It has been reported to
catalyze deglutathionylation of diverse protein substrates in
vitro and in situ, (e.g., hemoglobin, HIV-1-protease, nuclear
factor-1, PTP1B, actin, Ras, I�B kinase, procaspase 3, and 
IRF-3) (1, 18-20, 65, 199, 227, 241, 251, 317), and it is far more
efficient than other thiol–disulfide oxidoreductase enzymes
at catalyzing protein deglutathionylation in vitro (41, 296);
for example, Grx1 displays a 5,000-fold greater kcat/KM for
Cys-SSG as substrate vs. thioredoxin (41). The deglu-
tathionylating activity of Grx has been implicated in regula-
tion of many vital functions, including actin polymerization,
vasodilation, cellular hypertrophy, transcription factor acti-
vation, and propagation of apoptosis (1, 2, 227, 251, 315, 317).

Primarily localized to the cytosol, Grx1 recently was doc-
umented to exist also in the intermembrane space of mito-
chondria (226); however, the specific functions of Grx1 in the
mitochondria have yet to be elucidated. Localization of Grx1
in the nucleus of particular types of cells has been reported
(179, 232, 258, 259, 288). However, neither confocal mi-
croscopy of immunostained cells nor isolation of Grx1 from
purified nuclei has been performed to document Grx1 in the
nucleus. These studies will need to be extended to include
analysis of endogenous Grx1 to determine if Grx1 exists
normally in the nucleus, constitutively or via translocation
in response to stimuli.

Grx2 displays only �30% sequence homology to Grx1. To
date, two human clones (Grx2a and Grx2b) have been dis-
covered with distinct N-terminal sequences, and a third
splice variant (Grx2c) has been described (102, 172, 176, 178).
Grx2a contains a mitochondrial localization sequence which
is cleaved upon entry into the mitochondria. Confirmation
of mitochondrial localization was performed with a GFP fu-
sion protein (102, 178), and via analysis of isolated mito-
chondria in which matrix localization of Grx2 was docu-
mented (226). Within mitochondria, Grx2a is reported to
exist in part as an inactive dimer associated with a 2Fe–2S
cluster (24, 135, 171, 178) involving coordination by four Cys
residues, two from the active sites of each Grx2 enzyme, and
two from coordinated GSH molecules.

Both mammalian Grx isoforms have been implicated in
regulation of mitochondrial complex I via reversible glu-
tathionylation. In the case of Grx1, knockdown of the en-
zyme in mice was accompanied by a decrease in complex I
activity, suggesting Grx1 plays a role in maintenance of com-
plex I activity (72, 150). The situation for Grx2 is less straight-
forward, because the enzyme was reported to catalyze both
deglutathionylation and glutathionylation of complex I un-
der different conditions. This is consistent with the Grx cat-



alytic mechanism, which is bidirectional depending on the
relative concentrations of protein–SSG, protein-SH, GSH,
and GSSG (Fig. 2). However, the deglutathionylase activity
of Grx2 in situ may be limited by the amount of enzyme that
exists as active monomer rather than inactive dimer (178).
Whether Grx2-mediated glutathionylation of complex I by
GSSG is physiologically meaningful is also called into ques-
tion, because the high concentrations of GSSG that were used
may not be representative of the mitochondrial milieu (23).

To explore the potential for Grx2 in the nucleus, the Grx2b
variant was tagged with GFP and thereby found localized to
the perinuclear region (102); a nuclear localization sequence
has been proposed, but not confirmed (178). More recently,
splice variants Grx2b and Grx2c were reported to be ex-
pressed only in testes among normal tissues, but they were
also expressed in several cancer cell lines (176). Localization
of Grx2b,c or translocation of Grx1 to the nucleus would have
multiple functional implications, especially regarding regu-
lation of transcription factors. However, localization and
functional studies have yet to be performed on isolated nu-
clei to confirm localization and functional activity within the
nucleus.

VI. Glutaredoxin Mechanism of Action

Grx functions with GSH as the co-substrate to reduce pro-
tein–SSG mixed disulfides as shown in Fig. 2. Grx catalysis
proceeds via a monothiol mechanism (central portion of Fig.
2) through a selective double displacement reaction in which
the nucleophilic attack is performed by the N-terminal ac-
tive site Cys of the CPYC motif, which exists as a thiolate
anion due to its unusually low pKa of 3.5 (199, 200, 284). The
glutathionylated sulfur moiety of the protein-SSG is attacked
by the thiolate anion of the enzyme (Grx-S�), forming the
covalent enzyme intermediate (Grx-SSG) and releasing the
reduced protein-SH as the first product. The second rate-de-
termining step involves reduction of the Grx-SSG by GSH to
produce glutathione disulfide (GSSG) as the second product,
and recycle the reduced enzyme (Grx-S�) (108, 131, 284, 327).
GSSG is subsequently reduced to GSH by GSSG reductase

(GRase) and NADPH. Also, in systematic kinetics studies
Grx was shown to be specific for glutathione-containing
disulfides as the first substrate (41, 108, 198, 327), and GSH
is the preferred second substrate (284) for the two-step re-
action. The reaction mechanism (Fig. 2, center) is docu-
mented by so-called ping-pong kinetics, giving a characteris-
tic parallel line pattern for the 1/V vs. 1/S plots at several
fixed concentrations of the co-substrate. This kinetic behav-
ior has been documented for both isozymes of mammalian
glutaredoxin (Grx1 and Grx2) (93, 108). If a nonglutathiony-
lated precursor is tested as the first substrate, then the two-
substrate kinetics pattern changes to an ordered mechanism
with a double reciprocal plot displaying converging lines at
the same point on the x-axis (i.e., identical apparent KM val-
ues), reflecting the requirement of the initial reaction of the
precursor with GSH to form the actual glutathionylated sub-
strate for the enzyme [(108, 327) details reviewed in (198)].

Both a monothiol mechanism (i.e., requiring only one ac-
tive site Cys) and a dithiol mechanism (i.e., requiring both
active site Cys; see Fig. 2, left side) have been proposed for
Grx activity; however the monothiol mechanism is preva-
lent. Mutagenesis studies that replace the second Cys at the
active site (distal from the C-terminus) have supported the
monothiol mechanism. When this Cys is replaced (e.g., C25S
mutation of human Grx1), the mutant enzyme retains its nor-
mal catalytic function, and in fact becomes a better catalyst
than the natural enzyme (327). This observation documents
that the side reaction involving formation of the intramolec-
ular disulfide form of the enzyme (C22-SS-C25) detracts from
catalysis (Fig. 2, right side).

Analogous to Grx1, Grx2 exhibits deglutathionylating ac-
tivity for peptide and protein substrates, but its activity is
�10-fold lower than that of Grx1 (93, 136, 178). Mutating the
active site of Grx2 (CSYC) to mimic that of Grx1 (CPYC) par-
tially enhances the Grx2 activity but still remains less active
than Grx1 (136), indicating that other features of the two pro-
teins contribute the distinction in activity. Remarkably, Grx2
was reported to be as an enzyme with “high affinity” for the
glutathione moiety, but this interpretation is problematic,
because it was based on limited kinetic analysis (136). In-
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FIG. 2. Glutaredoxin catalytic mechanism.
This figure depicts glutaredoxin-catalyzed de-
glutathionylation of protein-SSG mixed disulfides.
The central portion shows Grx catalysis proceeding
via a monothiol mechanism involving a selective
double displacement reaction. The glutathiony-
lated sulfur moiety of the protein–SSG is attacked
by the thiolate anion of the enzyme (Grx-S�), form-
ing the covalent enzyme intermediate (GRx-SSG)
and releasing the reduced protein-SH as the first
product. The second rate-determining step in-
volves reduction of the Grx-SSG by GSH to pro-
duce glutathione disulfide (GSSG) as the second
product, recycling the reduced enzyme (Grx-S�).
The left side depicts a dithiol catalytic mechanism
which has also been proposed; however the mono-
thiol mechanism is more prevalent and favored by
a preponderance of evidence (see text). The right side
depicts the side reaction involving formation of an
intramolecular disulfide at the active site of the en-
zyme (C22-SS-C25) which detracts from catalysis
(see text).
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stead, comparison of Grx1 and Grx2 with the prototype sub-
strate Cys-SSG, which represents the common feature of all
protein–SSG substrates and avoids steric constraints, shows
little difference in apparent KM for Cys-SSG for the two iso-
forms under the same assay conditions with a fixed concen-
tration of GSH. Furthermore, two-substrate kinetic analysis
of Grx2 indicates a ping-pong mechanism analogous to Grx1,
whereby rapid covalent reactions (i.e., high commitment to
catalysis) supersede reversible binding of the protein–SSG or
GSH substrates (93). Hence, the typical interpretation of
“substrate affinity” does not apply to the Grx enzymes.

Overexpression studies have suggested a role for Grx2 in
protection of cells and preservation of mitochondrial in-
tegrity after treatment with exogenous oxidants (85, 87, 171);
however, it is not clear whether these effects are due to the
deglutathionylation activity of Grx2 (92). The role of Grx2
activity within the cell may be limited due to its sequestra-
tion as dimers with a bridging Fe–S cluster masking the ac-
tive site (24, 135, 171, 178). It has recently been reported that
S-nitroglutathione treatment causes the release of Grx2 from
these Fe–S clusters in vitro allowing for activity to be reestab-
lished (114). Hence, oxidative stimuli may lead to release of
Grx2 from Fe–S clusters as a protective response to oxida-
tive stress, thereby providing for thiol–disulfide homeosta-
sis within the mitochondria.

VII. Modulation of Grx Expression

Various natural and synthetic compounds, including ox-
idatively labile diphenols and organic hydroperoxides, are
known to protect cells against chemical and radiation-in-
duced carcinogenesis by elevating phase II detoxification en-
zymes [e.g., �-glutamylcysteine synthetase, glutathione-S-
transferase, and glutathione peroxidase (31, 240)]. The
inducers are believed to elicit cellular signals that activate
gene transcription via the antioxidant response element
(ARE) or electrophile response element (EpRE). In the
mouse, the critical DNA regions that respond to antioxidant
inducers are comparable to activator protein 1 (AP-1) sites
and thus linked to the c-fos and c-Jun transduction pathway
(91). Radical scavengers like tert-butylated hydroxyanisole
(BHA) are among the agents characterized as inducers of the
antioxidant response, and BHA has been reported to induce
glutathione-S-transferase and glutaredoxin in mice (71). In
the mammalian system, the human glutaredoxin (glrx) gene
has been cloned and reported to have an AP-1 site in its pro-
moter region, implying regulation by oxidants as well as
other factors that induce at AP-1 sites, including epidermal
growth factor, TGF�, cyclic AMP, and retinoic acid (228).
Thus, in some situations, induction of glutaredoxin may be
part of a pleiotropic response to stimulation of the antioxi-
dant response element. Grx levels were reported to be ele-
vated in cells resistant to the anti-cancer agent adriamycin
that is a generator of oxyradicals (323). In addition, Grx con-
tent is elevated in rat brain in response to oxidative stress
injury (149), and H2O2 was reported to stimulate expression
of Grx in a time- and dose-dependent manner in cultured
human coronary artery smooth muscle cells (221). Grx con-
tent has been reported to increase in various other oxidative
stress contexts in mammalian cells (83, 160). It was recently
proposed that 17�-estradiol protects H9c2 cardiomyocytes
from oxidant induced cell death via transcriptional upregu-

lation of both Grx and GSH (307). Evidence implicating estra-
diol in the regulation of Grx1 was provided previously by
the observation that pretreatment of bovine aortic endothe-
lial cells with 17� estradiol results in an increased Grx pro-
tein content as well as resistance to oxidative stress (83). A
potential mechanism by which estrogen may regulate Grx1
expression is via selective binding to an EpRE-1 site con-
tained within the glrx gene promoter (307). UVB radiation is
another oxidative stimulant to cause upregulation of tran-
scription of Grx in rat keritinocytes potentially through ac-
tivation of the AP-1 site (257). Understanding of transcrip-
tional regulation of Grx is still rudimentary, leaving much
to be discovered. Also, there is evidence that in some situa-
tions glutaredoxin activity may be enhanced in response to
an oxidative stimulus without an increase in Grx protein ex-
pression (227), however the mechanism of such Grx activa-
tion remains to be discovered.

The remainder of this review is focused on perturbations in
glutaredoxin content and activity and/or alterations in protein-
SSG status in various disease conditions.

VIII. Diabetes and Implications of Changes in 
S-Glutathionylation Status

A. Mechanism of hyperglycemic damage and ROS

Diabetes arises from chronic elevations in blood glucose,
and has been characterized as a multifaceted disease of ox-
idative stress that can lead to complications through multi-
ple mechanisms. Four primary pathways that mediate glu-
cose damage are (a) increased advanced glycation end
products (AGEs); (b) polyol pathway activation; (c) protein
kinase C (PKC) activation; and (d) hexosamine pathway ac-
tivation (30). All four pathways coincide with increased su-
peroxide from the mitochondrial electron-transport chain,
and the diabetes-induced activation of three of these path-
ways (a–c) can be blocked by inhibition of the overproduc-
tion of mitochondrial superoxide (30, 77). ROS from the 
mitochondria are a primary source of oxidative stress/
signaling in diabetes, though NADPH oxidases also con-
tribute (54). The significance of ROS involvement is reflected
by entire reviews dedicated to ROS in specific tissues. For
example, Coughlan et al. (54) devote eleven pages to the role
of RAGE (receptor for AGE) and ROS in the microvascula-
ture of the diabetic kidney.

1. Insulin–glucose dynamics and diabetic complications.
Glucose metabolism leads to insulin secretion from pancre-
atic �-cells via exocytosis, and Fig. 3 depicts the well-char-
acterized insulin exocytosis “triggering pathway” modeled
primarily from two other reviews on insulin release (15, 117).
Insulin is essential in facilitating cellular glucose uptake, and
glucose is the major energy source of most cells. However,
excess glucose metabolism can have deleterious effects
within the cell. For example, hyperglycermia has been asso-
ciated with poly (ADP-ribose) polymerase (PARP)-mediated
inhibition of GAPDH and overproduction of superoxide by
mitochondria(78). Additionally, chronic exposure to high
glucose can lead to insulin resistance (i.e., cells no longer take
up glucose in response to insulin). When insulin levels are
insufficient, glucose is not taken up by the cells and starva-
tion ensues. Devastating complications of diabetes include 
cardiovascular disease, stroke, retinopathy, nephropathy,



neuropathy, depression, and other problems associated with
poor circulation.

As described above, S-glutathionylation of proteins is the
primary mechanism of thiol redox signaling, and therefore
likely has significant impact on the pathogenesis of diabetes.
Few studies have analytically evaluated glutathionlyation
for the criteria of a regulatory mechanism (Table 1), and even
fewer of these studies have been conducted in the context of
diabetes. We evaluate here key events in insulin secretion
(Fig. 3, #1a–#6a) and classical signaling transduction path-
ways (Fig. 3, #6b–#12b) that have been implicated for regu-
lation by glutathionylated proteins or Grx.

B. Glucose metabolism: aldose reductase-SSG
(Fig. 3, step 1a)

During normal metabolism, glucose is phosphorylated
by hexokinase and enters into the glycolysis pathway. El-
evated glucose concentrations saturate hexokinase and
trigger a second metabolic pathway called the polyol (sor-
bitol) pathway. The first step in this pathway depends on
aldose reductase to convert glucose to sorbitol, and serves
as a ‘backup’ system since hexokinase has a lower KM for
glucose than does aldose reductase (AR) (154, 298). Mech-
anisms of sorbitol-related complications include sorbitol
accumulation leading to osmotic swelling and cataract for-
mation in diabetes (225, 285), and nonosmotic decreases in
vascular and neuronal Na�K� ATPase activity (154). The
polyol pathway has been long known for generating ROS
and most notably, antioxidants have been found to prevent
cataract formation in rats in the presence of elevated polyol
levels (285).

Inhibition of AR in diabetes has been a popular therapeutic
goal for many years. Cys298 is in the active site of AR, and
thiol modifications to this residue regulate substrate binding
(285). Specifically, S-glutathionylation of AR at Cys298 in-

hibits its activity in the presence of normal glucose concen-
trations (285), suggesting basal glutathionylation analogous
to that observed with actin (315, 317). Inhibitors of AR thus
far have proven more promiscuous than effective (285), but
since AR is a regulatory target for Grx, inhibition of Grx may
provide additional means for therapeutic intervention in di-
abetes. Grx has been reported to be increased in the diabetic
heart and retina of rats (170, 274), and decreased in platelets
of diabetic patients (70). AR is glutathionylated and inhib-
ited under basal conditions, suggesting limited Grx activity
within the cellular microdomain of AR, possibly due to a
high KM for AR-SSG or sequestration of the glutathionyl moi-
ety on AR-SSG. Whatever the mechanism, AR is more active
in diabetes, consistent with a decrease in glutathionylation
of AR (↓AR-SSG, ↑AR-SH) corresponding to an increase in
Grx activity.

C. K� channels: Grx regulated (Fig. 3, step 2a)

Insulin secretion can occur via KATP channel-independent
and -dependent processes, but the mechanism has been es-
tablished only for the latter (117). Regulation of many potas-
sium channels has widespread significance throughout
physiology, but this discussion will be limited to two spe-
cific types that current information indicates are likely can-
didates for regulation by S-glutathionylation and/or Grx in
diabetes; namely, (a) the ATP-sensitive channels containing
inward rectifier potassium ion channels that signal insulin
secretion in the pancreatic �-cell, and (b) the voltage-gated
potassium channels (Kto) that regulate the transient outward
potassium current (IKto) in the initial depolarization phase
of an action potential in cardiac cells.

1. ATP-sensitive potassium channels. The ATP-sensitive
potassium channels (KATP) mediate glucose-stimulated in-
sulin secretion, and gene mutations lead to diabetic compli-
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FIG. 3. S-glutathionylation
and GRx-regulation of pro-
teins involved in insulin 
secretion (1a–6a) and insulin
signaling (6b–12b). S-glu-
tathionylation has been impli-
cated in regulation of aldose
reductase (1a), SERCA cal-
cium channels (3a), PKC (4a),
NF-�B (5a and 12b), PTP-1B
(6b), Ras (7b), MEKK (8b), c-
Jun (9b), Akt (10b), and IKK
(11b). Grx has been reported
to be involved in potassium
channel gating (2a) and in-
sulin secretion (6a).
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cations (15). Increased glucose metabolism leads to the clos-
ing of KATP channels via increased ATP concentrations (Fig.
3) (15, 117). The subsequent decrease in potassium efflux
causes a depolarization in the membrane potential of pan-
creatic �-cells and triggers an influx of calcium ions via the
voltage-gated calcium ion channels (15, 117). Elevated intra-
cellular calcium is essential for initiating insulin release (Fig.
3, step 4a) (15, 117).

KATP are comprised of four regulatory sulphonylurea re-
ceptors (SUR) of the ATP-binding cassette (ABC) class of
transporter proteins and four Kir6.2 inward rectifier potas-
sium channel subunits (15, 117). SUR1 subunits are found in
pancreatic � cells and SUR2 (SUR2A) is specific for cardiac
muscle cells, unlike Kir6.2 which is found in both types of
cells (305). Thiol-modifying agents inhibit KATP channel ac-
tivity at critical cysteine residues. KATP channels from ven-
tricular myocytes of guinea pigs exhibited DTT-reversible 
p-chloromercuriphenylsulphonate (pCMPS) inhibition,
spontaneously reversible 5,5�dithio-bis-(2-nitrobenzioc acid)
(DTNB) inhibition, DTT reversible thimerosal inhibition of
rundown channels, and decreased ATP sensitivity to
thimerosal (50). Glutathione disulfide (GSSG, 3 mM) did not
inhibit channel activity. The authors speculated that insuffi-
cient exposure times due to time limitations of channel run-
down may have prevented channel inhibition by GSSG;
however, this does not preclude inhibition by glutathiony-
lation via another mechanism (see Fig. 1, above). KATP chan-
nel activity was also shown to be inhibited by N-ethyl-
maleimide (NEM), DTNB, o-iodobenzoate, chloramine-T,
and hydrogen peroxide in either toe muscle fibers of mice or
CRI-G1 insulin-secreting cells (163, 322). pCMPS inhibition
occurs specifically via Cys42 of Kir6.2, and activity is restored
by DTT (304). Likewise, NEM inhibits ATP binding to SUR1
in the nucleotide binding fold (NBF) via Cys717 (191). Taken
together, these reports suggest that the activity of KATP chan-
nels can be modulated by thiol and redox sensitive cysteines,
suggestive of potential regulation by S-glutathionylation.
Sulfonylurea drugs increase insulin release by closing KATP

channels (15), and similarly, if glutathionylation leads to in-
hibition and downstream insulin release, inhibition of Grx
would have therapeutic benefits for diabetic patients.

2. Voltage-gated potassium channels. In cardiac cells, in
response to action potentials special potassium channels
open, accounting for the initial phase of depolarization. A
decrease in calcium-independent transient outward K� cur-
rent contributes to the extended action potential duration ob-
served in hearts of diabetic rats (170). Decreased IKto in ven-
tricular myocytes isolated from 3–5 week diabetic rats was
correlated to a 1.7-fold increase in thioredoxin, a 2.5-fold in-
crease in glutaredoxin, and a decrease in their correspond-
ing reductase enzymes to similar extents (170). Grx activity
was reported by the nonspecific hydroxyethyl disulfide re-
duction assay (HEDS), which reflects total cellular reducing
capacity (i.e., the combined reduction of HEDS disulfide by
Trx and HEDS-SSG mixed disulfide reduction by Grx) (25).
Nevertheless, the induction of Grx activity in the diabetic rat
ventricle is apparent since Trx was independently assayed
via the insulin disulfide reduction assay and the increase in
Trx alone does not account for the increase in HEDS reduc-
tion. This study proposes a protective role of Trx and Grx
systems in regulation of cardiac potassium ion channels. Re-

cent advances in Grx and Trx using genetic modeling pro-
vide critical tools for elucidating molecular mechanisms and 
subsequent functional roles of the thiol disulfide oxididore-
ductases (TDORs) in the heart and in the context of diabetes
(120, 183, 190). These studies have already suggested a pro-
tective role for Grx against ischemia/reperfusion-induced
cardiovascular damage in mice, although further character-
ization of Grx activity and protein change-of-function in
these models is needed (120, 183) [see further discussion un-
der the Cardiovascular Disease section, below]. Unlike the ben-
eficial effects of potassium channel inhibition on insulin re-
lease in �-cells (see above), inhibition of these cardiac
channels have undesirable consequences. The association of
increased Grx with channel inhibition promotes Grx as a
therapeutic target in diabetes. Further studies are needed to
determine whether channel deglutathionylation is the mech-
anism of action of Grx in these systems.

D. Ca�2 channels: SERCA-SSG and Grx-reversible 
RyR-SSG (Fig. 3, step 3a)

Elevated extracellular calcium (Ca2�) is a critical step for
insulin secretion from pancreatic �-cells (Fig. 3) (15, 117). Cal-
cium levels are largely regulated by cellular transport sys-
tems in the endoplasmic reticulum (ER) (Ca2� uptake sys-
tem and Ca2� release channels), mitochondria, and plasma
membrane (Ca2� entry channels and Ca2� extrusion system)
(40). Within the context of glutathionylation and diabetes,
we focus here on the ER calcium release channel, ryanodine
receptor (RyR), and the ER uptake system, sarco/endoplas-
mic reticulum calcium ATPase (SERCA) pump.

1. RyR-SSG. Ryanodine receptors release Ca2� from the
endoplasmic reticulum into the cytosol. All three known
isoforms (RyR1, RyR2, and RyR3) have been found in pan-
creatic �-cells (76), whereas RyR2 is the predominant iso-
form in the heart (212). RyR-regulated Ca2� release is a
critical step in �-cell survival via a presenilin-HIF path-
way (76), and regulates glucose-independent �-cell insulin
secretion (137). Whether protein expression of RyR is de-
creased in diabetes is contentious (26, 328), but a decrease
in function of the RyR in hearts of diabetic rats is gener-
ally accepted.

RyR1 has 100 cysteine residues, and glutathionylation of
some of these has been related to magnesium-inhibitable
calcium release from sarcoplasmic reticulum vesicles (SRV)
from rabbit muscle (10). Ten cysteines were documented
for glutathionylation in tryptic peptides from GSNO-
treated SRV, and twelve glutathionylated cysteines were
found in response to H202 plus GSH (11). Five specific cys-
teines could undergo glutathionylation or nitrosylation,
three could be oxidized to disulfides or glutathionylated
cysteines, and two were glutathionylation specific. How-
ever, the only cysteine (Cys3635) thus far known to be in-
volved in RyR-regulated calcium release is also the only
cysteine that can be glutathionylated, nitrosylated, or disul-
fide-linked, but it is not critical for H202 channel activation
(11). The same study reports Grx-dependent reduction 
with subsequent alkylation with fluorescently labeled C2-
maleimide. These data were interpreted to suggest that Grx
could reduce both protein–SSG and protein–SNO; however,
a more likely explanation would be conversion of pro-
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tein–SNO to protein–SSG before Grx action. Regulation of
RyR via glutathionylation will continue to be an important
subject of study with many pathological implications, in-
cluding diabetes (26, 76, 137, 328), nondiabetic cardiovas-
cular complications (see Cardiovascular Section), and Alz-
heimer’s disease (AD) (76, 148).

2. SERCA-SSG. In direct contrast to the function of the
RyRs, SERCA pumps actively transport cytosolic Ca2� into
the sarcoplasmic reticulum, quenching cytoplasmic Ca2� sig-
nals and regulating calcium oscillations in response to glu-
cose (14). Each of the three isoforms of SERCA (SERCA1,
SERCA2, and SERCA3) has highly spliced tissue-dependent
variants (86). Nearly all forms of SERCA are found in the
muscle, and SERCA2a has the most profound impact on car-
diac calcium regulation (86). SERCA2b is predominant in
smooth muscle cells, and SERCA2b and SERCA3 have im-
plications in insulin secretion in pancreatic �-cells (14, 22).

Nitric oxide (NO)-activated calcium uptake into the SER
is reported to be mediated by increases in SERCA2 activa-
tion via SERCA2-SSG at Cys674 (2). Additional cysteines
were glutathionylated basally in pig carotid arteries (Cys498-
SSG), in response to bradykinin in pig carotid arteries
(Cys268-SSG, Cys528-SSG, Cys560-SSG, Cys669-SSG, Cys-
674-SSG), and after stimulation with NO in rabbit aorta
(Cys498-SSG, Cys524-SSG, Cys613-SSG, Cys674-SSG) but a
single serine mutation at Cys674 accounted for changes in
SERCA activity (2). Observations like these reinforce the
need to distinguish S-glutathionylation events that are re-
sponsible for change in protein function and physiological
outcome from inconsequential protein–SSG events (re: 
Table 1).

Production of nitric oxide with either IL-1� or S-nitro-N-
acetylpenicillamine (SNAP) was recently shown to induce
activation of SERCA2b via Cys674-SSG in vascular smooth
muscle cells (VSMC), and this induction inhibited the ele-
vated cytosolic Ca2� and VSMC migration under normal glu-
cose conditions (299). High glucose prevented NO-induced
inhibition of VSMC migration, and the inhibition could be
circumvented by overexpression of wild-type SERCA, over-
expression of SOD, or treatment with the SOD mimetic, Tem-
pol (299). A serine mutant at Cys674 of SERCA did not al-
low for VSMC migration under either normal or high glucose
conditions (299). Furthermore, high glucose decreased the
amount of label associated with SERCA-Cys674-IAM-biotin
and NO-induced SERCA-Cys674-SSG-biotin, and also led to
sulfonic acid formation in VSMC (299). These results suggest
a scenario involving increased Grx deglutathionylation ac-
tivity producing more reduced SERCA-Cys674-SH that is
then susceptible to irreversible oxidation to the sulfonic acid.
Such a scenario is consistent with reports that high glucose
and streptozotocin-induced diabetes lead to upregulation of
Grx content and activity in the heart and the retina (170, 274).

In an earlier study, peroxynitrite (0.4 mM) and GSH (5
mM) induced glutathionylation of SERCA1 from rabbit
skeletal muscle at Cys344, Cys349, Cys364, Cys498, Cys525,
and Cys614 (311). The difference in glutathionylated residues
reported by Viner et al. (311) and Adachi et al. (2) could be
due to the specific stimuli and conditions of the experiments
or to intrinsic characteristics of the isoforms. The flanking
residues of Cys674 of SERCA1 are “RRAC674C675FARVEP”
and contain an additional Cys675 residue distinct from the

amino acid sequence surrounding Cys674 of SERCA2
“NARC674FARVEP”. It remains to be discovered whether
Cys675 of SERCA3 (RTARC675FARVEP) is regulated by glu-
tathionylation. Since SERCA3 has implications in diabetes
and SERCA3-deficiency leads to increased islet cell response
(14), inhibition of SERCA by deglutathionylation due to in-
creased Grx may serve as a focus for intervention in diabetic
complications. However, comparative analysis of the cat-
alytic efficiency of Grx for each of the SERCA isoforms would
be necessary for assessing the utility of Grx as a therapeutic
target, since both decreased SERCA3 in islet cells and in-
creased SERCA2b in VSMCs appear to be beneficial in dia-
betic complications.

E. Insulin exocytosis: Grx regulated (Fig. 3, step 6a)

Glucose-induced insulin exocytosis occurs via a calcium-de-
pendent mechanism (15, 117). Glucose metabolism generates
NADPH, which elicits a similar extent of membrane depolar-
ization as that associated with calcium-mediated exocytosis in
mouse �-cells, suggesting that NAPDH mediates glucose-in-
duced exocytosis of insulin (129). The authors rationalized that,
since the Grx and Trx systems accept electrons from NAPDH,
they would be mediators in NAPDH-induced capacitance.
However, Trx inhibited NADPH-induced capacitance whereas
Grx and GSH potentiated it. Whether the effect of Grx involves
regulation via reversible S-glutathionylation of specific proteins
remains to be discovered, and the basis for the different effect
of Trx is unknown. 

F. Insulin receptor: Grx-reversible PTP1B-SSG
(Fig. 3, step 6b)

Phosphorylation of the insulin receptor is at the core of in-
sulin signaling, and relies on protein tyrosine phosphatases
(PTPs) for deactivation once insulin is no longer present
(105). Specifically, PTP-1B is the predominant form that in-
hibits insulin signaling (105). Genetic manipulations and in-
hibition of PTP-1B increase insulin signaling (105, 300), and
PTP-1B has become a prime candidate for therapeutic inter-
vention in diabetes and obesity (104, 231, 300, 333).

Goldstein et al. (105) review in detail the roles of ROS in
potentiating insulin signaling, paradoxical to the deleterious
effects of oxidative stress well known in the complications
of diabetes. Primarily, ROS have been shown to mediate in-
sulin signaling and inhibit PTP1B (105). Isolated PTP-1B can
be inactivated by glutathionylation in a Grx-reversible fash-
ion, and it is converted to PTP-1B-SSG in situ when A431
cells respond to EGF, generating ROS intracellularly (19, 20).
Since PTP-1B inhibition is beneficial in diabetes, inhibition
of Grx would provide an alternative therapeutic approach,
leading to increased glutathionylation of PTP-1B and its con-
comitant inactivation.

G. Signal transduction [Fig. 3, Ras-SSG (step 7b), MEKK-
SSG (step 8b), c-Jun-SSG (step 9b), Akt-SSG (step 10b),
IKK-SSG (step 11b), NF-�B(p50)-SSG (steps 5a and
12b), and PKC-SSG (step 4a)]

We review here only a subset of signaling mediators that
are linked to diabetes and have been implicated for regula-
tion by glutathionylation. These signaling proteins are
grouped here because they are inter-related pathways, they
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reflect signal transduction downstream of the insulin recep-
tor, and most have been reviewed previously in another con-
text (273).

1. Ras–SSG. The Ras superfamily of small GTPases acti-
vate signaling in the GTP-bound state but are not trans-
ducive in the GDP-bound state, and the role of Ras in dia-
betes is complex and cell-type specific. For example, insulin
signaling activates Ras and PI3K, and Ras activates PIK3
(Fig.3), but Ras is not essential in insulin activation of PI3K
in adipocytes (103, 308). Furthermore, Ras is an insufficient
trigger for insulin-induced glucose uptake in adipocytes
(308). In male diabetic mice but not female, Ras is involved
in destruction of �-cells (80). Glucose activates H-Ras in reti-
nal capillary endothelial cells, and the data suggest that su-
peroxide plays an important role in this event (158).

Glutathionylation activates Ras in VSMC, and is decreased
in Grx-overexpressing cells (1). Moreover, glutathionylation
of Cys118 and activation of Ras leads to endothelial insulin
resistance, and insulin signaling was recovered with Grx
over-expression, implicating a role for Grx treatment in dia-
betes (48).

2. MEKK-SSG. The MAPK/ERK kinase kinae (MEKK)
mediates Ras-Raf signal transduction to JNK and c-Jun (312),
and p21ras is reported to act both downstream (308) and up-
stream (48) of insulin receptor substrate-1 (IRS-1) in the in-
sulin signaling cascade. S-glutathionylation inhibits MEKK1
in menadione-treated lymph node carcinoma prostrate cells
(55), and glutaredoxin enhances NF�B activation through
MEKK in HEK293 cells (118). By analogy, reversible glu-
tathionylation may play a role in regulating MEKK-depen-
dent insulin signaling.

3. c-Jun-SSG. c-Jun is phosphorylated by c-Jun NH2-ter-
minal kinase (JNK), and JNK has implications in the pathol-
ogy of �-cells via IL-1� or specifically in mediating IRS-1- in-
sulin receptor interactions in response to TNF� or
anisomycin in Chinese hamster ovary cells (CHO) (3, 182).
Perturbation of the redox-regulation of the JNK signaling
cascade is important in diabetes, and inhibition of JNK sig-
naling leads to beneficial effects in type 1 and type 2 diabetic
mice (143). In this regard, c-Jun has been shown to undergo
glutathionylation in vitro (156). Furthermore, c-Jun activation
in MCF-1/ADR cells is reported to be hindered by Grx bind-
ing to ASK-1 (ASK:Grx), a mechanism of regulation distinct
from the typical deglutathionylation activity of Grx (282).
Hence, interference with these modes of regulation by alter-
ation in Grx content may be important also in understand-
ing the complications of diabetes.

4. Akt-SSG. Akt is a downstream effector of PI3K, a sig-
naling caspase important in many cellular processes includ-
ing glucose metabolism, and cell death and survival. De-
creased Akt activity in response to peroxynitrite or high
glucose has been reported in diabetic rats and human um-
bilical vein endothelial cells (HUVEC) (283, 332). Many re-
ports suggest a strong link between ROS and the PI3K-Akt
Pathway (for review, see ref. 21). Also, data suggestive of a
link between Akt activity and Grx status, implicating regu-
lation of Akt via glutathionylation, have been reported in an-
other context (207). Changes in Akt activity are connected

also to multiple other signaling proteins potentially regu-
lated by glutathionylation or interaction with Grx (e.g.,
PTEN, PP2A, and ASK-1; (273). Hence, further investigation
is necessary to document the key control points that are reg-
ulated by reversible S-glutathionylation.

5. IKK-SSG. I�B kinase (IKK) activation is at the crux of
insulin resistance in diabetes, and in particular, IKK� me-
diates anti-inflammatory and antidiabetic effects of aspirin
and aspirin derivatives (12, 276). Aspirin was first reported
in 1876 to have tremendous benefits for lowering blood glu-
cose concentrations, but the antithrombotic effects of such
high doses prevent its use as an antidiabetic treatment
(276). IKK� inhibitors (e.g., salicylate) enhance insulin sen-
sitivity in animals and humans, and heterozygous IKK�
mice are less resistant to insulin (12, 276, 276). Specifically,
mice with IKK� knocked down in skeletal muscle cells
showed insulin responsiveness similar to wild type (255),
but when it was knocked down in hepatocytes and myeloid
cells, mice had selective hepatic sensitivity and overall sen-
sitivity to insulin, respectively (12). Conversely, transgenic
mice with constitutively active hepatocyte IKK� developed
diabetes (34). IKK is well established to exert inflammatory
effects via NF-�B signaling (see below), and can exacerbate
insulin resistance by direct phosphorylation of the insulin
receptor substrate-1 (IRS-1) (95) (Fig. 3). Glutathionylation
of IKK� is demonstrated to regulate pro-inflammatory 
gene products of NF-�B activation in lung epithelial 
cells, reversible by glutaredoxin (251). By analogy, we spec-
ulate that inhibition of Grx would give rise to a desirable
increase in IKK-SSG and corresponding inhibition in 
diabetes.

6. NF-�B-SSG. IKK phosphorylation of I�B promotes sub-
sequent ubiquitination and degradation of I�B, freeing NF-
�B for nuclear translocation where it binds DNA and acti-
vates transcription. NF-�B signaling is activated in many
models of diabetes such as the retina (256, 274, 334), kidney
(267), and liver (34). NF-�B activation is involved in major
pathways leading to diabetic complications such as AGEs
and PKC modulation, and inhibition of high glucose-in-
duced mitochondrial superoxide levels decrease NF-�B hy-
peractivity (30). In vitro glutathionylation of p50 (p50-SSG)
was shown to inhibit DNA binding (237). We found hypoxia
and N-acetylcysteine treatment of pancreatic cancer cells led
to inactivation of p65, and glutaredoxin restored the p65
transcriptional activity, indicating glutathionylation of p50,
p65, or a transcriptional co-factor (242); (see Cancer section,
below). Furthermore, glutaredoxin was reported to enhance
NF-�B activation through NIK in HEK293 cells (118). S-glu-
tathionylation has been reported for up to 13 proteins within
the NF-�B pathway. For example, the activity of the ubiqui-
tin/proteasome is increased in diabetic patients (189), and
glutathionylation inhibits the ubiquitin-activating (E1) and
ubiquitin-carrier (E2) enzymes (130, 219), and the 20S pro-
teosome (66) (reviewed in more detail in the neurodegener-
ative section of this review).

7. PKC–SSG. Protein kinase C (PKC) is activated by in-
creased diacylglyceride (DAG), and is one of the major path-
ways that leds to the pathogenesis of diabetic complications,
primarily in vascular complications (154). PKCs are classi-
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fied as calcium-dependent (cPKC), novel calcium-indepen-
dent (nPKC), or atypical (aPKC) (273). cPKCs (�, �1, and �2)
and nPKCs (� and �) all have tissue-specific implications in
the diabetic retina, glomerulus, heart, and aorta, but the �-
isoforms in the vasculature have the most significance (159).
Ruboxistaurin is a PKC-� inhibitor being tested in clinical
trials for vascular protection in diabetic retinopathy (46).
Glutathionylation of PKC-� and reversal by Grx has been re-
ported previously for NIH3T3 cells (320), and of the isoforms
addressed above, glutathionylation inactivated PKC-�, �1,
�2, �, and �

˙
in vitro (43). We speculate that, if Grx-mediated

deglutathionylation of PKC leads to activation in vivo, Grx
would be an additional therapeutic target for diabetic vas-
cular complications. However, this is a limited view, which
does not consider other control points potentially regulated
by glutathionylation, such as aldose reductase (AR-SSG, see
above) that can signal to PKC and NF-�B (NF�B-SSG, see
above) (285).

H. Summary and discussion: Grx as a therapeutic target 
in diabetic complications

Reviewed here are many diabetes-related targets impli-
cated in redox regulation by S-glutathionylation and Grx;
however, the homeostatic disturbances that are generated in
metabolic diseases are countless. Reports of protein glu-
tathionylation are continually increasing in the literature, but
often they are not documented in a physiologically relevant
context.

Table 2 displays a sampling of additional proteins that have
been reported to be glutathionylated under various conditions.
These proteins are implicated in various aspects of diabetes,
including metabolism, homeostatic and redox regulation, pro-
tein folding, leukocyte activation, transport, and cell death;
however, most have not been studied under physiologically
relevant conditions, and with the exception of pro-caspase 3,
none have been tested for reversibility by Grx. In other cases,
protein glutathionylation was observed in an endogenous mi-
lieu, but functional change and physiological impact were not
studied. For example, glutathionylation of hemoglobin (Hb-
SSG) has been reported in diabetic patients, and elevated Hb-
SSG content correlates with increases in microangiopathy, but
whether this serves only as a biomarker of oxidative stress or
it has impact on redox homeostasis is not clear (262).

Diabetes has been the context of only a few studies im-
plicating changes in glutathionylation status of key proteins
and/or changes in glutaredoxin activity. The majority of
these studies, including those on AR, potassium channels,
IKK, and PTP-1B support the notion that inhibition of Grx
would alleviate diabetic complications; however, the studies
on insulin exocytosis and SERCA suggest the opposite ef-
fect. Therefore, determining the catalytic efficiency of en-
dogenous Grx for deglutathionylation of specific protein-
SSG substrates is critical to evaluating the outcomes of
inhibiting Grx as a therapeutic strategy. Moreover, tissue,
cell type, subcellular compartment, and microdomain speci-
ficities must be taken into consideration.

IX. Cardiovascular Diseases and Alterations in 
Protein–S-Glutathionylation Status

Within the cardiovascular system, protein S-glutathiony-
lation is emerging as a critical signaling mechanism and con-

sequence of oxidative insult, such as ischemia/reperfusion
injury [(79), see below]. Protein S-glutathionylation regulates
numerous physiological processes that are important in car-
diovascular homeostasis and/or perturbed in disease, in-
cluding myocyte contraction, oxidative phosphorylation,
protein synthesis, vasodilation, glycolytic metabolism, and
response to insulin (summarized in Table 3). This section dis-
cusses increasing evidence that perturbations in protein glu-
tathionylation status—as well as Grx activity—contribute to
the etiology of cardiovascular diseases such as myocardial
infarction, cardiac hypertrophy, and atherosclerosis.

A. Myocardial infarction

Eaton and colleagues (79) analyzed the effects of cardiac
ischemia–reperfusion on glutathionylation of the cardiac pro-
teome. Isolated rat hearts were perfused with biotinylated GSH
following stop-flow ischemia, and glutathionylated proteins
were detected via blotting with streptavidin-HRP. According
to this analysis, overall protein glutathionylation was increased
�15-fold following ischemia–reperfusion (IR), with the major-
ity of the glutathionylation events occurring early in the reper-
fusion period. Some caution is required in interpreting these
results because trapping the modified proteins as protein–SSG-
biotin may inhibit their deglutathionylation and overestimate
the degree of glutathionylation that would occur otherwise
(273).

In the same study, glyceraldehydes-3-phosphate dehy-
drogenase (GAPDH) was identified as a prominent cardiac
protein glutathionylated during IR. GAPDH immunopuri-
fied from ischemic tissue exhibited DTT-reversible loss of
function, suggesting that GAPDH glutathionylation is likely
inhibitory in vivo. While the consequences of GAPDH inhi-
bition on cardiac function were not explored in this study,
logical possibilities include: (a) contribution to the blockade
of glycolysis characteristic of ischemic injury, (b) interference
with translocation to the nucleus, resulting in increased
apoptosis (51, 128), or (c) little to no effect, with the modi-
fied cysteine of GAPDH, serving primarily as a “sink” for
excess oxidants rather than a site of homeostatic regulation.
Importantly, GAPDH activity was restored by the end of the
reperfusion period, suggesting that for this protein at least,
glutathionylation may serve as a temporary modification to
protect catalytic cysteines from irreversible oxidation.

Evidence for actin glutathionylation was demonstrated in a
rat model of in vivo IR (38). Homogenates of ischemic tissue
subjected to Western blot analysis with an anti-GSH antibody
exhibited a prominent band corresponding to the molecular
weight of actin, and immunoprecipitated actin reacted with the
same antibody in a DTT-reversible manner. Studies on isolated
G-actin indicated that glutathionylation delayed its rate of
polymerization [consistent with a previous study on the effect
of actin glutathionylation in A431 cells (315)], and decreased
the cooperativity of its binding to tropomyosin, suggesting that
actin-SSG formation contributes to the decline in cardiac con-
tractility observed during ischemia. This interpretation could
be strengthened by determining the glutathionylation status of
actin following reperfusion. Since contractility is generally re-
covered in this model by the end of the reperfusion period, it
would be expected that actin-SSG levels would decline with a
similar time course, providing the basis for the improved con-
tractility following IR insult.

MIEYAL ET AL.1954
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In contrast to actin and GAPDH, mitochondrial complex
II exhibits the opposite glutathionylation pattern following
IR (i.e., deglutathionylation). In vivo IR, as well as stop-flow
ischemia of isolated rat heart, resulted in decreased im-
munoreactivity of the 70 kD subunit of complex II (i.e., SQR)
with an anti-GSH antibody (39). Studies of isolated SQR in-
dicated that glutathionylation increased electron transfer ac-
tivity somewhat and decreased leakage of superoxide (O2��),
suggesting that IR-associated deglutathionylation contributes
to the decrease in SQR function observed during IR.

What could explain the divergence between the glu-
tathionylation pattern of the general cardiac proteome (in-
cluding actin and GAPDH) and that of SQR during IR? Pos-
sible contributing factors include the accessibility and
intrinsic reactivities of modified cysteines, their proximity to
sites of ROS production (as well as to Grx), and structural
features that may stabilize the glutathionylated—or thio-
late—status of the modified cysteine. Overall, the divergent
results of these studies reinforce the concept that a single ox-
idative stimulus (e.g., IR) can affect glutathionylation status
of different protein cysteines in different directions. More-
over, understanding the basis for these differences will re-
quire a greater understanding of the regulation of the fac-
tors regulating protein glutathionylation (e.g., concentrations
of ROS, Grx1, and Grx2) within specific intracellular com-
partments, as well as quantitative relationships among pro-
tein–SSG events, the magnitude of alteration in protein ac-
tivity, and resulting impact on cellular function.

Understanding the role of protein glutathionylation in
myocardial infarction can also be approached by manipu-
lating Grx, the primary intracellular deglutathionylating en-
zyme (41). To this end, mouse models with embryonic knock-
out of Grx1, as well as overexpression of Grx1 and Grx2
transgenes, were developed and subjected to in vivo and ex
vivo IR. In general, experiments with transgenic animals sug-
gest a cardioprotective role for both Grx isoforms; however,
additional studies are needed to link the effects of each trans-
gene to the protein glutathionylation status.

The first group to investigate the role of Grx on IR injury
tested the effect of Grx1 embryonic knockout on infarct size
and area at risk in an in vivo model of IR (120). No differ-
ence in either parameter was observed in Grx1 knockout
(KO) vs. WT animals, even though the deglutathionylase ac-
tivity of all of the mouse tissues, including heart, was es-
sentially absent. One possible explanation for this unex-
pected outcome is that compensatory changes in the
mechanisms of cellular homeostasis occurred during devel-
opment, offsetting the detrimental effect of Grx1 knock-out.
Therefore, to circumvent this complication, we recommend
that future studies on the effects of Grx1 in IR injury utilize
a tissue-specific, inducible KO model.

Malik et al. (183) further explored the role of Grx1 in IR
injury by comparing the effects of embryonic global glrx1 KO
with muscle-specific overexpression, and by widening the
scope of injury to include ischemic pre-conditioning (IPC)
prior to IR. IPC is widely recognized to decrease subsequent
IR injury (reviewed in refs. 75 and 115), and there is evidence
that Grx1 contributes to regulation of several signaling path-
ways implicated in the mechanism of IPC (see below). Un-
like Ho et al. (120), Malik and colleagues reported a small
but significant increase in infarct size, as well as decreased
contractile performance, in glrx1 KO mice compared to con-

trols. In contrast to the effects of Grx1 KO, Grx1 overex-
pression appeared to decrease infarct size and protect coro-
nary function.

The basis for the distinct effects of glrx1 KO on infarct size
reported by these two groups is not obvious, but likely re-
flects differences in experimental protocols. For example,
Grx1 might play an important role in cardioprotection dur-
ing early reperfusion, thus affecting infarct size after 2 h of
reperfusion [observed by Malik et al. (183)] but exhibiting
less of an effect after 4 h [when Ho et al. (120) measured in-
farct size]. Alternatively (or additionally), neurohumoral fac-
tors might have blunted the effect of glrx1 KO in the in vivo
IR model of Ho et al. (120)., while their absence revealed an
important cardioprotective role for Grx1 in the isolated heart
model of Malik et al.(183). This scenario predicts that glrx1
KO indeed confers a detrimental effect on cardiac function
during IR, and compensation by other organ systems may
represent an important component of disease outcome when
Grx1 activity is perturbed.

More dramatic than the role of Grx1 in IR injury was its
contribution to IPC. Grx1 overexpression potentiated the
protective effect of IPC on infarct size and cardiomyocyte
apoptosis, while IPC failed to confer any cardiac protection
in Grx1 KO mice. To explore the mechanism of Grx1-associ-
ated protection vs. IR injury, ROS production (via malondi-
aldehyde (MDA) content), Akt phosphorylation, and Bcl-2
content were assayed. While there was no apparent change
in Bcl-2 content associated with change in Grx1 content, Grx1
expression inversely correlated with MDA content follow-
ing IR, and Grx1 KO was associated with decreased IPC-in-
duced Akt phosphorylation. The latter observation led the
authors to suggest that Grx1 could contribute to IPC via ac-
tivation of Akt, which is consistent with other reports link-
ing Grx activity to Akt phosphorylation (207, 211, 316), al-
though the mechanism for this effect in vivo is not yet
established (see Preconditioning section, below). However,
the additional conclusion that Grx1’s cardioprotective effects
can be attributed to its role as an “antioxidant” is problem-
atic. First, it is not consistent with the primary (and well-doc-
umented) function of Grx as a deglutathionylating enzyme
(41, 108). In fact, studies of protein glutathionylation were
not reported here, so it cannot be concluded that Grx1’s car-
dioprotective effects were not related to its role in protein
deglutathionylation. Second, a Grx1-mediated antioxidant
activity is not explicitly demonstrated. One could imagine
that, if Grx1 were expressed at high enough levels, it could
serve as an antioxidant by supplying reduced cysteines in a
manner analogous to N-acetylcysteine or DTT, but it is un-
likely that such concentrations could be reproduced in vivo,
even within a disease context. Is there a more likely expla-
nation for the decreased MDA content observed in Grx1 TG
mice subjected to IR? One possibility is that Grx1 may indi-
rectly decrease ROS by deglutathionylating a ROS-generat-
ing enzyme, such as complex I, which exhibits increased su-
peroxide production upon glutathionylation (293). This
interpretation is more consistent with documented activities
of Grx1, and could be investigated by determining the glu-
tathionylation status of complex I during IR in WT and Grx1
TG mice. A similar scenario has been described for the car-
dioprotective role of Trx1 function in ischemic precondi-
tioning. Analogous to glrx1 KO, inhibition of Trx1 resulted
in increased MDA formation in the IR heart, suggesting an
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“antioxidant” function for the enzyme (62). Instead of
proposing that Trx itself serves as an antioxidant, the authors
suggested that it might promote antioxidant activity via up-
regulation of antioxidant enzymes such as MnSOD. In light
of their distinct enzymatic activities, it is intriguing that Grx1
and Trx1 confer similar cardioprotective effects during IPC,
and determining the mechanism(s) for each enzyme’s pro-
tective effects represents a fascinating avenue for future
study.

The role of Grx2 in IR injury was also investigated using a
transgenic animal model (211). As with Grx1 overexpression,
Grx2 overexpressing mice exhibited decreased infarct size and
improved myocardial function following ex vivo IR compared
to WT mice. Unlike Grx1, Grx2 appeared to influence apopto-
sis, with Grx2 TG mice showing fewer apoptotic cardiomy-
ocytes following IR compared to control animals. Additional
evidence supporting a cardioprotective effect of Grx2 included
decreases in caspase activation, cardiolipin loss, MDA forma-
tion, and diminution of the GSH:GSSG ratio following IR. The
roles of Grx2 in cytochrome c release and Akt phosphoryla-
tion were less straightforward. Grx2 TG animals exhibited de-
creased IR-induced cytochrome c release, but the amount of
cytosolic cytochrome c was much higher at baseline in TG an-
imals and appeared to decline with IR. Grx2 overexpression has
been linked to decreased cytochrome c release in oxidant-chal-
lenged HeLa cells (85), but the basis for its loss from the cy-
tosol in Grx2 TG hearts with IR is puzzling. Phosphorylated
Akt was also higher at baseline in TG vs. WT animals, with
levels remaining steady following IR. Considering the distinct
subcellular localizations of Grx2 and Akt [Grx2 in the mito-
chondrial matrix (226) and Akt in the cytosol], this regulation
is most likely indirect; however, a direct role of Grx2 in regu-
lating Akt activity [as has been proposed for Grx1 (207)] is pos-
sible if the Grx2 transgene was also expressed in cytosol. Since
cytosolic Grx activity was not reported in the study, this ex-
planation cannot be ignored. In fact, Enoksson and co-work-
ers (85) showed that Grx2 targeted to the cytoplasm protected
HeLa cells from doxorubicin-induced apoptosis, so verification
of appropriate subcellular localization is a critical prerequisite
for interpreting the findings of any study in which Grx2 is over-
expressed.

Overall, the work of Nagy et al. (211) suggests a role for
Grx2 in cardioprotection, but as in the case of other studies
documenting the cytoprotective effect of Grx2 (85, 173),
mechanism(s) remain unknown. Importantly, candidate tar-
get pathways were proposed, including Akt and NF-�B. Fu-
ture work should focus on identifying the direct targets of
Grx2 responsible for its pleiotropic effects on oxidant-in-
duced signaling. An attractive candidate is mitochondrial
complex I, in which glutathionylation of the 51- and 75-kD
subunits is correlated with electron transport inhibition and
increased production of superoxide (293). The 51kD subunit
contains one conserved cysteine that is not bound to an FeS
cluster, and this cysteine faces the mitochondrial matrix
(119), making it a potential site of regulation by Grx2. Glu-
tathionylation of complex I, with associated increases in su-
peroxide production, would be expected to increase cy-
tochrome c release and caspase activation, induce survival
signals, and contribute to infarct size and cardiac dysfunc-
tion. Thus, complex I deglutathionylation by Grx2 is a con-
ceivable upstream event responsible for modulating these ef-
fects in Grx2 transgenic animals.

Finally, the roles of both Grx isoforms in IR injury were
explored in rats by Mukherjee et al. (204). These investiga-
tors examined the effects of broccoli extract (administered by
oral gavage) on IR injury in isolated working rat hearts. Rats
fed normal diets exhibited decreased Grx expression during
IR, while rats given broccoli extract showed preservation of
Grx1 and Grx2 content, which correlated with decreases in
infarct size, cardiomyocyte apoptosis, cytochrome c release,
and caspase-3 activation, as well as improved post-MI car-
diac and hemodynamic function. It is difficult, however, to
determine the specific contribution of Grx isoforms to these
cardioprotective effects, since broccoli gavage also induced
other genes known to regulate cellular survival and redox
homeostasis (e.g., thioredoxins 1 and 2, thioredoxin reduc-
tase), and the effect of broccoli gavage on protein glu-
tathionylation status was not reported.

In summary, cardiac ischemia-reperfusion results primar-
ily in increased protein glutathionylation; however, some
proteins (e.g., complex II) are deglutathionylated during an
IR episode. The effects of glutathionylation on function of
these proteins (e.g., GAPDH, actin) may protect them from
irreversible damage, or contribute to IR-induced injury. The
latter possibility is supported by the cardioprotective phe-
notype of Grx TG animals, which exhibit decreased infarct
size and improved cardiac function following IR. While data
from KO animals are not as straightforward, studies on mice
with inducible, tissue-specific KO might clarify the roles of
Grx in acute IR injury. A critical frontier in this endeavor is
to determine the mechanism(s) of Grx-related cardioprotec-
tion, which will require linking the protective effects of Grx
on cardiac function with glutathionylation status of its mo-
lecular targets.

B. Preconditioning

Ischemic preconditioning (IPC) describes the phenomenon
in which a series of brief ischemic episodes protects against
subsequent IR injury (75, 115, 208). Cardiac preconditioning
can also be achieved by tachycardic stimuli, such as pacing
or exercise (74, 264). Potential targets of glutathionylation in
preconditioning will be discussed below.

Sanchez et al. (264, 265) provide evidence that glutathiony-
lation of the cardiac ryanodine receptor (i.e., RyR2) contributes
to tachycardia- and exercise-induced preconditioning. Exercise
and tachycardic pacing both result in RyR2 glutathionylation,
which is correlated with increased Ca2� release rates (265) and
increased colocalization with NADPH oxidase (264). NADPH
oxidase inhibitors prevent these effects, suggesting that ROS
production by this enzyme is the likely trigger for RyR2 glu-
tathionylation in vivo. Importantly, NADPH oxidase inhibitors
also abolish the protective effect of tachycardia or exercise on
infarct size. Whereas RyR2 glutathionylation is not explicitly
correlated with these observed changes, they are consistent
with the concept that RyR2 glutathionylation contributes to
tachycardic or exercise-induced preconditioning. This concept
could be tested further by transfection of a mutant RyR2 that
cannot be glutathionylated and determining the effect on
tachycardic PC, or determining the role of Grx1 on RyR2 glu-
tathionylation status (assuming the site of glutathionylation is
exposed to the cytosol).

Unlike tachycardic or exercise-induced PC, a specific role
for protein glutathionylation has not been established for
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IPC. However, the apparent contribution of Grx1 to IPC [via
TG overexpression or KO, see (183) and above] implicates
glutathionylation as a potential modulating mechanism. Nu-
merous signaling intermediates have been implicated in the
regulation of IPC, of which many components have been
shown in other systems (reviewed by Shelton et al. (273) to
be regulated by S-glutathionylation; hence, modulation of
these pathways by glutathionylation in the heart represents
a potential layer of regulation for cardiac IPC.

1. Protein kinase C (PKC). PKC is considered to be a cen-
tral regulator of IPC signaling (75), integrating multiple up-
stream signals (e.g., catecholamines, angiotensin II, and en-
dothelin) and activating diverse downstream pathways
implicated in IPC [reviewed by (115)]. Importantly, most
PKC isoforms appear to be sensitive to inhibition by S-glu-
tathionylation [reviewed in (273)], including those isoforms
implicated in IPC signaling (115). Therefore, a potential
mechanism by which Grx1 contributes to IPC may be via deg-
lutathionylation (and subsequent activation) of PKC. This
pathway could be tested by determining the effect of Grx
manipulation on PKC activity, and correlating these changes
to its glutathionylation status during brief ischemic chal-
lenges.

2. Protein kinase A (PKA). Sanada et al. (263) provided ev-
idence that PKA may contribute to IPC independently from
PKC, presumably through inhibitory effects on Rho kinase
and cytoskeletal reorganization. PKA is inhibited by glu-
tathionylation in vitro, as well as in mouse fibroblasts treated
with diamide (124) reviewed in (273). As for PKC, Grx could
contribute to IPC via maintaining PKA in its active, deglu-
tathionylated form. However, the effects of IPC on PKA glu-
tathionylation status (and the additional role of Grx) have
not yet been explored.

3. Nuclear factor �B (NF-�B). NF�B is a pleiotropic tran-
scription factor commonly activated during cellular stress
(see also diabetes, neurodegenerative disease, and cancer
sections). While the effects of NF�B activation are often de-
pendent upon cell type and stress stimulus, its activation has
been shown primarily to increase survival in cardiomyocytes
(138). Two studies by Maulik and colleagues (193, 194) uti-
lizing an inhibitor of NF-�B nuclear translocation suggest
that the pathway is required for IPC in the isolated, perfused
rat heart, and that the basis for its protective effect may be
through activation of Bcl-2 transcription. Various groups
have provided evidence that the NF-�B pathway is regulated
at various foci by glutathionylation [e.g., p50 (237), p65 (242),
IKK (251), and the proteasome (219)], with glutathionylation
having an inhibitory effect in each case. Therefore, deglu-
tathionylation of p50, p65, IKK, or the proteasome by Grx
could maintain overall pathway activity during IPC. As in
the examples discussed above, establishing such a role for
Grx will require analysis of glutathionylation status of 
NF-�B pathway components during IPC, and correlating
changes in glutathionylation status with corresponding
changes in activity.

4. Akt. Akt, also known as PKB, has been implicated in
cell growth, survival, and migration signals in diverse cell
types. Numerous studies have identified Akt activation as

contributing to both early (i.e., PKC activation) and late (i.e.,
mitochondrial) events in IPC (115). Wheres Akt itself has not
been shown to be glutathionylated, it appears to be regu-
lated (either directly or indirectly) by Grx1. Murata et al. (207)
reported that H9c2 cells (rat embryonic cardiomyoblasts) in
which Grx1 was overexpressed exhibited decreased H2O2-
induced apoptosis, and this effect was correlated with an in-
creased duration of Akt phosphorylation and decreased as-
sociation with PP2A, the phosphatase associated with Akt
inactivation. Studies on isolated Akt in the presence of H2O2,
Grx, and/or GSH were interpreted to mean that Grx directly
reduces an Akt intramolecular disulfide in vivo; however, the
likelihood of this representing a physiological regulatory
mechanism is questionable, since in vitro conditions did not
approximate the cellular environment (e.g., GSH:GSSG � 20,
lower than the typical ratio), kinetic competence was not
demonstrated (endpoint assay was 30 min), turnover condi-
tions were not used ([Grx1] was 80-fold higher than Akt),
and Akt redox status was shown not to affect its kinase ac-
tivity. A more likely mechanism of Grx-mediated regulation
of Akt is via its phosphorylation status, as has been suggested
by other groups exploring the effect of Grx on Akt activity
and post-translational modification. For example, Akt phos-
phorylation is increased in Grx2 overexpressing mice (211),
and Grx1 overexpression is correlated to increased Akt phos-
phorylation in bovine aortic endothelial cells (316). The
mechanism of regulation of Akt phosphorylation by Grx is
still not resolved. However, the latter authors appropriately
consider that the level of regulation of Akt could be direct
(as proposed by Murata’s group) or indirect, via deglu-
tathionylation of upstream activators such as PKA or PKC.

In summary, although a role for reversible glutathionyla-
tion in IPC has not yet been established, it is suggested by
the contributory role of Grx1 in a transgenic animal model
(183). Here, we identified and discussed signaling candidates
implicated in IPC that are also established targets of regula-
tion by S-glutathionylation, including PKC, PKA, and NF�B
pathway components, all of which are rendered inactive
upon glutathionylation. Akt was also discussed as being reg-
ulated by Grx, although the specific nature of the regulation
is not yet understood. Importantly, no study to date has re-
ported global or specific protein glutathionylation during
IPC. Future work should focus on potential links between
glutathionylation status of these proteins, and the effects of
glutathionylation on their functions as well as on IPC in 
general.

A final consideration in the discussion of ischemic vs. tachy-
cardic PC is the potential roles of Grx. Although the mecha-
nism remains unknown, Grx1 appears to contribute to the pro-
tective effects of IPC (183); however, one might predict that
Grx would hinder tachycardic PC via deglutathionylation of
RyR2. Importantly, the effect of Grx1 activity on RyR2 glu-
tathionylation status has not been reported, contrasting with
documented Grx-dependent de-glutathionylation of RyR1 [see
above, (11)]. Determining the effect of manipulated Grx levels
on RyR2 glutathionylation status (and Ca2� release rates)
would help address this question.

C. Nonspecific oxidative injury

IR and IPC are both conditions of oxidative stress. In IR,
ROS are produced primarily from complexes I and III of the
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mitochondrial electron transport chain (167, 168), and ROS
generation from mitochondria and/or NADPH oxidase ap-
pears to contribute to PC signaling (75, 264). Above, we dis-
cussed evidence for increased glutathionylation of the intra-
cellular proteome—as well as individual proteins—with IR,
and the potential for regulation of survival proteins by glu-
tathionylation during IPC. Importantly, additional proteins
are reported to be regulated by glutathionylation during gen-
eralized oxidative challenges, such as H2O2 treatment or ex-
posure to decreased GSH:GSSG ratios. Although these ox-
idative stimuli do not necessarily model the physiological
state or a specific disease condition, they identify candidate
proteins for regulation by glutathionylation during patho-
logical oxidative stresses such as IR, as well as other cardio-
vascular diseases associated with oxidative stress, such as
hypertension (113) and atherosclerosis (151).

For example, mitochondrial complex I is glutathionylated
in vitro upon exposure to GSSG (293) or low GSH:GSSG ra-
tios [i.e., 0.67–12, (23)], and glutathionylation is reversed
upon incubation with Grx2 and GSH. Complex I glu-
tathionylation results in increased superoxide production
(293), suggesting that this modification would increase ROS
generation, leading to activation of redox signaling pathways
and/or induction of cell death, depending upon the magni-
tude of modification. Key considerations regarding the pos-
sibility of complex I regulation by glutathionylation in vivo
include its mechanism of formation and its potential role in
cardiac disease.

Taylor et al. (293) propose that oxidative stress within
the mitochondria alters the GSH:GSSG ratio sufficiently to
cause complex I–SSG formation by thiol disulfide ex-
change; however, this mechanism is unlikely unless the
modified cysteines display unusually low redox potentials
(92, 99, 198). Thus, alternative mechanisms of glutathiony-
lation (e.g., via nitrosothiol intermediate, sulfenic acid in-
termediate, etc., as described above) are more probable
(Fig. 1). An additional mechanism of glutathionylation was
proposed by Beer et al. (23), namely, catalysis by Grx2. Al-
though mammalian glutaredoxins are efficient protein deg-
lutathionylating enzymes, Grx1 promotes protein glu-
tathionylation in the presence of GS� radical (287) and—to
a much lesser extent—GSNO or GSSG. To determine if
Grx2 exhibited similar behavior, it was incubated with 5
mM GSSG and mitochondrial membranes from rat heart
containing complex I. Addition of Grx2 accelerated glu-
tathionylation of membrane thiols over a short time course;
however, when GSH was added to glutathionylated mem-
brane proteins, Grx2 incubation led to overall deglu-
tathionylation of protein–SSG. Since the latter conditions
more closely represent the intermitochondrial milieu, they
better reflect the potential environment in which Grx2 may
regulate complex I–SSG in vivo. Thus, catalysis of glu-
tathionylation by Grx2 appears not to be a likely mecha-
nism of complex I–SSG formation.

Whether complex I is indeed regulated by glutathionyla-
tion in the intact heart has not yet been explored. Studies fo-
cused on documenting complex I–SSG formation in cardiac
cells or tissue, with an oxidative stimulus relevant to cardiac
disease (e.g., IR, angiotensin II treatment), and attention to
the effects of Grx1 and Grx2 on complex I glutathionylation
status will provide additional insight into this potential con-
tribution to cardiac injury.

Another mitochondrial enzyme potentially regulated by
glutathionylation during cardiac oxidative stress is �-ketog-
lutarate dehydrogenase (KGDH). Nulton–Persson and col-
leagues (217) demonstrated that H2O2 treatment of rat heart
mitochondria led to inhibition of KGDH activity, which was
reversed by Grx1 and GSH within minutes, but unaffected
by the Trx system. Although KGDH glutathionylation was
not shown directly, it was inferred from the recovery of ac-
tivity by Grx1 treatment, and hypothesized to protect cat-
alytic cysteine residues from irreversible damage during ox-
idative stress conditions, such as IR.

A later study by the same group (8) focused on the glu-
tathionylation site of KGDH, and proposed an intriguing
model in which glutathionylation occurs on a covalently
bound lipoic acid moiety, rather than the typical cysteine
sulfhydryl moiety. This conclusion was based on observa-
tions that H2O2 treatment prevented recognition of KGDH
by an antilipoate antibody, as well as HNE-mediated oxida-
tion. A key question concerning the proposal of mixed disul-
fide formation between KGDH-lipoic acid and GSH is its
mechanism of stabilization. It would be expected that the vic-
inal cysteine on lipoic acid would undergo thiol–disulfide
exchange with its neighboring Cys-SSG, forming lipoic acid
intramolecular disulfide and GSH. Structural analysis or
modeling studies might identify potential residues that sta-
bilize the second, reduced Cys on lipoic acid, making it un-
available to react with the neighboring Cys-SSG. While sta-
ble mixed disulfide formation between protein-bound lipoic
acid and GSH is a novel concept, and catalysis of lipoic acid-
SSG would represent a new activity for Grx1, there are al-
ternative interpretations to the authors’ observations. For ex-
ample, it is possible that KGDH is glutathionylated on a
cysteine residue in close proximity to the bound lipoic acid,
and steric interference by this glutathionylated cysteine
blocks accessibility of lipoic acid to antibodies and HNE. Al-
ternatively, glutathionylation on a distant Cys could induce
a conformational change with the same effect on access of
the lipoic acid to detection reagents. This possibility could
be addressed by analyzing the glutathionylated product by
mass spectrometry, and/or by isolating the lipoyl moiety
prior to analysis for S-glutathionylation.

Overall, glutathionylation of complex I and KGDH appear
to be facile upon exposure of mitochondria to oxidants in
vitro; however, their relevance to oxidative stress-associated
cardiac disease is not yet established. Determination of their
glutathionylation status with IR, or other pathophysiologi-
cal oxidative challenge, will provide insight into the likeli-
hood of their regulation by glutathionylation in vivo.

D. Cardiac hypertrophy

As for IPC, multiple signaling pathways contribute to the
development of pathological cardiac hypertrophy (reviewed
by (116). Among them is the Raf/MEK/ERK pathway, which
can be stimulated either by G protein-coupled receptor
(GPCR) ligands (e.g., angiotensin II, endothelin) or by me-
chanical stretch, resulting in induction of protein synthesis.

Recently, Pimentel et al. (236) showed that mechanical strain-
stimulated Raf/MEK/ERK pathway activation in neonatal rat
ventricular myocytes was dependent upon glutathionylation
(and subsequent activation) of Ras, a small GTPase implicated
in myocyte growth signaling (Fig. 4, right). Notably, this study



is one of few that fulfill most of the criteria for establishing S-
glutathionylation as a regulatory mechanism. Specifically, the
authors demonstrated that Ras–SSG formed in response to a
physiological stimulus (mechanical strain) under physiological
conditions (intact cells assumed to have a normal GSH:GSSG
ratio); that Ras glutathionylation conferred effects on protein
function (increased Raf and GTP binding); that Ras–SSG for-
mation was reversed by Grx (via overexpression); and that Ras
glutathionylation impacted a downstream pathway important
in disease (protein synthesis in cardiac hypertrophy). The pro-
posed role of Ras–SSG in hypertrophic signaling is summarized
in Fig. 4.

Determination of Ras glutathionylation status in animal
models of cardiac hypertrophy would provide insight into
the relevance of this pathway in progression of the disease
in vivo. An animal model would also allow exploration of
the effects of chronic strain—vs. acute strain—on Ras-SSG
glutathionylation status, activity, and cardiac hypertrophy.

E. Atherosclerosis

Atherosclerosis is a complex disease process involving in-
teractions between multiple cell types in the blood and vas-
culature. The precise role of glutathionylation in the devel-
opment and progression of atherosclerosis is unknown;
however, conditions within atherosclerotic plaques (e.g., hy-
poxia, oxidative stress, oxLDL, and inflammation) have been
shown in other contexts to promote glutathionylation (79,
242, 290, 319), and Grx has been reported to associate with
areas of oxidative stress within the vasculature (221). The fol-
lowing discussion explores further evidence for involvement
of protein glutathionylation in atherogenesis.

Global protein glutathionylation increases in human
monocyte-derived macrophages exposed to oxidized LDL
(oxLDL) (319), a major component of atherosclerotic plaques
also believed to contribute to their progression (151). To-
gether with GSH depletion, increased protein–SSG content
was implicated in oxLDL-induced macrophage death in

vitro. Dying macrophages represent a major component of
atherosclerotic plaques, and their presence in atherosclerotic
lesions increases risk of rupture (164). The role(s) of specific
glutathionylated proteins in macrophage cell death is not yet
determined, nor is it known whether global protein glu-
tathionylation increases in other cells types exposed to
oxLDL; however, these questions form the basis for future
studies.

Nonaka et al. (215) discovered that patients with arte-
riosclerosis of the extremities (i.e., arteriosclerosis obliterans,
ASO), exhibit increased glutathionylation of serum proteins
detected by SDS-PAGE followed by GST overlay. Remark-
ably, there was a positive correlation between disease pro-
gression and magnitude of protein glutathionylation mea-
sured, leading the authors to conclude that serum protein
glutathionylation is both a sensitive and specific marker of
ASO. However, many of the patients enrolled in the study
had comorbid conditions also associated with increased
serum protein–SSG, such as tobacco use (209), making the
specificity of this marker for ASO unlikely. Importantly,
these authors identified the serum protein apoB100 as a tar-
get for increased glutathionylation in ASO. ApoB100 is the
major component of LDL, and it is tempting to speculate that
its glutathionylation could affect its function, as has been
shown for other post-translational modifications (292).
Whether apoB100–SSG simply represents a disease marker,
or contributes to the pathogenesis of ASO, remains an open
question.

In the case of SERCA, the sarcoplasmic calcium ATPase,
glutathionylation appears to be part of a normal regulatory
mechanism that is disrupted during atherosclerosis. Adachi
and colleagues (2) demonstrated that SERCA glutathionyla-
tion occurs in vascular cell lines and tissues in the presence
of RNS and endogenous GSH. Glutathionylation could be
stimulated by physiological ligands known to generate RNS
(e.g., acetylcholine, bradykinin), led to increased SERCA 
ATPase activity, was correlated with vessel dilation, and was
resistant to a cGMP inhibitor, leading the authors to propose
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FIG. 4. Downstream effects of Ras glu-
tathionylation in response to endogenous
H2O2 production. Two independent modes of
Ras activation by glutathionylation are de-
picted here. On the left is shown how Ras-de-
pendent and -independent pathways contrib-
ute to angiotensin II-induced hypertrophy in
vascular smooth muscle cells (Adachi et al.,
2004), namely (1) coupling of angiotensin 
II receptor activation to production of ROS 
by NADPH oxidase, followed by Ras glu-
tathionylation and activation of Akt and p38,
and (2) ROS-independent transactivation of
EGFR and activation of the ERK signaling
pathway. The right-hand scheme depicts a
mechanism by which Ras-SSG mediates the
hypertrophic response of cardiomyocytes to 
mechanical strain. Strain-stimulated cardiac
myocytes exhibit ROS-dependent Ras glu-
tathionylation, which activates the ERK path-
way and results in increased protein synthesis.
The basis for activation of Akt and p38 (left) vs.
ERK (right) pathways by the same signaling in-
termediate (i.e., Ras-SSG) is not yet understood.
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that SERCA glutathionylation represents a physiological,
cGMP-independent mechanism of vessel relaxation. Site-
directed mutagenesis and mass spectroscopic analysis 
suggested that glutathionylation of Cys674, located in the 
cytosolic-facing hinge domain, was responsible for SERCA
activation. Interestingly, analysis of cysteine modifications
from atherosclerotic vs. normal rabbit aortas indicated in-
creased sulfonate formation (including C674), which corre-
sponded to decreased NO-induced relaxation, glutathionyla-
tion, and Ca2� reuptake. Taken together, these observations
suggest that irreversible oxidation (i.e., sulfonic acid forma-
tion) of SERCA’s C674 during atherosclerosis prevents reg-
ulation of function by reversible glutathionylation and may
contribute to the impaired vasodilation response to NO in
atherosclerotic smooth muscle.

Adachi et al. (1) demonstrated that glutathionylation of
Ras may contribute to vascular hypertrophy (implicated in
atherosclerosis and hypertension) by activating protein syn-
thesis in rat vascular smooth muscle cells (VSMCs). Treat-
ment of VSMCs with angiotensin II (AII), an established
stimulus for vascular hypertrophy, led to glutathionylation
and activation of Ras, which resulted in increased phospho-
rylation of p38 and Akt, and increased protein synthesis (Fig.
4, left). These effects were dependent upon NADPH oxidase
activation and ROS formation [shown separately to be acti-
vated by AII (162, 314)], and were blocked by overexpres-
sion of Grx1 or mutation of Ras at the site of glutathionyla-
tion (C118). Interestingly, AII-stimulated ERK activation,
which contributes to AII-induced protein synthesis, was not
redox-sensitive and proposed to occur independently of Ras
glutathionylation. Like the work of Pimentel et al. (236), the
work of Adachi and colleagues represents an excellent
demonstration of protein regulation by S-glutathionylation:
Ras–SSG formed in response to a physiological stimulus (AII
treatment); glutathionylation resulted in a change in protein

activity (increased Raf binding); was reversed by Grx1 (via
overexpression); and was correlated to a physiological out-
come (protein synthesis).

The work of Adachi and Pimentel point to several com-
mon events in hypertrophic signaling within the heart and
vasculature: both require production of endogenous H2O2,
result in Ras glutathionylation, and activate signaling path-
ways that ultimately result in increased protein synthesis.
However, it is intriguing that the Ras–SSG-activated path-
ways implicated in hypertrophy differ in the two model sys-
tems. Why might H2O2-induced Ras glutathionylation acti-
vate the Raf/MEK/ERK pathway in cardiomyocytes vs. p38
and Akt–but not ERK–in vascular smooth muscle? (Fig. 4)
The answer could reflect differences in signal transduction
networking between cell types, different degrees of Ras glu-
tathionylation resulting from each stimulus (assuming dif-
ferent thresholds of activation for downstream pathways),
and/or distinct localization of ROS production (and subse-
quent Ras glutathionylation) depending upon the nature of
the stimulus (i.e., NADPH oxidase vs. the source of strain-
stimulated ROS).

In addition to modulating AII signaling in VSMCs, Ras-
SSG may contribute to atherosclerosis by mediating the re-
sponse to oxLDL in endothelial cells (Fig. 3). Clavreul et al.
(47) demonstrated that treatment of bovine aortic endothe-
lial cells (BAECs) with peroxynitrite led to Ras glutathiony-
lation and activation of both ERK and Akt pathways (Fig. 5,
left), and some of these observations were recapitulated with
oxLDL treatment. Unlike mechanical strain- and AII-induced
Ras glutathionylation, which required formation of H2O2,
oxLDL-mediated glutathionylation was dependent upon
peroxynitrite. The authors argue for a thiol–disulfide ex-
change mechanism with GSSG, based on proposed chemical
reactions between peroxynitrite and GSH (producing GSSG),
which exhibit a time course of GSSG formation compatible

FIG. 5. Downstream effects of Ras
glutathionylation in response to ex-
ogenous peroxinitrite or oxLDL. This
figure depicts distinct downstream
events resulting from Ras glutathiony-
lation in bovine aortic endothelial cells
in response to peroxinitrite added ex-
ogenously (left) or generated endoge-
nously in response to oxLDL exposure
(right) as reported by Clavreul et al.
(47, 48). In response to ONOO� treat-
ment, Ras glutathionylation leads to
transient phosphorylation of ERK and
Akt; however, subsequent down-
stream signaling events remain un-
known. oxLDL exposure (which leads
to ONOO� production in situ) also
caused Ras-SSG-dependent, transient
Akt phosphorylation (center); how-
ever, it induced a sustained time course
of ERK phosphorylation (right) as well
as diminished Akt activation in re-
sponse to a subsequent stimulus (in-
sulin). The decreased insulin-induced
Akt activation conferred by oxLDL
pretreatmentcould be explained by ERK-induced phosphorylation (and inactivation) of IRS, which is upstream of Akt
in the insulin signaling pathway.
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with that observed for Ras glutathionylation. This mecha-
nism is feasible if the Kmix for Ras-Cys118-SSG formation is
similar to the GSH:GSSG ratio achieved during peroxynitrite
treatment (98, 99); but GSSG concentration was not measured
in this study, and to the best of our knowledge, the Kmix for
Ras-C118 has not been determined. Therefore, the mecha-
nism of Ras glutathionylation associated with peroxynitrite
treatment remains unclear.

Specific physiological effects of Ras glutathionylation (and
subsequent activation of MEK/ERK and Akt) that might con-
tribute to atherosclerosis were not reported here; however,
it has been reported in other contexts that MEK/ERK acti-
vation within the endothelium may induce proliferation of
endothelial cells, contributing to atherogenic vascular re-
modeling (238).

Although a mechanism for endothelial Ras–SSG-induced
atherogenesis was not fully elucidated by Clavreul et al. (47),
a role for oxLDL-induced Ras glutathionylation in insulin re-
sistance was described in a subsequent study by the same
group (48) (also see section on diabetes). Here, the effects of
oxLDL-induced Ras glutathionylation were followed over a
longer time course, and cross-talk with a second signaling
pathway [insulin/insulin-receptor substrate (IRS)/Akt] was
explored. Here, as in the previous study (47), oxLDL-induced
Akt activation was transient, peaking at 15 min; however,
ERK activation was sustained (�1 h). Moreover, subsequent
activation of Akt by insulin/IRS was blunted by pretreat-
ment with oxLDL, presumably via ERK-mediated phospho-
rylation (and inactivation) of IRS (Fig. 5, right). This work
enhances understanding of downstream effects of Ras-SSG
in endothelial cells, particularly within the context of insulin
resistance. However, the distinctive effects of peroxynitrite
and oxLDL on the time course of ERK activation raise ques-
tions about the use of exogenous peroxynitrite as a physio-
logically relevant stimulus.

While studied in different vascular cells using different
oxidative stimuli, both Adachi and Clavreul report Ras—
mediated phosphorylation of Akt, which is diminished by
overexpression of Grx1. Interestingly, Wang et al. (316) re-
port an opposite correlation between Grx1 activity and Akt
activation in BAECs exposed to laminar flow. Grx1 activ-
ity approximately doubled within 5 min of exposure to
physiological flow rates, and this activation correlated to
increased phosphorylation of Akt and eNOS. Akt and
eNOS phosphorylation were augmented with overexpres-
sion of Grx1, and diminished after treatment with Grx1
siRNA, suggesting that Grx1 activity precedes their activa-
tion, although a specific mechanism was not identified.
These observations are consistent with those of Murata et
al. (207), who reported increased Akt phosphorylation in
H9c2 cardiomyoblasts overexpressing Grx1. Taken to-
gether, these studies highlight the complex relationship 
between Grx, protein glutathionylation, and Akt activity
within the cardiovascular system. Importantly, Akt is
emerging as a complicated signaling molecule within the
heart and vasculature, implicated in various pathological
signaling events, as well as in normal development and ho-
meostasis (205). It is conceivable that Grx could participate
in regulating the balance between physiological (i.e., lami-
nar flow-induced) and pathophysiological (i.e., ATII-in-
duced) Akt activation. Determining the status of Akt acti-
vation (as well as downstream effects such as eNOS activity

and vessel hypertrophy) in Grx TG and KO animals would
help address this complex situation.

An emerging contributor to atherogenesis is tumor ne-
crosis factor-alpha (TNF�), which is thought to induce ex-
pression of adhesion molecules on endothelial cells and con-
tribute to vascular smooth muscle cell apoptosis (73). Pan
and Berk (227) treated endothelial cells with a combination
of TNF� and cycloheximide (CHX), and observed Grx acti-
vation, pro-caspase-3 deglutathionylation, caspase-3 cleav-
age, and increased apoptosis. These effects were blocked by
transfection with siRNA against Grx1, leading the authors to
propose that Grx1-mediated deglutathionylation of pro-cas-
pase-3 contributes to TNF�-induced apoptosis. Importantly,
this study was the first to demonstrate glutathionylation of
pro-caspase-3 and its effect on susceptibility to cleavage, and
this report also identifies caspase-3 as another protein that
exists in a glutathionylated state under resting conditions,
becoming deglutathionylated by Grx1 in response to an ROS-
generating stimulus.

Still, there are some difficulties in interpreting the results
of this work. First, are the effects on caspase-3 glutathiony-
lation due to TNF� or CHX? This is difficult to answer be-
cause the treatment given to control cells is not explicitly
stated. Second, how closely does the TNF� concentration
given to BAECs compare to circulating levels in diseased ves-
sels? Here, a dose response curve of response to TNF� would
be informative. Finally, this study raises an important ques-
tion about the potential role of Grx in atheroprotection. In
the case of Ras, Grx levels were correlated with decreased
Ras–SSG and decreased hypertrophic signaling. In the case
of pro-caspase-3, however, Grx overexpression (and deglu-
tathionylation) led to increased apoptosis, a presumably
atherogenic event. Taken together, these results highlight the
fact that the role of Grx in cardiovascular disease may not
be entirely straightforward, with its roles in disease protec-
tion or progression dependent upon cell type, extracellular
stimuli, etc.

X. Implications of Protein S-Glutathionylation in 
Lung Disease

Oxidative stress is implicated in the etiology of various
lung diseases, including chronic obstructive pulmonary dis-
ease (COPD), (245), asthma (253), cystic fibrosis (35), fibrotic
diseases (313), and cancer (203). Although oxidative stress
has been linked to increased protein glutathionylation in var-
ious experimental models [e.g., cardiac ischemia-reperfusion
(79), H2O2 treatment of HeLa cells (290) or lymphocytes (41)],
alterations in protein–SSG status and/or Grx activity in dis-
eases of the lung remain largely unexplored. Below, we dis-
cuss preliminary evidence that protein glutathionylation
and/or alterations in Grx activity may affect progression of
various lung diseases; however, in most cases the specific
roles and/or contributions of protein glutathionylation (or
altered Grx activity) in disease etiology remains uncertain.
These considerations are illustrated in Fig. 6. 

A. Tobacco exposure

Muscat et al. (209) reported that the serum concentration
of glutathionylated proteins is greater in smokers than in pa-
tients who never smoked, with protein–SSG concentrations
correlated to cigarettes smoked per day and plasma concen-



trations of nicotine and cyanide metabolites. Whether a sim-
ilar increase in protein–SSG content occurs within the lungs
of smokers has not yet been reported. Nor is the significance
of serum protein glutathionylation status well understood.
For example, do glutathionylated serum proteins serve as
markers of disease, or do they contribute to disease etiology,
or both? Pertinent to this question is the identity of the serum
glutathionylation targets. One could imagine that glu-
tathionylation of hormone- or LDL-binding proteins (e.g.,
apoB100, see Cardiovascular section) may alter conformation
and subsequent biological activity, having a greater impact
on disease progression than glutathionylation of a protein
such as albumin. Thus, identification of serum proteins that
undergo increased glutathionylation in smokers, along with
correlation of glutathionylation with a change in protein
function, would provide insight into the contribution of glu-
tathionylation events to tobacco-related lung disease.

A potential role for protein glutathionylation in the
bronchial response to tobacco exposure is implied by Yoneda
et al. (330), who observed a 10-fold induction of Grx1 mRNA
during the first 10 h of exposure of a bronchial epithelial cell
line to tobacco smoke. However, Grx1 protein levels and in-
tracellular glutathionlyation status were not reported, so it
is difficult to deduce the potential role of protein glu-
tathionylation in this response. Interestingly, Hackett et al.
(111) report no change in Grx levels (isoform not specified)
via microarray analysis of airway epithelial cells collected
from smokers vs. nonsmokers. The basis for Grx induction

during acute vs. chronic tobacco exposure, as well as the role
of both Grx isoforms in response to smoking, remain open
questions for future study.

B. Hyperoxic injury

A role for Grx1 in hyperoxic lung injury was investigated
by Ho et al. (120), who exposed WT and Grx1 KO mice to
�99% O2 for 72 h. Lung hyperoxia has been shown to in-
duce ROS production in mitochondria (90), and typically re-
sults in destruction of the alveolar epithelium, causing in-
flammation and edema (120). Grx1 KO did not alter the levels
of hyperoxia-induced pulmonary edema or lung injury as
measured by total protein and number of neutrophils in
bronchoalveolar lavage fluid (BALF), leading the authors to
conclude that changes in protein glutathionylation are prob-
ably not the basis for hyperoxia-induced lung injury. While
this conclusion is a logical interpretation of the reported find-
ings, it would be strengthened by determination of protein
glutathionylation status in lungs from WT and Grx1 KO an-
imals, particularly upon exposure to hyperoxia. In addition,
utilization of a tissue-specific, inducible Grx1 KO animal
model would obviate the possibility of compensatory mech-
anisms during development that could mask the effects of
Grx and/or protein glutathionylation in acute response to
pulmonary hyperoxia. Therefore, the potential roles of pro-
tein glutathionylation (and Grx) in response to hyperoxic
lung injury remain uncertain.
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FIG. 6. Evidence for potential roles of protein glutathionylation and Grx activity in lung diseases. This figure depicts
the major conclusions of studies focused on protein glutathionylation and/or Grx in specific lung diseases, or in cell lines
derived from different regions of the lung.
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C. Inflammation

While embryonic knockout of Grx1 did not contribute to
hyperoxic lung injury (120), it appeared to confer an anti-in-
flammatory phenotype within the tracheal epithelium. Pri-
mary tracheal epithelial cells isolated from Grx1 KO mice ex-
hibited decreased nuclear RelA, decreased LPS-induced
NF-�B DNA binding, and decreased expression of NF-�B tar-
get genes macrophage inflammatory protein 2 and kerati-
nocyte-derived chemokine (251). These effects were attrib-
uted to the inhibitory effect of glutathionylation on I�B
kinase beta (IKK�), demonstrated separately in a cell line de-
rived from murine alveolar epithelium. To our knowledge,
this work represents the only study performed in a pul-
monary cell line in which regulation of a target protein by
glutathionylation has been well documented. However, the
role of IKK glutathionylation in inflammatory diseases of the
lung is not yet established. This question could be addressed
by determining NF-�B pathway activity, Grx1 activity, and
the glutathionylation status of IKK, (as well as other NF-�B
signaling pathway components potentially regulated by glu-
tathionylation, see sections on diabetes and cancer) in mod-
els of pulmonary diseases associated with inflammation,
such as pneumonia, asthma, and cystic fibrosis.

D. Fibrotic and granulomatous diseases

A role for protein glutathionylation in fibrotic and granu-
lomatous lung disease was addressed indirectly by Pel-
toniemi et al. (232), who compared Grx1 expression levels in
histological samples from healthy patients to those from pa-
tients with sarcoidosis, allergic alveolitis, and usual intersti-
tial pneumonitis (UIP). In healthy lung, Grx1 was found pri-
marily in alveolar macrophages and, to a lesser extent, in
bronchial epithelium. Both granulomatous diseases (sar-
coidosis and allergic alveolitis) were associated with de-
creased Grx1 immunoreactivity in macrophages and
bronchial epithelium; however, the effect of UIP on Grx1 in
these areas was not reported. In UIP, Grx1 staining was per-
formed only in fibroblast foci, which exhibited negative to
weak staining for Grx1. Importantly, this study was the first
to explore the cell-type-specific expression of Grx isoforms
in human lung, and documented decreased Grx1 protein ex-
pression in two granulomatous diseases. Important next
steps include confirming that the decrease in Grx1 expres-
sion corresponds to a decrease in function, and identifying
targets of glutathionylation that may be differentially regu-
lated as a result of diminished Grx1 in granulomatous dis-
ease.

E. Chronic obstructive pulmonary disease (COPD)

A subsequent study by the same research group explored
variations in Grx expression patterns associated with COPD
(233). In lung homogenates and alveolar macrophages col-
lected from COPD patients, Grx1 levels were slightly lower
than in samples from healthy patients. In sputum samples,
the opposite pattern was observed, with samples from COPD
patients being somewhat enriched in Grx1. Interestingly,
there was a positive correlation between the percentage of
alveolar macrophages that stained positively for Grx1 and
independent measures of lung function, such as forced ex-
piratory volume in one second (FEV1). While the basis for

this correlation is unknown, it provides a springboard for fu-
ture studies.

What could explain the altered distribution of Grx1 be-
tween macrophages and the extracellular space in COPD?
The authors speculate that in COPD, Grx1 is actively se-
creted from macrophages into the sputum and/or plasma,
where it restores protein function via catalysis of deglu-
tathionylation, simultaneously replenishing GSH in the ox-
idatively challenged airway. While this model is intrigu-
ing, evidence supporting each of the proposed events is
limited, including (a) active secretion of Grx1 from mac-
rophages, (b) maintenance of the deglutathionylation ac-
tivity of Grx1 in the oxidative extracellular environment,
and (c) the presence and activity of GSSG reductase and
NADPH (required for reduction of the Grx reaction prod-
uct GSSG to GSH) within the extracellular spaces of plasma
and sputum. Besides confirming each of these events, the
proposed role for Grx1 will require demonstration that the
small increase in extracellular Grx1 observed in COPD pa-
tients is sufficient to contribute significantly to slowing dis-
ease progression.

An alternative interpretation to the observations of Pel-
toniemi et al. is that Grx1 content may increase in cell types
other than alveolar macrophages. Indeed, the increase in
Grx1 within lung homogenates of COPD patients appears
greater than the increase observed in alveolar macro-
phages alone. Since Grx1 levels are low or undetectable in
nonmacrophages from healthy lungs (232), a small in-
crease in expression within the other cell types could con-
fer significant functional effects. Therefore, it would be in-
formative to compare Grx1 levels in other pulmonary cell
types in patients with and without COPD.

F. Summary

Cigarette smoking is linked to an increase in global
serum protein glutathionylation (209), although it is not
yet known whether this change in protein glutathionyla-
tion status serves primarily as a disease marker, contrib-
utes to tobacco-induced lung disease, or both. Glu-
tathionylation of IKK in tracheal epithelial cells inhibits
TNF�- and LPS-induced NF-�B activation (251), suggest-
ing that Grx may regulate inflammatory signaling in other
lung diseases, such as infection, asthma, and cystic fibro-
sis. Grx1 is decreased in alveolar macrophages and
bronchial epithelium in granulomatous diseases (232), al-
though the specific role for protein glutathionylation in
disease progression (or defense) remains unknown. Like-
wise, the basis for the correlation between Grx expression
and lung function (233) remains uncertain; however, it
does suggest potential roles for this enzyme (and re-
versible protein S-glutathionylation) in normal pulmonary
function. Frontiers in the field of protein S-glutathionyla-
tion in pulmonary disease are similar to those identified
for cardiovascular disease, including understanding con-
nections between protein–SSG formation, Grx activity,
and specific pathways that contribute to (or protect from)
lung disease. Another emerging question is whether glu-
tathionylated proteins in lung (or in the serum of those
with lung disease) are inert clinical markers of disease or
etiological participants in the disease process.
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XI. Implications of Reversible Protein S-
Glutathionylation in Cancer

Under normal physiological conditions, cells maintain a
redox buffer consisting of high concentrations of antioxi-
dants and antioxidant enzymes to minimize the oxidative ac-
tion of ROS/RNS. Perturbations to this cellular redox state
can lead to oxidative stress which has been acknowledged
as a significant contributing factor to the pathogenesis of 
numerous human degenerative diseases, including cancer.
Cancer cells differ from normal cells as they exhibit increased
intrinsic oxidative stress, due to a number of factors includ-
ing oncogenic stimulation, increased metabolic activity, and
mitochondrial dysfunction (110).

Early characterization of tumor metabolism by Otto War-
burg in 1924 showed that cancer cells exhibit two- to three-
fold increased glycolysis compared to normal cells, resulting
in decrease in mitochondrial ATP formation (7). According
to Warburg, cancer should be interpreted as a mitochondrial
dysfunction, whereby cancerous cells exhibit an abnormally
high ratio of glycolysis to respiration (Warburg effect). In fact
some tumor cells can survive without functional mitochon-
dria. Mitochondrial inactivation is an adaptive mechanism
and is beneficial for carcinogenesis as it removes the mito-
chondrial apoptotic pathway and simultaneously decreases
the toxicity of some chemotherapeutic drugs (taxol, gemc-
itabine) which rely on mitochondrial function (268). Re-
cently, the biochemical mechanism for the Warburg effect
was discovered showing that the embryonic M2 splice iso-
form of pyruvate kinase is exclusively present in cancer cells
and is essential for the shift in cellular metabolism to aero-
bic glycolysis and this promotes tumorogenesis (42). Most
solid tumors are characterized by regions of hypoxia. Thus,
the Warburg effect is also interpreted as a consequence of
the tumor’s hypoxic environment making glycolysis the vi-
able metabolic pathway for energy production. Interference
with redox pathways by abnormal ROS/RNS levels is prob-
ably a key event in carcinogenesis. Whereas high concentra-
tions of ROS/RNS can be toxic to cancer cells, substantial ev-
idence suggests that lower concentrations are implicated in
tumor progression (100). There is a growing body of evi-
dence suggesting that ROS act as secondary messengers in
intracellular signaling cascades that induce and maintain the
oncogenic phenotype of cancer cells (84).

A. Thiol oxidation and cancer 

ROS/RNS can react with and damage major intracellular
macromolecules like proteins, nucleic acids, lipids, and car-
bohydrates. Inherent oxidative stress in cancer tissues may
lead to reversible or irreversible oxidative modifications of
cysteine residues on sensitive proteins causing alterations in
the activity or function of the protein; (e.g., S-glutathionyla-
tion may occur within their catalytic centers or as part of pro-
tein–protein interaction interfaces). It has been reported re-
cently that PTP1B which regulates tyrosine phosphorylation
and is implicated in the development of cancer, undergoes
reversible and irreversible thiol oxidation to sulfenic,
sulfinic, and sulfonic acid derivatives that inactivates the
protein in HepG2 and A431 cells (177). Dual-specific phos-
phatase Cdc25, which is overexpressed in different tumors,
is reported to be highly susceptible to oxidation at the active
site cysteine. The rate of thiolate conversion to sulfenic acid

by H2O2 for Cdc25 was 15- and 400-fold faster than for PTP1B
and GSH, respectively (280). Thiol oxidation has been shown
to regulate the activity of various proteins involved in sig-
nal transduction, such as Ras, Jun N-terminal kinase (JNK)-
2, c-Jun NF-�B, AP-1, PKC, caspase, and thioredoxin, all of
which have important roles in the pathogenesis of cancer
(84).

B. S-Glutathionylation and signal transduction in cancer

An early report of oxidation of cysteine thiols in tumor
cells was published in 1968 (325). More recently, Cotgreave
and Gerdes reviewed the relationship between protein–S-
glutathionylation and cell proliferation (53). Over the past
decade there have been numerous reports stating S-glu-
tathionylation can modify several proteins and transcription
factors some of which are involved in the cellular signaling
of cancer (27). Mutations resulting in dysfunctional signal-
ing pathways are frequently observed in cancerous cells. Fig-
ure 7 displays key signal transduction pathways in which
regulation by reversible glutathionylation of signaling inter-
mediates has been implicated.

C. S-Glutathionylation and modulation of
kinase/phosphatase signaling pathways

The state of unregulated cell growth, a typical characteristic
of cancer, can occur by overactivation of proliferation and cor-
responding inhibition of apoptosis. A major signal transduc-
tion process that controls tumorogenesis involves kinase/
phosphatase signaling pathways, described as follows.

1. Protein kinase C (PKC). One of the prominent phos-
phorylation mechanisms in a cell is mediated by PKC, a fam-
ily of ten Ser/Thr kinases that is involved in a variety of
pathways that regulate cell growth, death, and stress re-
sponsiveness (271). PKCs control key events in tumor pro-
motion and progression by modulating mitogenesis, cell ad-
hesion, apoptosis, angiogenesis, invasion, and metastasis.
Overall increased PKC levels are associated with malignant
transformation in several cancer cell lines including breast,
lung, and gastric carcinomas (218, 250, 266).

Phosphorylation, subcellular localization, and S-glu-
tathionylation are the key modes of PKC regulation. Several
unique structural aspects of PKC make it highly susceptible
to oxidants, like the presence of cysteine-rich regions in the
regulatory as well as catalytic domains, which are required
for functional kinase activity. Human PKC isozymes have
been found to contain 16–28 Cys residues that are distrib-
uted throughout the protein sequence (27). This includes one
or two Cys-rich zinc finger regions (six cysteines per region)
in the regulatory domain, and 5–8 Cys in the catalytic do-
main. Unlike the zinc–thiolates in the regulatory domain, the
catalytic domain cysteines are uncoordinated and free to re-
act with sulfhydryl modifying agents. Chemical modifica-
tion in the catalytic domain inactivates PKC and in the reg-
ulatory domain activates it. In a study involving seven PKC
isoenzymes, it was demonstrated that the thiol-specific oxi-
dant diamide could induce S-glutathionylation in all the
isoenzymes resulting in the formation of PKC-SSG (44).
Humphries et al. reported that Cys499 of PKC� is S-glu-
tathionylated which leads to its inactivation (124). Several
other PKC isoenzymes (PKC�1, �2, �, �, �, and 	) as well as



protein kinase D were inactivated by S-glutathionylation,
with PKC � showing the most resistance (273). S-glu-
tathionylation of one to three redox sensitive cysteines is suf-
ficient to fully inactivate the kinase activity of most PKC
isozymes (43). In view of the large cysteine contents in the
catalytic domain of PKCs, it is expected that PKCs are highly
susceptible for inactivation by S-glutathionylation. Activated
PKCs can modulate several signal transduction cascades that
are important in carcinogenesis and its inhibition by S-glu-
tathionylation can modulate cancer cell survival or death.
Due to its dual role in cell signaling, PKC can be a functional
target for anticancer agents as well as tumor promoters.

2. PI3-kinase and Akt. Akt [also known as protein kinase
B (PKB)] is a serine/threonine kinase that has an important
role in cancer as it has a key position in the signaling cas-
cade at the branchpoint at which the apoptotic and prolif-
erative pathways diverge (Fig. 7). The initial stages of Akt
pathway are the activation of membrane bound receptors
which then recruit PI3-kinase (PI3K) that further recruits
Akt to the membrane. At the membrane, Akt is activated
by phosphorylation at Thr308 and Ser473 (58) by kinases
including PDK1 (phosphoinosityl dependent kinase 1) and
PKCs. This releases Akt from the membrane and the pro-
tein is translocated to the cytosol and the nucleus. Activated
Akt phosphorylates a variety of substrates like IKK (in-
volved in NF-�B pathway), murine double minute 2, also
known as mdm2 (involved in p53 pathway), Bad (a pro-
apoptotic member of the Bcl-2 family), caspase 9 (mito-
chondrial apoptotic pathway), forkhead transcription fac-
tors (death receptor pathway), GSK-3 (glycogen synthase
kinase-3), p27 and p21 (cell cycle regulation) (100), all of
which play significant roles in cancer. The activation of Akt
increases both the rate of cellular proliferation and the re-
sistance of cells to apoptosis.

The activity of Akt is directly or indirectly modulated by
S-glutathionylation. The Akt pathway is negatively regu-
lated by several phosphatases. The tumor suppressor PTEN
(phosphatase and tensin homologue deleted from chromo-
some 10) directly opposes PI3K and is an important target
for redox regulation. In a recent report it was suggested that
in macrophages ATP-induced ROS inactivate PTEN by glu-
tathionylation, which shifts the equilibrium towards the
PI3K and activates the Akt pathway (56). Further down-
stream, Akt can be dephosphorylated by serine/threonine
protein phosphatase PP2A which has been also reported to
be regulated by S-glutathionylation. Evidence suggests that
in human colon carcinoma Caco-2 cells, PP2A is inhibited by
H2O2 and the process involves glutathionylation (247). Akt
deactivation by phosphatses can trigger multiple cell death
pathways. Since S-glutathionylation inactivates the phos-
phatases of the Akt pathway, it serves as a mechanism lead-
ing to the activation of the cell survival pathways in cancer.
Therefore increasing glutathionylation of the phosphatases
of the Akt pathway via inhibition of glutaredoxin would rep-
resent a strategy for chemoprevention.

3. Protein tyrosine phosphatase (PTP). Protein tyrosine
phosphatases regulate signal transduction pathways involv-
ing tyrosine phosphorylation, implicated in the development
of cancer. Phosphorylation of tyrosine residues of various
target proteins has been found to be mediated by generation
of ROS (27). Lee et al. showed that EGF stimulation of hu-
man epidermoid carcinoma cells, A431 leads to ROS-medi-
ated reversible inactivation of one of the PTP isoforms,
PTP1B (165). Later Barrett et al. demonstrated that PTP1B
was oxidized at its Cys215 to sulfenic acid which reacted
with GSH to form a more stable mixed disulfide PTP1B-SSG
(20). Furthermore they also documented by MS analysis that
PTP1B isolated by immunoprecipitation from EGF-stimu-
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FIG. 7. Apoptosis/survival
signaling pathways that are
regulated by reversible S-glu-
tathionylation. This figure
displays key signal transduc-
tion pathways in which regu-
lation by reversible glu-
tathionylation of signaling
intermediates has been impli-
cated. Target proteins that
may play regulatory roles, and
for which alteration in func-
tion due to glutathionylation
has been reported in some
context, are designated as pro-
tein-SSG [e.g., protein phos-
phatase 2A (PP2A)-SSG, phos-
phatase and tensin homologue
deleted from chromosome 10
(PTEN)-SSG, protein kinase C
(PKC)-SSG].
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lated A431 cells was S-glutathionylated at its active site
Cys215 which resulted in the inactivation of the phosphatase
(19). Most recently, Lou et al. reported that in reponse to ROS
produced constitutively by HepG2 and A431 human cancer
cells resulted in oxidative inactivation of endogenous PTP1B.
They also reported mass spectral analyses showing re-
versible and irreversible oxidation specifically on the Cys215
residue, whereas the other five cysteines of the PTP1B re-
mained reduced (177). The authors reported the relative sto-
chiometry of the reversible and irreversible thiol oxidation
states of Cys215 that they analyzed. In HepG2 cells, Cys-SH
(32%), Cys-SOH (25%), Cys-SO2H/Cys-SO3H (43%); and in
A431 cells Cys-SH (13%), Cys-SOH (49%), Cys-SO2H/Cys-
SO3H (38%). In the intracellular milieu, where GSH is abun-
dant, the sulfenic acid (Cys-SOH) is expected to be converted
facilely to the S-glutathionylated form, as shown previously
by Barrett et al. in EGF-treated A 431 cells (20). Therefore, it
is not clear why at least some amount of PTP1B-Cys215-SSG
is not reported or discussed in the context of the study of the
constitutive state of PTP1B in the same A431 cells (177). Nev-
ertheless, reversible oxidation and S-glutathionylation of
phosphotyrosine phosphatases resulting in their inactivation
are likely regulatory mechanisms in tumor signal transduc-
tion.

4. c-Jun N-terminal kinase (JNK). JNK, a stress activated
protein kinase (SAPK), has been implicated in pro-apoptotic
signaling in cancer and may mediate the cytotoxicity of a va-
riety of chemotherapeutic agents. JNK is a member of the
MAPK family of protein kinases controlled by the serial ac-
tivation of three upstream elements of a protein cascade. p38
MAPK and SAPK/JNK triggers the pro-apoptotic pathway,
whereas ERK/MAPK signals the pro-survival pathway. In
general, oxidative stress is correlated with the activation of
the SAPK/JNK, p38 MAPK as well as ERK/MAPK kinases,
but the relative control of one pathway over the other de-
termines proliferation or apoptosis of the cancer cells and
also their susceptibility or resistance to chemotherapeutics.
The first characterized and well-known JNK kinase kinase is
MEKK1 (MAPK/ERK kinase kinase 1), which is known to
phosphorylate and activate the MKK4. ASK-1 (apoptosis sig-
nal-regulating kinase 1) is also reported to phosphorylate
MKK4 at identical sites (SAPK/ERK kinase/mitogen-acti-
vated protein kinase kinase 4) which then further down-
stream activates JNK. ASK-1 has a clear role in signaling JNK
towards apoptosis whereas activation of MEKK1 is known
to transmit a survival signal. Using in vitro assay as well as
direct analysis of MEKK1 purified from H2O2 and menan-
dione-induced human prostate cancer cells LNCap, Cross
and Templeton reported that the inhibition of MEKK1 in-
volves S-glutathionylation at Cys1238, which is present in
the ATP-binding pocket of the kinase, thus interfering with
the catalytic activity of the enzyme (55). In another context
ASK-1 was reported to be activated under oxidative condi-
tions according to a mechanism involving dissociation of
thioredoxin from a binding site at the N-terminus of ASK-1
which is inhibitory (260). In breast cancer and prostate can-
cer cells, Grx1 also has been reported to bind ASK-1, but at
its C-terminus (281); and this association is also disrupted
under oxidative conditions resulting in ASK-1 activation and
stimulation of downstream pathways like JNK and p38 (282).
These alternative mechanisms for regulation of MEKK and

ASK-1 may explain the paradox whereby both MEKK1 and
ASK-1 phosphorylate MKK4, the upstream kinase of JNK,
ASK-1 promotes apoptosis while MEKK1 provides a cell sur-
vival signal. Thus, increasing S-glutathionylation and con-
comitant inactivation of MEKK1 by inhibiting glutaredoxin
could represent a therapeutic approach against certain can-
cers (Fig. 8). Another mechanism for inactivation of JNK has
been proposed, involving interaction with GSTpi. Various
glutathione S-transferases (GST-alpha, -mu, -pi and -theta)
have been reported to play a regulatory role in cell signal-
ing by associating with critical kinases involved in cellular
responses to stress, apoptosis, and proliferation (318). In par-
ticular, GST-pi was reported to bind and inhibit JNK. In un-
stressed cells, low JNK catalytic activity is maintained
through its sequestration within a protein complex that in-
cludes GST-pi, JNK, and c-Jun. Under oxidative or nitosative
stress (a common feature of cancer cells), all three of the
above proteins are susceptible to S-glutathionylation, ap-
parently disrupting the GSTpi–JNK complex so that free JNK
is able to act on downstream gene targets like c-Jun; and
GSTpi self-associates as oligomers (301). GSTpi undergoes S-
glutathionylation at Cys47 and Cys101, both residues being
crucial for the interaction with JNK.

JNK activation has also been reported to be mediated by
sulfenic acid modification in immortalized ovarian cancer
cells (HeLa cells) following ROS generation by TNF� (141).
In this report the authors reported that TNF�-induced ROS
cause the oxidation and inhibition of JNK-inactivating phos-
phatases like PTPs by converting their catalytic cysteines
(Cys293) to sulfenic acids. This resulted in sustained JNK 
activation that then could trigger the apoptotic cascade. In
the intracellular environment of high GSH, it expected 
that the sulfenic acids would be readily converted to 
S-glutathionylated mixed disulfides, but only the sulfenic
acid derivatives were reported in this study. Figure 8 depicts
several sites in the JNK pathway and in other signaling path-
ways in cancer cells where reversible S-glutathionylation is
a potential regulatory mechanism.

5. H-Ras. Ras is a member of the small GTPase super-
family, its activity depending on the binding of GTP. Muta-
tions of the Ras proto-oncogene (H-Ras, N-Ras, K-Ras) are
found in �25% of all human tumors. Most of these muta-
tions result in abrogation of normal GTPase activity of Ras.
The Ras mutants can still bind to GTPase-activating protein
(GAP), but cannot catalyze GTP hydrolysis. Malignant trans-
formation may arise from the unregulated stimulation of Ras
signaling pathways, which either stimulate growth or inhibit
apoptosis. H-Ras has been implicated both as an initiator of
oxidant-related signaling as well as a target of oxidative reg-
ulation. It has been suggested that the oxidative signals are
relayed to the extracellular signal-related kinase (ERK) path-
way through H-Ras. Out of the six cysteine residues of H-
Ras, four (118, 181, 184, and 186) are exposed to the surface
and can be potentially oxidized by oxidative and nitrosative
stresses during normal and pathological cellular events (184).
In vascular smooth muscle cells following angiotensin II
treatment, there is S-glutathionylation of H-Ras at Cys118,
which is an activating event (1). The finding that Cys118,
serves as a redox-sensitive switch that mediates Ras activa-
tion by S-glutathionylation has broad implications for redox
regulation of cell signaling and cancer. Though H-Ras is an



important protein in the regulation of cancer, there are no
studies of S-glutathionylation of Ras in cancer cells and
hence definitely deserves attention.

D. S-glutathionylation and modulation of the 
proteasome pathway

Several signaling pathways in cancer, which involve criti-
cal cellular processes like cell cycle, cytokine-induced gene ex-
pression, differentiation, cell death, and stress response are
known to be under regulation by the ubiquitin–proteasome
pathway. Proteins once ubiquitinated are targeted to the pro-
teasomes for further proteolytic cleavage in a cascade involv-
ing three enzymes E1, E2, and E3 (the proteolytic enzyme com-
ponent of the proteasomes). C-Jun, NF-�B, and p53 are some
of the well-known transcription factors that are involved in
cell death and survival in cancer and are known to be regu-
lated by the ubiquitin–proteasome pathway (49, 109). It has
been demonstrated that the E1 and E2 components of the ubiq-
uitin pathway are reversibly inhibited by S-glutathionylation
during oxidative stress (219), which causes a shut down of the
proteosomal degradation process. Glutathionylation of ubiq-
uitin ligases can result in cancer promoting as well as cancer
prevention effects. If ubiquitination and proteasomal degra-
dation are a requirement for activation of a survival pathway
[e.g., the NF-�B pathway (see below)], then glutathionyla-
tion/inactivation of ubiquitin ligases would have a tumor in-
hibitory effect. If instead ubiquitination and proteosomal

degradation lead to inactivation of any of the proteins in-
volved in a pro-apoptotic pathway like JNK/cJun, then glu-
tathionylation and inhibition of ubiquitin ligases would have
a tumor promoting effect.

There is some evidence that the ubiquitin–proteasome sys-
tem is also involved in elimination or inactivation of car-
cinogenic species, suggesting a strategy for cancer chemo-
prevention. The Kelch ECH associating protein 1-nuclear
factor-E2-related factor 2-antioxidant response element
(Keap 1-Nrf2-ARE) signaling pathway is an example (329).
Under physiological conditions, Nrf2 is sequestered in the
cytoplasm as an inactive complex with Keap1. Under ox-
idative stressed conditions, Keap 1 undergoes ubiquitination
that allows Nrf2 to translocate to the nucleus, inducing the
expression of antioxidant enzymes via its binding to
ARE/EpRE (210). The Nrf2-mediated response diminishes
susceptibility to carcinogenesis, acute chemical toxicity, ox-
idative stress, asthma, acute inflammation, septic shock, and
neurodegenerative diseases. Hence inactivation of ubiquitin
ligases by S-glutathionylation could have a negative impact
on elimination and inactivation of carcinogenic species by
inhibiting the Nrf pathway.

E. S-Glutathionylation modulation of transcription factors 
(c-Jun, NF-�B, p53, AP-1)

Many redox-responsive transcription factors, such as 
AP-1, p53, NF-kB, cyclic AMP-response element binding
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FIG. 8. S-glutathionylation as a regulator of the JNK and MAPK signaling pathways in cancer. This figure depicts sev-
eral sites in the JNK pathway and in other signaling pathways in cancer cells where reversible S-glutathionylation may
serve as a potential regulatory mechanism (e.g., Ras-SSG, MAPK/ERK kinase kinase 1 (MEKK1)-SSG, c-Jun-SSG, glutathione
S-transferase (GSTpi-SSG).
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protein (CREB), and Sp-1 (specificity protein-1, involved in
gene expression during early development), have conserved
cysteines that are susceptible to thiol modification. A grow-
ing body of data indicates that modification of cysteine 
moieties in some redox-sensitive transcription factors inter-
feres with their binding to DNA, thereby regulating target
gene expression. Here we briefly review the effect of 
S-glutathionylation on transcriptional activity of NF-�B, 
c-Jun, AP-1, and p53.

1. NF-�B. NF-�B belongs to the Rel family and plays an
important role in the transcription of anti-apoptotic genes in
cancer. Among the five subunits that may comprise dimeric
NF-�B, Rel B, and C-Rel activate transcription, and p50 and
p52 possess DNA-binding properties. Rel A (p65) is known
to participate in both DNA binding and transcription. The
inactive form of NF-�B is localized in the cytoplasm through
interaction with I�B repressor proteins (144). Upon oxidative
stimulation, these IkB proteins are rapidly phosphorylated
by IkB kinase � (IKK�) and � (IKK�) and degraded via the
ubiquitin–proteasome pathway. NF-�B then becomes free to
translocate to the nucleus, where it binds to DNA and acti-
vates various anti-apoptotic genes, including Bcl-xL, Bcl-2,
A1, tumor necrosis factor receptor-associated factors 1 and
2, cellular inhibitors of apoptosis (cIAP), and X chromosome-
linked inhibitor of apoptosis (XIAP/hILP). NF-�B is acti-
vated during hypoxia and its inhibition by GSH supple-
mentation induces apoptosis in mouse embryonic fibroblasts
(MEFs), pancreatic adenocarcinoma, as well as lung cancer
cells (242, 243). The NF-�B survival pathway has been shown
to be regulated by S-glutathionylation at multiple steps. IKKs
are upstream kinases that phosphorylate I�Bs as well as p65-
NF-�B itself. Raynaert et al. reported that, in alveolar ep-
ithelial cells, IKK� is a prime target of oxidative inactivation
by H2O2 through S-glutathionylation at Cys179, which likely
occurs through a sulfenic acid precursor (251). Cys179 S-glu-
tathionylation inactivates IKK� and hence represses I�B�
degradation as well as NF-�B transactivation. In contrast, in
pancreatic cancer cells exposed to hypoxia and GSH sup-
plementation (by N-acetylcysteine, NAC), the control point
for inhibition of p65-NF-�B lies downstream of I�B� degra-
dation. In these cells, nuclear translocation is not affected;
instead, the data support a mechanism whereby p65-NF�B
itself undergoes Grx-mediated S-glutathionylation, which
inhibits p65-DNA binding and transcription of survival
genes (242). Another group reported that p50–NF-�B is sus-
ceptible to S-glutathionylation on Cys62, thereby inhibiting
DNA binding (237). Thus therapeutic strategies that would
selectively enhance S-glutathionylation of components of the
NF-�B pathway would be effective in treating cancers that
depend on NF-�B as their major survival pathway.

2. AP-1, c-Jun. c-Jun is the major component of the AP-1
transcription factor that regulates a large number of genes
involved in cell proliferation, differentiation, and apoptosis,
thus playing a critical role in cancer. AP-1 is either homo- or
heterodimers consisting of the members of Jun (c-Jun, Jun B,
and Jun D) and Fos (c-Fos, FosB, Fra-1, and Fra-2) families,
which interact each other through their basic leucine-zipper
domain. Regulation of cellular AP-1 activity occurs via two
mechanisms: one is an increase in the transcription of c-fos
and c-jun, and the other is the phosphorylation of c-Fos and

c-Jun proteins. The reduced state of critical cysteines present
in the DNA-binding domain of both AP-1 and c-Jun is es-
sential for effective DNA binding. Klatt et al. reported that
binding of AP-1-c-Jun subunit to the DNA depended on the
cellular GSH/GSSG ratio (156). A decrease in GSH/GSSG
ratio provided a redox potential that induced S-glutathiola-
tion of c-Jun at Cys269 as well as formation of an intermol-
ecular disulfide bridge between conserved cysteines of the
dimerization domain of the DNA binding site. Binding site
analysis demonstrated that S-glutathionylation sterically
blocked DNA binding. However, these experiments for S-
glutathionylation were performed with isolated recombinant
c-Jun. Hence it is not known whether this modification of c-
Jun occurs intracellularly. Nonetheless, the observation has
implications in cancer since a variety of carcinogenic insults,
including phorbol ester and UV irradiation, stimulate AP-1
transcriptional activity (291). Therefore, suppression of ab-
normal activation of AP-1 through S-glutathionylation of c-
Jun would be important from a therapeutic standpoint, but
it requires more study.

3. p53. The tumor suppressor p53 is mutated in roughly
30%–50% of human cancers. p53 has been known to plays a
vital role in maintaining genomic integrity by cell cycle con-
trol, DNA repair, differentiation, and apoptosis. Mice deficient
in p53 expression develop normally but are highly susceptible
to cancer, whereas mice that overexpress p53 exhibit a short
lifespan and develop age-associated phenotype, including os-
teoporosis and organ atrophy (126, 289). p53 has 10 cysteine
residues, all of which are present within the DNA-binding re-
gion and mutagenesis of these cysteines leads to complete loss
of DNA binding (246). Several studies demonstrate that cys-
teine oxidation inhibits p53 DNA binding (271)

p53 mediates cell cycle regulation, DNA repair, and the
cell’s response to various stresses including oxidative stress,
DNA damage, and chemotherapeutics. Recently, it was re-
ported that p53 is S-glutathionylated in human colon cancer
cells, and the sites of glutathionylation were identified by
mass spectral analysis as the C124, C141, and C182, all pres-
ent in the proximal DNA binding domain (310). Glu-
tathionylation of p53 is also implicated in inhibition of
oligomerization, thus preventing transcriptional activation
(310). Marginal p53 glutathionylation was observed in the
cancer cells under physiological thiol concentration, but it
was increased during oxidant (H2O2) or anticancer drug
(campothecin or cisplatin) treatment (310). Glutathionylated
p53 was observed also in the nucleus, but p53-SSG is inca-
pable of binding to transcription factors (310). Since p53 is a
key player in the expression, of many proapoptotic genes
(PUMA, Bax, etc.), it is tempting to speculate that inactiva-
tion of the tumor suppressor by glutathionylation may rep-
resent an acute adaptation strategy for suppressing the apop-
totic signals generated in stressed cells; however, further
studies are required to test this hypothesis.

4. Caspases. Caspases, a family of cysteine proteases, play
an integral part in the execution phase of apoptosis and
hence are important in cancer cell signaling. In this regard,
there is one report that procaspase-3 cleavage is inhibited by
S-glutathionylation, and its reactivation is regulated by
glutaredoxin (227). Whether an analogous regulatory mech-
anism may be operable in cancer cells remains to be seen.
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5. Ku. Ku is a multifunctional DNA repair protein that ex-
ists as a heterodimer, consisting of Ku 70 and Ku 80. Ku is
also characterized as an anti-apoptotic factor, and as a par-
ticipant in maintenance of telomere length. A recent minire-
view summarized the roles of Ku in cell proliferation and
apoptosis in gastric cancer and pancreatic acinar cells (153).
Under stressed conditions, decreases in nuclear Ku 70 and
Ku 80 tip the balance toward apoptosis. There are various
pathways that could lead to loss of Ku in the nucleus and
inhibit its DNA binding and anti-apoptotic functions. Sev-
eral lines of evidence suggest that glutathionylation could
regulate Ku, at least indirectly. For example, under oxida-
tive stress conditions in pancreatic acinar cells Ku 70 and Ku
80 were shown to be degraded by activated caspase-3 (153).
Hence S-glutathionylation could regulate Ku indirectly un-
der conditions where procaspase-3 activation is blocked by
glutathionylation (described above). The ubiquitin–protea-
some pathway also plays a role in decreasing Ku 70 levels
in drug-induced apoptosis (94), implying that S-glu-
tathionylation of ubiquitin ligases (described above) might
also have an indirect effect on the anti-apoptotic function of
Ku. Also Ku expression in gastric carcinoma cells is medi-
ated by the NF-�B pathway which is known to be regulated
by glutathionylation in other contexts (153, 237, 242, 251,
274). Ku also acts as a regulator of transcription by interact-
ing with recombination signal binding protein J� and NF�B
p50 homodimer to upregulate the p50 expression which may
control proliferation of gastric cancer cells.

There is also one study that purports to provide evidence
for direct glutathionylation on Ku. Here the authors de-
scribed the role of glucose 6-phosphate dehydrogenase
(G6PD) in control of NADPH production and global protein
glutathionylation, and interpreted their results to relate glu-
tathionylation to the loss of Ku 70 function (17). In G6PD-
deficient cells where protein glutathionylation occurs to a
greater extent in response to treatment with hydroxyethyl
disulfide (HEDS), they observed inhibition of Ku binding to
DNA, which may imply enhanced apoptosis. However, Ku
binding to DNA was not affected by HEDS in the wild type
or G6PD revertant cells, where there is less global protein
glutathionylation. Thus, this article provides only indirect
data for the interpretation that Ku 70-SSG formation occurs
and is responsible for loss of Ku function, but several other
interpretations are plausible (as described above).

F. Modulation of S-glutathionylation as a
chemotherapeutic strategy for cancer

In humans, the time span between the first cellular mod-
ifications and diagnoses of cancer or death may involve sev-
eral decades. Carcinogenic processes occur in three stages:
initiation, promotion, and progression. Since cancer is usu-
ally not diagnosed until the progression phase, chemopre-
vention would have to cover almost the entire carcinogenic
process and at later stages would not be specific of a
causative carcinogen. Since reversible S-glutathionylation is
likely to modulate an array of protein functions and signal-
ing cascades that play an important role in tumor develop-
ment, progression, and metastasis, it is an attractive target
for drug design.

A primary reason for failure of cancer treatment and re-
lapse in patients is the acquired or intrinsic resistance to an-
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ticancer therapies. Drug resistance in cancer has been attrib-
uted to various factors. Involvement of the PKC family in
multidrug resistance was first reported in 1988 (88). Due to
its widespread involvement in cancer and other cellular sig-
naling processes, PKC, which is susceptible to regulation by
S-glutathionylation, was considered as a viable target for can-
cer drug development. However, therapeutically targeting
PKC has been unsuccessful at the Phase II and Phase III lev-
els due to the complexity of the PKC family and their dif-
fering roles within different tumors (180).

Another factor responsible for drug resistance is the over-
expression of detoxification enzymes like glutathione-S-
transferases (GSTs). Over the last three decades it has been
shown that chemoresistant tumors have an overexpression
of GST isozymes which leads to accelerated detoxification of
drug substrates causing the acquired resistance in cancer
(196). GSTs are a family of Phase II detoxification enzymes
that can regulate a variety of critical kinases like JNK, ASK1,
MAPK, and it also has been interpreted that they may facil-
itate S-glutathionylation of target proteins under certain
drug treatments (295); however this proposed mechanism is
not well established (see ref. 92). Recent anticancer drug de-
velopment programs using the platform of GSH, GSTs, and
thiol homeostasis have demonstrated that, by promoting
thiol oxidation locally, the tumor environment can be ren-
dered toxic to malignant cells (100). Apart from designing
GST inhibitors, another pharmacological approach is to de-
sign prodrugs which are inactive agents that are converted
to active cytotoxics upon exposure to tumor tissues, mini-
mizing toxicity towards surrounding normal tissues. En-
hanced expression of GSTs in many tumors makes them a
promising target for prodrug therapy. The GST-pi prodrug
Telcyta (TLK286) has entered Phase III clinical trials (100).
Two other agents in preclinical development utilize the pro-
drug approach and target S-glutathionylation of proteins.
One is NOV-002, a pharmacologically stabilized form of
GSSG, and the other is a nitric oxide (NO) releasing GST-pi
activated prodrug PABA/NO, both of which can promote
glutathionylation of a number of cellular proteins involved
in cancer signaling (302, 303). Thus, therapeutic strategies
that target S-glutathionylation may be particularly appro-
priate for incorporation into combination therapies and may
offer new promise for cancer drug development. Figure 9
summarizes the potential glutathionylation targets that are
implicated in cancer cell progression or apoptosis.

G. Conclusions

Despite the substantial progress in identifying the bio-
chemical events associated with the multistage process of
carcinogenesis, the elucidation of molecular and cellular 
targets of chemopreventive agents still remains a major 
challenge. S-glutathionylation regulates a variety of cellular 
processes involved in cancer cell signaling. The list of S-glu-
tathionylated proteins as well as the structural and func-
tional significance of the modification is still incomplete.
There is still a lot unknown in the field of S-glutathionyla-
tion and its significance in cancer. Future studies in under-
standing the mechanism and consequences of S-glu-
tathionylation in cancer will not only improve our
knowledge but also enable us to target this post-translational
modification as a therapeutic strategy in cancer.



XII. Implications of Protein S-Glutathionylation in
Neurodegenerative Diseases

Neurodegenerative diseases are characterized by a grad-
ual but progressive loss of neurons. These diseases cause
devastating effects on the patient and are currently only
treated palliatively. The classical neurodegenerative diseases
include AD, Parkinson’s disease (PD), Huntington’s disease
(HD), amyotrophic lateral sclerosis (ALS), and Friedriech’s
ataxia, each of which will be discussed further (see below).
Multiple factors have been thought to contribute to neuronal
loss through cell death including protein misfolding, excito-
toxicity, activation of cell death pathways, mitochondrial
dysfunction, increased iron deposition, and oxidative stress
through the overexposure to RNS and ROS (29, 216). The
major risk factor associated with neurodegeneration is aging
(174). Aging is thought to allow for the accumulaton of mi-
tochondrial DNA mutations coinciding with a diminished
electron transport chain function and diminished production
of ATP. Dysregulated cytosolic calcium and poor mitochon-
drial membrane integrity also occur with aging (216). These
combined changes make an environment of elevated oxida-
tive stress which must be counteracted by cellular antioxi-
dants. As discussed above, S-glutathionylation of proteins is
a posttranslational modification that appears to be vital for
regulation of signal transduction in many cellular contexts.
Oxidative stress, a hallmark of neurodegenerative diseases,

promotes S-glutathionylation, resulting in disruption of nor-
mal signaling and potentially accelerating disease progres-
sion.

A. Oxidative stress and neurodegeneration

The brain is highly susceptible to oxidative stress as com-
pared to other organs due to its requirement for excessive
use of glucose for energy, as well as its inability to undergo
cellular regeneration. These characteristics coupled with the
major risk factor for neurodegeneration, aging, make it easy
to conceive that oxidative challenges are involved in the dis-
ease process (6). Also, postmortem brain tissues from pa-
tients with neurodegenerative diseases show increased side
effects of oxidative stress including oxidation of DNA, pro-
teins, and lipids (127).

In neurodegeneration, oxidative challenges are met with
an insufficient antioxidant defense mechanism. For example,
in PD, glutathione, the cell’s major thiol reducing agent, is
diminished where the magnitude of depletion dictates the
severity of the disease. Also in AD, antioixidant defenses are
reduced including superoxide dismutase, catalase, and glu-
tathione reductase (6). Paradoxically, in ALS, the superoxide
dismutase gene (SOD1) is mutated causing overproduction
of superoxide dismutase. Despite the elevation of SOD,
transgenic mice expressing a familial variant of the SOD1
mutation known to produce ALS have increased lipid per-
oxidation, DNA oxidation, and protein oxidation within the
ALS affected portion of the brain comprising the motor neu-
rons (6).

B. Sources of reactive oxygen and nitrogen species 
in brain

The main source of reactive species within the brain is the
mitochondrial electron transport chain. Because the brain re-
quires �20% of the total body respiration despite its rela-
tively small mass, the amount of ROS produced through
leakage from the electron transport chain is meaningful (279).
Through the electron transport chain the byproduct, super-
oxide, is produced mainly at complex I and complex III. Also,
on the outer membrane of the mitochondria lies monoamine
oxidase, which produces hydrogen peroxide as a byproduct
of its oxidative deamination (174, 248). This may be of par-
ticular importance in PD with increased dopamine turnover
increasing the amount of hydrogen peroxide produced
through its oxidative deamination by monoamine oxidase B
(222). Another source of ROS within the mitochondria oc-
curs in the Krebs cycle, specifically through �-ketoglutarate
dehyrogenase. Other sources of oxidants arise from NADPH
oxidase, which is present in astrocytes, microglia, and neu-
rons. Flavoproteins and other oxidases form hydrogen per-
oxide contributing to the overall oxidant content within the
cell body. And lastly, inflammatory cells present within the
brain are sources of RNS and ROS. Inhibition of nitric oxide
synthase (NOS) has been shown to be neuroprotective, im-
plicating NOS in the production of radicals which can pro-
duce peroxynitrite and hydrogen peroxide (127).

During neurodegenerative disease, aging is often a char-
acteristic of the majority of patients. Aging affects mito-
chondria by increasing the number of mtDNA mutations and
increased ROS production from the electron transport chain.
The mutations may alter the accuracy of the electron trans-
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FIG. 9. Potential targets of S-glutathionylation that are in-
volved in cancer development and apoptosis. This block di-
agram lists various potential glutathionylation targets (cen-
tral portion of the figure) and depicts how they are implicated
in cancer cell progression or apoptosis (see text for further
explanation).
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port chain resulting in increased production of ROS (249).
Also, within aged neurons, calcium fluxes are less controlled,
which creates a calcium overload leading to increased ox-
idative stress (192). Below is a discussion of major neurode-
generative diseases followed by the role of glutaredoxin and
glutathionylation in the disease process.

1. Alzheimer’s disease. Alzheimer’s disease (AD) is the
most common neurodegenerative disease where patients ex-
perience progressive cognitive deterioration, behavioral
changes, and neuropsychiatric changes. Alzheimer’s disease
is characterized by amyloid � toxicity leading to senile
plaques, mitochondrial dysfunction, and hyperphosphory-
lated Tau leading to neurofilbillary tangles, all of which con-
tribute to oxidative stress (214, 216). It is noteworthy that
mutations in presenilin, which plays a regulatory role with
HIF-1� in pancreatic beta-cells, have been implicated in the
development of AD and patients with type 2 diabetes are re-
ported to develop amyloid plaques (76). Thus, there may be
a connection between the oxidative stress conditions of AD
and diabetes. Oxidative imbalances within AD lead to de-
creased abundance of free sulfhydryls on proteins from iso-
lated hippocampal sections of AD postmortem brains as
compared to controls. These postmortem samples from AD
patients show an increased amount of glutathione reductase
and glutathione peroxidase implicating an antioxidant de-
fense response (4). Also, Grx levels are also upregulated in
AD (5).

2. Parkinson’s disease. Parkinson’s disease (PD) is the
second most common neurodegenerative disease charac-
terized by loss of catecholaminergic neurons from the sub-
stantia nigra. PD patients experience bradykinesia, muscle
rigidity, resting tremor, and postural instability (254). PD
has been attributed to both genetic and environmental fac-
tors leading to overt oxidative stress, mitochondrial dys-
function, and protein aggregation (181). The pathogenesis
of PD has been reported to include increased dopamine
turnover, diminished glutathione content, and increase iron
in the substantia nigra (222). Within PD, inhibition of com-
plex I, the initial enzyme in the electron transport chain,
impairs energy production, and increases oxidant produc-
tion. Complex I inhibition has been shown as a hallmark
characteristic of PD, and is currently the target of several
chemical agents, including MPTP (N-methyl-4-phenyl-
1,2,3,4-tetrahydropyridine), that are used to create animal
models of PD (306).

3. Huntington’s disease. Huntington’s disease (HD) is an 
autosomal dominant disease that causes degeneration of
medium spiny GABAergic neurons in the striatum. Its char-
acteristic neurodegerentation causes a progressive atrophy
of the caudate nucleus, putamen, and global pallidus. HD is
a genetic disease caused by a CAG repeat expansion of exon
1 in the gene for the Huntington protein. Oxidative stress is
present in HD as represented by increased DNA oxidative
products and elevated DNA strand breaks. Oxidative chal-
lenges present with HD are thought to arise from poor mi-
tochondrial membrane integrity. Complex II and complex III
of the electron transport chain show impaired function (185).
HD patients also show decreased ATP levels probably due

to the inhibition of complexes II and III. An increase in cy-
tosolic Ca2� is also seen (216).

4. Amyotrophic lateral sclerosis. Amyotrophic lateral scle-
rosis (ALS) is a devastating disease resulting in progressive
skeletal muscle weakness, muscle atrophy, paralysis, and ul-
timately death within 2–5 years of onset. ALS results from a
progressive degeneration of motor neurons within the ven-
tral horn of the spinal cord, brainstem, and motor cortex. De-
generation also occurs within the corticospinal tract. Ap-
proximately 20% of patients have a mutation in the superoxide
dismutase 1 (SOD1) gene, however, the majority of patients
have normal SOD1 activity. Other cellular characteristics of
ALS include a loss of mitochondrial membrane potential and
increased cytosolic calcium (216).

5. Freidreich’s ataxia. Freidreich’s ataxia is the most com-
mon hereditary ataxia leading to degeneration of large sen-
sory neurons and spinocerebellar tracts. Other characteris-
tics of this disease include cardiomyopathy, and increased
incidence of diabetes. Patients most often are homozygous
for a hyperexpansion of the first intron in the frataxin gene.
This leads to increased accumulation of iron in the mito-
chondria leading to increased oxidative stress (230). In Frei-
dreich’s ataxia, blood samples from patients showed de-
creased abundance of free glutathione with very little
changes in total glutathione content. Also, an increase in glu-
tathione bound to hemogoblin was discovered (235).

C. Glutaredoxin and neurodegeneration

Glutaredoxin has been shown to be expressed throughout
the brain giving its high activity in the brain similar to that
found in liver (81). Grx2 was also recently shown to be ac-
tive in both mouse and human brain (147). Despite Grx ac-
tivity in brain, it has not been extensively studied in many
neurodegenerative disease models. PD is modeled in mice
with the treatment of a specific complex I inhibitor, 1-methyl-
4-phenyl-1,2,3,6 tetrahydropyridine (MPTP). Upon treat-
ment with MPTP, mice show an increase in Grx activity fol-
lowed by a restoration of complex I activity implicating the
necessity of Grx to complex I regulation. Using antisense to
Grx1 recovery of complex I activity was inhibited (150). Im-
munohistochemical studies performed on AD brains showed
increased expression of Grx in healthy neurons, however in
neurons showing signs of neurodegeneration, Grx im-
munoreactivity was decreased compared to neurons from
control brains (5). As discussed previously, Grx is the spe-
cific and efficient deglutathionylase allowing redox regula-
tion of multiple proteins through S-glutathionylation. Alter-
natively, Grx has been shown to regulate activation of
apoptosis signaling kinase 1 (ASK1) through its ability to
bind to the C-terminus of ASK1. ASK1 has been shown to
be associated with dopaminergic cell death in PD models.
Under low glucose conditions, ASK1 activates a signaling
cascade that includes activation of SEK1 and JNK (281). This
pathway is also activated in the human neuroblastoma cell
line SHSY5Y upon treatment with 6-hydroxydopamine lead-
ing to cell death (224). ASK1 has also been shown to be ac-
tivated in mouse models of PD upon treatment with MPTP.
This activation is inhibited with addition of �-lipoic acid, a
thiol antioxidant (146). ASK1 has been shown to be regulated
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by Grx in various cell lines where, upon excess oxidative
stimuli, including H2O2 or glucose deprivation, leads to dis-
sociation of Grx from ASK1 and allows for its translocation
to the nucleus to activate apoptosis. This dissociation was in-
hibited with excess catalase or N-acetyl cysteine addition, im-
plicating ASK1 activation as a response to oxidative chal-
lenges. Depletion of cellular glutathione with the addition of
butathionine sulfoximine (BSO) also leads to inhibition of
Grx dissociation. The authors state that glutathione is thus
necessary for the dissociation of Grx creating an intramolec-
ular disulfide bond amongst the vicinal thiols in Grx. Excess
glutathione that exists in the cell should be able to reduce
this disulfide bond rapidly, making it readily available for
continuous binding to ASK1 implicating that Grx dissocia-
tion must occur through some other currently unknown
mechanism (282). Trx binds the N terminus of ASK1 and is
also shown to regulate ASK1 activation (260). Trx binding is
increased with overexpression of Grx (282). The focus of this
section, however, will be dedicated to redox regulation by
Grx of proteins implicated in neurodegenerative processes.

D. Proteins associated with neurodegeneration that are
redox regulated through S-glutathionylation

Each of the proteins listed in Table 4 and illustrated in Fig.
10 has been implicated in the development of neurodegen-
erative diseases, as delineated in the following paragraphs.

1. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
GAPDH is pertinent to glycolysis forming 1,3-bispho-pho-
glycerate from glyceraldehyde-3-phosphate along with the
production of NADH. GAPDH also has been implicated in
functioning in roles in membrane fusion, microtubule bind-
ing, nuclear RNA transport, calcium homeostasis, and tran-
scription. If excess GAPDH accumulates in the nucleus, it
may also lead to apoptosis.(112) GAPDH has been shown to
accumulate in many insoluble plaques in neurodegenerative
diseases including neurofibrillary tangles, Lewy bodies, and
detergent insoluble extracts from AD (213). GAPDH consists
of four identical subunits containing four cysteine residues
each. Two of these cysteine residues (Cys149 and Cys153)
are found in the catalytic site of GAPDH. Mohr et al. dis-
covered GAPDH can become S-glutathionylated upon treat-
ment with GSNO, potentially through the formation of GS

radicals. This glutathionylation leads to a decrease in
GAPDH activity (202). Furthermore, isolated fibroblasts
from skin of patients with AD or HD compared to their age-
matched controls showed no change in content of GAPDH;
however, a decrease in GAPDH activity was reported for nu-
clear fractions in both AD and HD patients as well as in post-
nuclear fractions in AD (195). In postmortem brain sections
from the inferior parietal lobule of AD patients compared to
age matched controls, increased glutathionylated proteins
were observed through 2D gel electrophoresis with the ma-
jor proteins identified being deoxyhemoglobin, � cyrstallin
B, � enolase, and GAPDH (214). Others have reported an in-
crease in GAPDH accumulation in neurons in a HD mouse
model with elevated levels occuring in the nucleus of neu-
rons in the affected areas. The role of GAPDH in apoptosis
coincides with a functional alteration in protein activity
(270). Glutathionylation results in a diminution of GAPDH
activity, which may be important to neurodegeneration;
however, further investigation must be performed for a com-
plete mechanism of GAPDH and its role in neurodegenera-
tion.

2. Actin. Actin is an abundant protein involved in main-
taining the infrastructure of the cytoplasmic matrix. Its reor-
ganization is involved in cell growth, cell movement, and cell
division. Wang et al. reported actin deglutathionylation occurs
as an activating reduction allowing for cytosketal changes to
be made. Actin deglutathionylation is mediated by Grx. Glu-
tathionylation occurs on Cys374 of actin, which remains in the
oxidized, glutathionylated state under normal cellular condi-
tions; however, upon stimulation with growth factors such as
epidermal growth factor, actin is reduced to the nonglu-
tathionylated state, allowing for polymerization of actin fila-
ments and cytoskeletal reorganization (315, 317). Actin glu-
tathionylation has been reported in Freidreich’s ataxia.
Analysis of fibroblasts from Freidreich’s ataxia patients com-
pared to controls showed increased actin glutathionylation
along with enlarged cells and cytoplasmic area. Staining for
actin showed a disarrangement of actin filaments as a conse-
quence of glutathionylation. Also noted was a decreased
GSH:GSSG ratio (230). Actin glutathionylation has been
shown to slow polymerization and result in disorganization,
which may play a role in the progression of disease.

TABLE 4. GLUTATHIONYLATION TARGETS IN NEURODEGENERATIVE DISEASES

Challenge to induce Effect on
Protein glutathionylation activity Evidence in disease Reference

Actin Increased iron found in Inhibitory Freidriech’s ataxia 230
fibroblasts of patients

GAPDH Isolated fibroblasts from Inhibitory Alzheimer’s disease, 195
HD and AD patients Huntington’s disease

Complex I Increased GSSG Inhibitory Parkinson’s disease 23
IDPm MPTP in mice Inhibitory Parkinson’s disease 152
E1 Ubiquitin Enzyme BSO in PC12 Cells Inhibitory Parkinson’s disease 133
�-Ketoglutarate H2O2 in HEK293 cells Inhibitory Alzheimer’s disease 275

dehydrogenase

The table provides a listing of various proteins that have been implicated as targets of glutathionylation and corresponding inhibition of
protein function within the context of oxidative stress associated with neurodegenerative diseases.



3. Mitochondrial NADP�-dependent isocitrate dehydroge-
nase (IDPm). IDPm is responsible for the catalysis of the ox-
idative decarboxylation of isocitrate to form � ketoglutarate
producing NADPH. IDPm has been reported to protect
against oxidative stress. It contains a critical cys residue
within the active site. Glutathionylation at this cysteine
(Cys269) inhibits function and is reversed by either DTT or
Grx2 using isolated protein. An alteration of in vitro
GSH:GSSG ratio from 100 to 10 or 1 results in 15–25% inhi-
bition of IDPm. Using HEK293 cells, H2O2 or diamide in-
duced glutathionylation of IDPm in a dose-dependent fash-
ion; however, these treatments are far from physiological. In
the PD model using MPTP to induce dopaminergic cell death
and parkinsonism in mice, an increase in glutathionylation
of IDPm was observed as determined by reactivity to the
anti-GSH antibody. This increase in glutathionylation oc-
curred in a dose-dependent fashion (152). The consequence
of glutathionylation of IDPm in neurodegeneration has yet
to be determined.

4. Tau. Tau functions to aid in the assembly of micro-
tubules as a microtubule-associated protein. Existing mainly
in neurons, Tau promotes neurite extension and axonal
growth. Tau is also responsible for the maintenance of mi-
crotubules within the cytoskeleton of mature axons. Tau is
the major component found in AD neurofibrillary tangles.
Tau requires a 3-repeat minimal sequence required for fila-
ment assembly. In the third repeat, Tau has a cys responsi-
ble for microtubule binding (67–69). This cysteine (Cys322)
is oxidizable where oxidation promotes dimerization into
regular filaments. In vitro studies performed using only the
microtubule binding fragment of Tau showed that Tau can
interact with GSH and to a lesser extent DTT. Upon reduc-
tion with either GSH or DTT, Tau homodimers were reduced
to monomers. Upon its association with GSH, Tau is no
longer able to form dimers, but can form regular filaments,
which detracts from a protective role of GSH (67). Glu-
tathionylation of Tau and the ability of Tau-SSG to form neu-

rofibrillary tangles are still undetermined; however, this
modification may alter the normal ability of Tau to oligomer-
ize.

5. Complex I. Complex I functions as a NADH-ubiquinone
oxidoreductase, the first enzyme participating in the electron
transport chain responsible for the majority of the ATP pro-
duction within the cell (125). Inhibition of complex I is the
hallmark of PD where inhibition by only 25% causes im-
paired oxidative phosphorylation. Animal models of PD uti-
lize complex I inhibitors such as MPTP and rotenone to in-
duce parkinsonism in mice. Upon treatment of mice with
MPTP or rotenone, decreased ATP and increased ROS was
discovered adding to the oxidative stress existing on the sys-
tem and potentially leading to cell death (306). Also, MPTP
treatment of mice resulted in an increase in Grx1 working as
potential antioxidant protective mechanism. Knocking down
either Grx1 or Grx2 also resulted in decreased complex I ac-
tivity, implicating the importance of Grx in the regulation of
complex I activity (147, 150). In vitro studies have shown
complex I is inhibited by glutathionylation occuring through
the addition of excess GSSG resulting in a rapid production
of superoxide. Addition of excess GSH and Grx2 only par-
tially reversed the inhibition of complex I (23, 293). The glu-
tathionylation status of complex I in patients or animal mod-
els of PD has not been determined. The ability of complex I
to become inhibited by glutathionylation under a physio-
logical stress has also yet to be determined.

6. Tyrosine hydroxylase. Tyrosine hydroxylase (TH) cat-
alyzes the rate limiting step in dopamine anabolism con-
verting tyrosine to L-dopamine. Depletion of dopamine is
the cause of the devastating motor symptoms that occur in
PD (234). Tyrosine hydroxylase function decreases to a
greater extent than the loss of dopaminergic neurons, sug-
gesting a contribute of TH function to the disease state (9).
Tyrosine hydroxylase contains 7 cysteines, however it is un-
known which ones are essential to the catalytic function of
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FIG. 10. Potential glutathionylation
targets implicated in neurodegenera-
tive diseases. This figure illustrates the
variety of cellular compartments influ-
enced by protein glutathionylation. Ev-
idence for changes in function associ-
ated with glutathionylation is discussed
in the text for each of the target proteins
depicted here.
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tyrosine hydroxylase. In PC12 cells treated with diamide, ty-
rosine hydroxylase becomes glutathionylated, leading to its
inactivation (28). The glutathionylation status of tyrosine hy-
droxylase in animal models of PD or in human samples is
unknown. Inhibition of tyrosine hydroxylase through glu-
tathionylation can easily exacerbate the disease through a
diminution of endogenous production of dopamine.

7. p53. p53 mediates the cell’s response to DNA damage
through initiation of DNA repair, halting the cell cycle, or
activating an apoptotic signaling cascade. Levels of p53 have
been reported to be elevated in AD and mild cognitive im-
pairment; and brain samples from AD patients showed in-
creased oxidation of p53 and elevated nitrotyrosine levels
compared to controls (36). In addition, p53 levels have been
reported to be elevated in other neurodegenerative contexts,
especially in PD in the caudate nucleus as measured through
immunoreactivity in postmortem brain samples compared
to control. p53 can be activated upon oxidative stress and
initiates apoptosis through binding to mitochondrial Bcl-2,
displacing Bax, which induces apoptosis and cytochrome C
release from the mitochondria. Models of PD, specifically in-
volving 6-hydroxydopamine or MPTP, show alterations in
p53 content (96, 201). The p53 protein has been reported to
be S-glutathionylated in human cancer cell lines, with con-
comitant inhibition of its oligimerization and transcriptional
activation (see Cancer section, above). Since neurons are
postmitotic cells, p53 may activate a mitochondrial apoptotic
cascade; however, it is currently unknown whether glu-
tathionylation affects p53 binding to Bcl-2 or Bcl-XL 
(310).

8. Cytosolic calcium regulators. Ryanodine receptor type
3 is located in brain and allows for the release of calcium
from the endoplasmic reticulum into the cytosol. Calcium
homeostasis is altered in neurodegeneration, probably as a
function of aging, where control of calcium fluxes is impaired
and is thought to contribute to the overall oxidative stress in
the disease process (192). Also, MPTP has been shown to in-
duce intracellular calcium concentrations leading to cell
death (166). Inhibition of the IP3 receptor or the ryanodine
receptor also inhibits neuronal cell death from excitotoxic in-
jury (192). Ryanodine receptor type 1 has been shown to be
glutathionylated in vitro, allowing it to open and release cal-
cium from the endoplasmic reticulum. This glutathionyla-
tion occurred under a number of oxidants including super-
oxide, hydrogen peroxide, nitric oxide, and oxidized
glutathione (11). It is currently unknown if this same type of
glutathionylation occurs on the ryanodine receptors present
in the brain (ryanodine receptor type 3), but one could con-
ceive how glutathionylation of the ryanodine receptors, lead-
ing to a release of calcium from ER stores, can lead to in-
creased intracellular calcium levels and contribute to
neuronal death. Calcium regulation by glutathionylation is
further discussed in the cardiac and diabetes sections.

9. Ras. Ras has been shown to be glutathionylated within
the cardiovascular system in response to angiotensin II (as
discussed previously, see cardiovascular section) through its
interaction with the angiotensin I receptor (1). Inhibition of
this receptor with losartan in an MPTP PD model prevents
dopaminergic cell loss (106). Also, application of captopril,

an angiontensin converting enzyme inhibitor, in a MPTP
model of PD inhibits dopamingeric cell death and oxidative
stress (206). A mechanism is not currently known for the
dopaminergic neuronal protection but it may occur through
Ras inhibiting its glutathionylation and activation by an-
giotensin II. However, angiotensin II has been reported to be
protective. In an in vitro model of PD using overexpression
of �-synuclein in the neuroglioma H4 cell line, angiotensin
II protected cells from �-synuclein toxicity through its inter-
action with the angiotensin 4 receptor (107). This field has
much to be learned with only preliminary implications for
Ras and its activity, which is regulated by glutathionylation.

10. Proteasome degradation pathway. The proteasome
degradation pathway is central to the maintenance of ho-
meostasis during stress by signaling damaged or misfolded
proteins for degradation. Each protein marked for degrada-
tion is tagged with ubiquitin, a highly conserved 8.5 kDa
protein, through a series of reactions. The E1 activating en-
zyme uses its conserved thiol group to create an ester bond
between it and the carboxy terminal glycine of ubiquitin. The
ubiquitin is then transferred to the E2 conjugating enzyme.
This enzyme either directly tags the protein substrate with
ubiquitin or transfers the ubiquitin protein to a substrate via
the E3 ligating enzyme. Once a substrate is initially tagged
with ubiquitin, a polyubiquitin chain is formed linking ubiq-
uitin to a lysine residue in the protein. This signals the sub-
strate for degradation in the 26S proteosome complex (133)
Protein glutathionylation has been implicated in the regula-
tion of multiple steps of this pathway (219) (Fig. 11).

The E1 activating enzyme and the E2 conjugating enzyme
contain cysteines in their respective active sites which must
be maintained in the reduced state in order to remain active.
Using retinal pigment epithelial cells, treatment with excess

FIG. 11. Glutathionylation targets within the proteasome
pathway. Glutathionylation occurs at multiple levels of the
proteasome pathway resulting in inhibition of function. This
oxidant-induced post translational modification leading to
deactivation of the protein degradation process could con-
tribute to protein aggregation that is prevalent in neurode-
generative diseases, including formation of Lewy bodies
(PD) and neurofibrillary tangles (AD).
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hydrogen peroxide (millimolar levels) led to a decrease in
ubiquitin-E1 conjugation along with an increase in the
GSSG:GSH ratio. A similar effect was observed using whole
retina. Also, an increase in the uptake of [35S] was observed
after hydrogen peroxide treatment and was reversed to con-
trol levels upon DTT treatment. Increased exposure of hy-
drogen peroxide caused a decrease in E1 and E2 activity, im-
plicating incorporation of GSH to be inhibitory. The authors
do not directly show glutathionylation but do correlate an
increase in oxidants, albeit in a rather nonphysiological con-
centration, to a decrease in activity through interaction with
the active site cysteines, since they observe a similar affect
with NEM treatment. Retinal supernatants incubated with
either NEM, a sulfhydryl blocking agent, or GSSG, glu-
tathione disulfide, also resulted in a decrease in ubiquitin
conjugation. This implies that modifications of the active site
cysteine result in a diminution of function. Since GSH is the
abundant thiol in the cell, this modification is likely S-glu-
tathionylation, however specific data showing S-glu-
tathionylation has yet to be seen (130). In a PD cell culture
model, PC12 cells, inhibition of GSH synthesis resulted in a
decrease in ubiquitin conjugation to the E1 enzyme (132).
This implicates a possible inhibition in PD, where dimin-
ished levels of GSH are observed (277).

The proteasome has also been implicating in regulation by
S-glutathionylation. In yeast, the 20S proteasome was shown
to be inhibited upon treatment with hydrogen peroxide and
glutathione in excess. This was attenuated with the substi-
tution of GSH for GSSG. The authors propose the mecha-
nism of glutathionylation to occur through the formation of
the sulfenic acid (P-SOH), which then quickly interacts with
glutathione in the cell to form the S-glutathionylated pro-
tein. The physiological relevance of this observation is some-
what questionable due to the requirement of excess hydro-
gen peroxide (millimolar levels), which will not be seen in a
pathological state (66).

T lymphocytes isolated from elderly patients show de-
creased proteasome activity compared to the young. Inhibi-
tion of glutathione synthesis by BSO caused a diminution of
proteasome activity in T lymphocytes from the young donors
comparable to the activity seen in the elderly; however, 
T lymphocytes from the elderly did not show a further 
decrease in activity upon BSO treatment (63). Decreased pro-
teasome function has been observed as a consequence of 
aging and may contribute to diseases, especially neurode-
generation, where build up of proteins are seen. Further-
more, in PD, Lewy bodies comprised of proteinacious prod-
ucts in the brain contain ubiquitin, implicating a possible
inhibition at the proteasome level impairing their degrada-
tion (132).

11. �-Ketoglutarate dehydrogenase. Alzheimer’s patients
show inhibition in the tricarboxylic acid (TCA) cycle specif-
ically with the decline in �-ketoglutarate dehydrogenase ac-
tivity; however, the mechanism of this decline is unknown.
Oxidants, including hydrogen peroxide, inhibit the function
of �-ketoglutarate dehydrogenase in other systems, as dis-
cussed in the cardiovascular section (275). Its glutathionyla-
tion may occur in neurodegeneration, however no studies
have been performed in neurodegenerative models. The rel-
ative importance of its inhibition in the disease state is not
known and a potential area for further investigation.

XIII. Summary and Conclusions

Glutathionylation of proteins within neurodegeneration
may play a pivotal role in initiation of disease state as well
as simply be a consequence of the degenerative progression.
Protein glutathionylation may occur in the early stages of the
disease as a protective mechanism combating oxidative chal-
lenges within the brain and may be unable to be reversed.
Further study of signaling cascades will have to be done in
a neurodegenerative disease model under physiological or
pathological stresses to further understand its contribution
to disease progression.

XIV. Frontier Areas of Investigation

There remain several shortcomings in our understanding
of reversible S-glutathionylation as a regulatory mechanism.
From the point of view of regulatory targets, prediction of
sensitive cysteine residues on specific proteins is not possi-
ble because consensus sequences for glutathionylation sites
have not been identified, contrasting with other types of
post-translational modification like phosphorylation. Also
the mechanisms of formation of protein–SSG are not well un-
derstood, and it is not known whether they are enzyme-me-
diated. Furthermore, the possibility of redox scaffolds that
would position specific proteins in juxtaposition to sites of
ROS generation has not been characterized as yet. Thus,
many new discoveries lie ahead in this intense area of in-
vestigation.

As noted above, there are an increasing number of para-
doxical examples of specific proteins existing in the highly
reducing environment of the cytoplasm in the form of pro-
tein–SSG mixed disulfides; and a number of these proteins
respond to oxidant-generating stimuli, like growth factors
and cytokines, by being deglutathionylated by glutaredoxin.
These proteins include actin, aldose reductase, pro-caspase
3, mitochondrial complex II (39, 227, 285, 317), and most re-
cently a report on IRF-3 which has implicated IRF-3-SSG in
the regulation of interferon signaling in virus-infected host
cells (241). These observations raise additional questions
about reversible S-glutathionylation, including: how are the
disulfide moieties of specific protein–SSG sequestered from
the action of Grx? What are the mechanisms of activation or
induction of Grx that cause its activity to be increased un-
der various conditions? Because the action of glutaredoxin
is implicated in many disease processes reviewed above, it
seems to become an attractive therapeutic target; however
selective inhibition of glutaredoxin in a tissue selective man-
ner poses a daunting challenge owing to its broad role in
sulfhydryl homeostasis.
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