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Abstract

Significance: Neurodegenerative diseases are characterized by progressive loss of neurons. A common feature is
oxidative stress, which arises when reactive oxygen species (ROS) and/or reactive nitrogen species (RNS) exceed
amounts required for normal redox signaling. An imbalance in ROS/RNS alters functionality of cysteines and
perturbs thiol-disulfide homeostasis. Many cysteine modifications may occur, but reversible protein mixed
disulfides with glutathione (GSH) likely represents the common steady-state derivative due to cellular abundance
of GSH and ready conversion of cysteine-sulfenic acid and S-nitrosocysteine precursors to S-glutathionylcysteine
disulfides. Thus, S-glutathionylation acts in redox signal transduction and serves as a protective mechanism
against irreversible cysteine oxidation. Reversal of protein-S-glutathionylation is catalyzed specifically by glu-
taredoxin which thereby plays a critical role in cellular regulation. This review highlights the role of oxidative
modification of proteins, notably S-glutathionylation, and alterations in thiol homeostatic enzyme activities in
neurodegenerative diseases, providing insights for therapeutic intervention. Recent Advances: Recent studies
show that dysregulation of redox signaling and sulthydryl homeostasis likely contributes to onset/progression of
neurodegeneration. Oxidative stress alters the thiol-disulfide status of key proteins that regulate the balance
between cell survival and cell death. Critical Issues: Much of the current information about redox modification of
key enzymes and signaling intermediates has been gleaned from studies focused on oxidative stress situations
other than the neurodegenerative diseases. Future Directions: The findings in other contexts are expected to apply
to understanding neurodegenerative mechanisms. Identification of selectively glutathionylated proteins in a
quantitative fashion will provide new insights about neuropathological consequences of this oxidative protein
modification. Antioxid. Redox Signal. 16, 543-566.
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I. Introduction

CONTROLLED REVERSIBLE S-GLUTATHIONYLATION of pro-
tein cysteine residues regulated by the glutaredoxin en-
zyme plays two essential roles in maintaining cell health.
First, S-glutathionylation participates in redox-activated sig-
nal transduction; second, it protects against irreversible pro-
tein damage from oxidative stress. Other post-translational
modifications of cysteine residues (S-nitrosylation and sulfe-
nic acid formation) are also potential intermediates in redox
signaling or protein damage. Dysregulation of redox signal-
ing and sulfhydryl homeostasis are important considerations
in the context of neurodegenerative diseases. Uncontrolled
oxidative stress can alter the thiol-disulfide status of key
protein intermediates that regulate the balance between cell
survival and cell death.

This review highlights how disruption of normal thiol-
disulfide status and S-glutathionylation of proteins or
networks of proteins could contribute to the onset or pro-
gression of neurodegenerative diseases. Brief descriptions of
the prominent neurodegenerative diseases and oxidative
posttranslational modifications that may participate in neu-
rodegenerative diseases are considered.

Il. Neurodegenerative Diseases

Neurodegenerative diseases comprise an increasing pro-
portion of the debilitating illnesses that confront the growing
population of elderly people worldwide, and they present an
ever increasing economic burden due to the need for extensive
long-term health care. Multiple types of neurodegeneration
occur (Fig. 1); however, all are characterized by progressive

loss of neurons. The classical diseases discussed in this review
include Alzheimer’s disease (AD), Parkinson’s disease (PD),
Huntington’s disease (HD), amyotrophic lateral sclerosis
(ALS, also known as Lou Gehrig’s disease), and Friedreich’s
ataxia (FRDA). These diseases manifest a number of compli-
cations, including impaired cognition, motor function, and
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FIG. 1. Schematic summary of the neurodegenerative

diseases and their common molecular features. The five
common neurodegenerative diseases are listed along with
their common feature of neuronal cell death that is mediated
by oxidative and nitrosative stress conditions and disruption
of vital functions, including mitochondrial respiration and
proteasomal degradation of altered proteins.
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dementia. Protein misfolding, excitotoxicity, activation of
cell death pathways, mitochondrial dysfunction, increased
iron deposition, and oxidative stress through the overexpo-
sure to reactive nitrogen species (RNS) and reactive oxygen
species (ROS) have all been implicated in neuronal cell death
(23, 128).

Although some genetic mutations have been implicated in
neurodegenerative diseases, the major risk factor, particularly
for AD and PD, is advanced age (106). Aging is marked by
many changes, including telomere shortening and telomerase
dysfunction, increases in mitochondrial DNA mutations, poor
mitochondrial membrane integrity, impaired electron trans-
port with diminished levels of ATP, as well as dysregulated
cytosolic calcium (128). Together, these disturbances lead to
an environment of elevated oxidative stress that strains the
existing cellular antioxidants. The brain is particularly vul-
nerable to oxidative stress due to high energy needs (high
oxygen consumption), paucity of antioxidants compared to
other organs, and large lipid content (57). ROS molecules are
generated from mitochondrial dysfunction, which is preva-
lent in these diseases (106). Increased oxidative damage to
biological macromolecules such as proteins, lipids, and
nucleic acids in neurodegenerative tissue is a common neu-
ropathological feature, and is often accompanied by dysre-
gulation of antioxidant scavenging systems (nonenzymatic
and enzymatic). Brain tissue from PD patients has shown
depletion of GSH in substantia nigra neurons (113, 142, 167)
due to oxidation to glutathione disulfide (GSSG), formation
and extrusion of conjugates of glutathione with electrophilic
byproducts of lipid oxidation, and S-glutathionylation of
proteins. However, inhibition of GSH synthesis was not
found.

The autoimmune disease multiple sclerosis (MS) primar-
ily involves deterioration of myelin in the spinal cord and
brain, leading to interruption of neural transmission and
eventual neuron degeneration. Although often included
among the neurodegenerative diseases, MS occurs via a
primary inflammatory insult, distinguishing it from the
other common neurodegenerative diseases where inflam-
mation is typically viewed as a secondary insult that exac-
erbates the problem rather than initiating it. In MS, focal
demyelinated lesions are created from activated microglia as
well as systemic infiltrates of activated macrophages. These
activated immune modulating cells are the major source of
ROS in this disease (183). Thus, as with the other neurode-
generative disease, the roles of ROS and RNS are important
in the progression of MS (70). Recent emphasis has been
focused on nitric oxide as a mediator of cysteine-based
protein modifications in MS and other neurodegenerative
diseases, as reviewed recently (26, 176); however, protein
S-nitrosylation may serve as a precursor to protein S-
glutathionylation, as discussed below.

It is remarkable that clinical symptoms for each of the
neurodegenerative diseases occur as a result of loss of neurons
from specific locations in the brain at different rates and with
different cell types dependent on disease type. For example,
Alzheimer’s disease involves memory loss caused by loss of
pyramidal neurons and f-amyloid deposition in the frontal,
temporal, and parietal cortices. Parkinson’s disease affects
mainly dopaminergic neurons in the ventral substania nigra
pars compacta and not dorsal dopaminergic neurons in the
same region. Selective loss of neurons is thought to be due to a
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number of factors associated with the brain region most af-
fected by the disease. Differences in protein expression, metal
storage, receptor expression, neurotrophin factors, and anti-
oxidant systems may all contribute to the selective loss. In
order to address these challenging questions in the case of PD,
microarray analysis and RTPCR of the substantia nigra has
been done, comparing the dorsal and ventral regions. Chan-
ges seen in the ventral region that could account for greater
susceptibility to death include diminished expression of an-
tioxidant genes and increased presence of dopamine trans-
porters (VMAT2 and DAT) that allow for reuptake of
dopamine and increased exposure time to dopamine-derived
oxidants formed within the cell. In addition, changes in other
protein levels could also contribute to selective neuron loss,
including increased transferrin in the ventral SNpc, but not
the dorsal, resulting in increased exposure to iron (49). Taken
together, it appears that localized differences in expression of
particular proteins may result in increased oxidative stress in
those neurons, likely accounting for locally selective neuro-
degeneration.

Each of the typical neurodegenerative diseases is described
briefly below, and specific proteins are described whose oxi-
dative modification, including S-glutathionylation, may con-
tribute to the onset or progression of disease. Proteins which
are glutathionylated are also listed according to the different
neurodegenerative diseases (Table 1).

A. Alzheimer’s disease

Alzheimer’s disease is the major neurodegenerative disease
affecting the aging adult population. Approximately 9% of
adults over the age of 85 have AD (27). With increasing life
expectancy, AD is quickly becoming a major public health
issue. AD is characterized by progressive memory loss,
changes in personality, and loss of cognition due to neuronal
death within the limbic system and associated areas. Along
with neuronal death, senile plaques, formed mainly from the
protein amyloid beta (Af), and neurofibrillary tangles,
formed from the protein tau, accumulate. Oxidative stress is
an early event associated with AD (112), attributed to excess
heavy metal, impaired respiration, and accumulation of Af.
Ap has also been associated with mitochondrial impairment,
elevated calcium levels, and disruption of membranes. These
actions by Af further exacerbate the oxidative stress on the
neuron (181).

B. Parkinson’s disease

Parkinson’s disease (PD), the second most common neu-
rodegenerative disease, affects approximately 1% of the
population over the age of 65, and 5% over the age of 85. PD
patients are characterized by bradykinesia, resting tremor,
rigidity, and postural instability, due to loss of catechol-
aminergic neurons in the substantia nigra (152). Both genetic
predisposition and environmental exposures (e.g., pesticides)
have been implicated in the etiology of PD but most cases are
of unknown origin. Increased oxidative stress, mitochondrial
dysfunction, and protein aggregation are common features of
PD (109). Oxidative stress has been attributed to increased
dopamine turnover, deficient content of reduced glutathione
(GSH), and increased iron in the substantia nigra (133). Im-
portantly, GSH loss is thought to be one of the early changes
associated with onset of PD (59).
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Mutations in a number of genes have been identified with
rare familial forms of PD, including those for PINK1, parkin,
a-synuclein, UCH-L1, DJ-1, and LRRK2 (140). These proteins
participate in regulation of cellular signaling pathways in-
volving respiration, transport, mitochondrial fission-fusion,
calcium homeostasis, ROS production, autophagy and apo-
ptosis (40, 195, 196). For example, PINK1 kinase and phospho-
parkin are mitochondria-associated proteins that appear to be
anti-apoptotic factors, serving to maintain mitochondrial in-
tegrity; o-synuclein, parkin, and UCH-L1 are all involved in
ubiquitin-dependent proteolysis.

Although mutations in these proteins are the basis for rare
inherited PD, post-translational oxidative modifications of the
proteins may contribute more broadly to sporadic Parkinson’s
disease where oxidative stress appears to be the common
factor. For example, the rate of aggregation of a-synuclein is
accelerated by GSSG (101); and neuronal death associated
with a-synuclein expression in Drosophila can be overcome
by interventions that increase glutathione (GSH) synthesis
(130). Parkin is an E3 ubiquitin ligase whose active site
cysteine residue is subject to oxidative modification. DJ-1
provides neuroprotection by serving as a redox sensor and
anti-apoptotic agent under reducing conditions. The PINK1
protein kinase, like many other protein kinases (e.g., PKA,
PKC, MAPK) appears susceptible to deactivation by cysteine
modification (161). The LRRK2 protein contains both Ras
GTPase-like and kinase (MAPKKK) domains (39). LRRK2
analogs (e.g., hRas and ASK1) are known to be altered func-
tionally under oxidative stress conditions (118), implying
LRRK?2 is also redox sensitive.

C. Huntington’s disease

Huntington’s disease (HD) is characterized by a progres-
sive dyskinesia coupled with cognitive and psychiatric im-
pairment. HD is associated with a genetic mutation caused by
polyglutamate repeats in the huntingtin protein, leading to
progressive brain atrophy which is regionally accentuated in
the striatum and cerebral cortex (100). It is thought that mu-
tant huntingtin protein inhibits mitochondrial oxidative
phosphorylation mainly through impairment of Complex II
and Complex III and results in increased ROS production and
diminished ATP levels (141). Furthermore, diminished mito-
chondrial membrane integrity within the neurons (111), and
elevated cytosolic Ca®* (128) have also been identified as
contributing to increased oxidative challenge.

D. Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS; Lou Gehrig’s disease)
is associated with progressive loss of motor neurons within
the ventral horn of the spinal cord, brainstem, and motor
cortex. Loss of these neurons results in progressive skeletal
muscle weakness, muscle atrophy, paralysis, and ultimately
death within 2-5 years of onset. Approximately 20% of
patients have a mutation in the superoxide dismutase 1
(SOD1) gene which implies decreased defense against su-
peroxide-induced oxidative stress; however, the majority of
patients have normal SOD1 activity. Other cellular charac-
teristics of ALS include a loss of mitochondrial membrane
potential and increased cytosolic calcium (128). These com-
bined characteristics, along with alterations in protein fold-
ing and degradation (125), are interpreted to lead to
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excessive oxidative stress and cell death viz impairment
of autophagy and commitment to apoptosis. Although po-
tential mediators of cell death have been identified in
models of ALS (194), specific mechanisms of cell death have
not been fully delineated. However, a role for reversible
S-glutathionylation in ALS is implicated by model studies in
which overexpression of Grxl was found to increase the
solubility of mutant SOD1 in the cytosol and overexpression
of Grx2 increased its solubility in mitochondria and pro-
tected neuronal cells from apoptosis (54). These observations
are consistent with the knowledge that in some forms of
ALS, SOD-1 has been shown to form protein aggregates
in the intermembrane space of mitochondria, leading to
mitochondrial swelling, increase in ROS formation and
dysfunction (90).

E. Friedreich’s ataxia

FRDA, the most common recessive ataxia, is due to a tri-
nucleotide extension (GAA) in the frataxin gene resulting in
gene silencing and reduced protein expression of mitochon-
drial frataxin. Frataxin is generally thought to be an essential
mediator of iron homeostasis, promoting synthesis of heme-
and iron-sulfur cluster-containing proteins. Loss of frataxin
impedes mitochondrial removal of cytosolic iron, leading to a
buildup of free iron and increased oxidative stress concomi-
tant with loss of large sensory neurons and spinocerebellar
tracts. Symptoms of FRDA usually occur prior to early
adulthood and lead to progressive limb and gait ataxia, along
with secondary symptoms which may include scoliosis, car-
diomyopathy, deafness, and diabetes, depending on severity
of the disease (159). Blood samples from FRDA patients
showed decreased abundance of free GSH and an increase in
glutathione bound to hemoglobin, with very little change in
total glutathione content (145). A common theme among the
neurodegenerative diseases is cellular changes which increase
the oxidant load on the cell above that controlled by normal
homeostatic mechanisms.

lll. Production of Oxidants Within the Brain
A. Cytoplasmic sources of ROS

Most of the brain’s ROS production comes as a side-
product of mitochondrial respiration (discussed below);
however, ROS also emanate from cytoplasmic sources (Fig. 2).
For example, NADPH oxidases (NOX), first characterized in
immune cells as generators of ROS to kill foreign organisms,
are now known to function more broadly in most cell types to
produce superoxide and function to mediate signal trans-
duction (192). Thus, besides host defense, the NOX enzymes
participate in post-translational processing of proteins, regu-
lation of gene expression, and cell differentiation. In the cen-
tral nervous system (CNS), normal NOX function appears to
be required for neuronal signaling, cardiovascular homeo-
stasis, and memory; whereas overproduction of ROS by NOX
contributes to neurodegeneration (17, 48, 80). In particular,
NOX accumulation at the cell surface has been noted in
postmortem brain tissue of AD patients (165). Nevertheless,
the contribution of NOX activity in the neurodegenerative
diseases relative to other sources of ROS, including cytosolic,
mitochondrial, and ER flavoprotein oxidases, requires further
study.
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FIG. 2. Schematic representation of cellular sources of
reactive species. Shown schematically are the primary
sources of reactive oxgen species (ROS) and reactive nitrogen
species (RNS), including NADPH oxidase (NOX) at the
cellular membrane, oxidases of the endoplasmic reticulum,
flavoenzymes (cytosol and ER), nitric oxide synthetase
(NOS), and the mitochondria.

Unbound ionized calcium is exquisitely regulated in heal-
thy cells. In aging neurons, however, calcium fluxes become
less controlled, leading to calcium overload (115). This excess
calcium is associated with increased ROS/RNS production,
mitochondrial dysfunction, and ultimately cell death (178).
Many neurodegenerative diseases implicate loss of calcium
regulation as a molecular basis of disease.

B. Mitochondrial sources of ROS

Despite its relatively small mass, the brain requires ap-
proximately 20% of total body oxygen consumption to
produce sufficient ATP. The mitochondrial electron transport
chain is comprised of multiple polyprotein complexes,
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FIG. 3. Mitochondrial generation of ROS. A schematic
representation of the electron transport chain (ETC) is de-
picted here. Complex I, Complex II, and Complex III have all
been implicated as generators of superoxide, leading to hy-
drogen peroxide formation.

Mitochondrial matrix
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including Complex I (NADH ubiquinone oxidoreductase),
Complex II (succinate ubiquinone oxidoreductase), Complex
III (ubiquinone-cytochrome C oxidase), Complex IV (cyto-
chrome C oxidase), and Complex V (ATP synthase). Super-
oxide is produced as electrons escape from the respiratory
chain and react with oxygen, mainly at Complex I and
Complex III, but also at Complex II. The amount of ROS
generated can be altered by reversible S-glutathionylation of
components of Complex I (18, 78) and Complex II (3, 35, 168)
(Fig. 3).

Besides ROS from the electron transport chain in brain
mitochondria, monoamine oxidase on the mitochondrial
outer membrane produces H,O, as a byproduct of its catalysis
of oxidative deamination (106, 150). This may be of particular
importance in PD where increased dopamine metabolism by
monoamine oxidase B produces more hydrogen peroxide
(133).

Another source of ROS within brain mitochondria occurs
in the Krebs cycle, specifically through a-ketoglutarate de-
hydrogenase (¢-KGDH) which is regulated by calcium,
NADH/NAD ratio, dihydrolipoate/lipoate ratio, and ADP.
When active, «-KGDH produces superoxide and hydrogen
peroxide with maximum production occurring during times
of maximum respiration. The ROS production by «-KGDH is
stimulated by calcium, and the enzyme itself is susceptible
to oxidative inactivation via S-glutathionylation (3). Thus,
glutathionylation of o-KGDH might serve to limit ROS
production.

IV. Inflammation, Oxidative Stress,
and Neurodegenerative Diseases

A common feature of many neurodegenerative diseases is
inflammation. It consists of a number of molecular and cel-
lular mechanisms contributing to the cascade of events that
can either promote or inhibit neurodegenerative processes
(67, 193). During the previous decade, evidence has accu-
mulated that neuroinflammation contributes to neurodegen-
erative diseases, including PD, ALS, and MS.

Inflammation is a normal response of the immune system
(75, 160) against multiple extra/intracellular stimuli (e.g.,
infections, dying neurons, and accumulation of insoluble
proteins). The response may result in generation of factors
such as cytokines, reactive oxygen species (ROS), and reactive
nitrogen species (RNS) that serve as “weapons” to combat
pathogen invasion. However, the invasion of the immune
cells and overproduction of molecules that induce cytotoxic
effects and edema may amplify the underlying disease state
by injury to host cells in the brain, propagating neuro-
degeneration (Fig. 4).

Understanding immune responses in the brain must in-
clude consideration of the special cellular features that com-
prise the “blood-brain barrier” (BBB) that limits access.
Studies of postmortem brains from humans and animals with
neuropathology indicate that immune cells can penetrate the
BBB in pursuit of target antigens. (24, 74, 117). However,
neuroinflammation is not solely dependent on lymphocytic
infiltration into the CNS, as findings using animal models
clearly indicate involvement of astrocytes and microglia—
resident innate immune cells in the CNS. Astrocytes form part
of the BBB and contribute to nutritional homeostasis, as well
as participating in local immune responses to various insults
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FIG. 4. Activated microglia promote inflammatory assault
on neurons. A schematic representation of an activated mi-
croglial cell and a neuron is depicted here. Microglia, the
resident macrophages of the central nervous system (CNS)
are activated by and produce cytokines and RNS and ROS
that mediate external oxidative stress impacting the neuronal
cells. Different insults, such as genetic and environmental
factors or aging, affecting the CNS can lead to activation of
the CNS-immune system, including lymphocyte recruit-
ment, microglia activation, and astrocyte proliferation. These
may in turn induce the production of reactive oxygen species
(ROS) or reactive nitrogen species (RNS) and drive the ex-
pression of inflammatory factors. Those inflammatory me-
diators can influence the fate of neurons and stimulate the
CNS-immune cells to amplify proinflammatory signals and
induce neurotoxic effects. Uncontrolled or chronic inflam-
mation can result in loss of neurons and progression of
neurodegenerative diseases.

(52). Microglia represent the resident macrophages of the CNS
for immune surveillance. In response to various insults such
as brain injury and disease, microglia can exhibit various
activated phenotypes (143).

Activation of brain microglia and astrocytes appears tobe a
common aspect of inflammation in neurodegenerative dis-
eases. For example, senile plaques in AD are associated with
activated microglia and astrocytes. Activated microglia are
also found in the substantia nigra of PD patient brains (106),
and activation of microglia has been implicated as an exac-
erbating problem in ALS (68) Activation of microglia results
in the production of ROS from NADPH oxidase or RNS from
inducible nitric oxide synthase (NOS). Indeed, inhibition of
NOS has been shown to be neuroprotective (82). Although it is
difficult to determine whether oxidative stress initiates pro-
tein aggregation in neurodegenerative processes, a feedback
loop appears to be in operation whereby brain immune cells
activated by misfolded proteins to secrete neuronal toxic
molecules, including ROS and RNS, in turn promote further
loss of neurons. Thus, persistent dysregulation of the ubi-
quitin proteasome system (see below) under oxidative stress
could become a driving force of chronic neuroinflammation
through excessive activation of brain immune cells.

Neuronal immune cells express a subset of Toll-Like Re-
ceptors (TLR) whose activation promotes neurodegeneration,
for example, in AD patients (132). Inflammation of neurons
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can cause lipid oxidation, perhaps including the highly reac-
tive w-2-carboxyethyl pyrole (CEP) which can irreversibly
modify proteins. CEP adducts and their derivatives are un-
iquely generated from the oxidation of docosahexaenoate,
which is the most abundant lipid in brain and retina. Clinical
studies have suggested accumulation of CEP-protein adducts
contribute to the pathogenesis of age-related macular de-
generation (39). CEP-adducted proteins also are able to
stimulate Toll-like receptor 2 (TLR2) specifically, promoting
angiogenic responses (191). Therefore, it is conceivable that
during neuroinflaimmation CEP accumulation in neurode-
generative regions may promote further loss of neurons.

A. Inflammation and Parkinson’s disease

Overt inflammation in the substantia nigra and striatum is
characteristic of Parkinson’s disease and correlates with do-
paminergic neuron cell death. Residing mainly in gray matter,
the microglia may become activated and release cytokines,
chemokines, and trophic factors launching an immune re-
sponse implicated in neurodegeneration (62). PD patients
exhibit elevated cytokines (TNF-o, IL-1B, and IL-6) in pe-
ripheral blood mononuclear cells (PBMC) compared to con-
trol; as well as in cerebrospinal fluid, and in postmortem
substantia nigra brain tissue (148). TNF-« is considered a
major controller of neuroinflammatory events that ultimately
lead to neuronal cell death. Importantly, a mutation in the
TNF-« gene elicits increased production of the cytokine and is
associated with early onset PD (175). The potential impact of
the immune response is evident also from in vitro studies.
Thus, in co-cultures of microglial cells with neurons, lipo-
polysaccharide (LPS) activates microglia that then kill the
neuronal cells; but LPS does not induce cell death in neuronal
cultures alone.

B. Potential roles of glutaredoxin
in inflammatory responses

It is conceivable that Grx1 and reversible S-glutathionyla-
tion may play a role in neuroinflammation based on analogy
to previous work in other contexts. Thus, in studies of models
of diabetic retinopathy in rat retinal glial cells (rMC-1), Grx1
was selectively upregulated in response to high glucose,
similar to the two-fold increase in Grx activity observed in
homogenates of retinal tissue from diabetic rats compared to
controls (163). Coincident with Grx1 upregulation in the
retinal glial cells, we observed a corresponding increase in
NF-«B activation and expression of the pro-inflammatory
intercellular adhesion molecule-1 (ICAM-1); these results
were mimicked by adenoviral-directed upregulation of Grx1
in the cells in normal glucose. Remarkably, knockdown of
Grx1 in tMC-1 cells in high glucose blocked the increase in
ICAM-1, suggesting Grx1 regulates the S-glutathionylation
status and corresponding activity of NF-«xB and/or its up-
stream signaling mediators. Indeed, mass spectrometric
analysis showed IKKp is glutathionylated site-specifically
(Cys-179), implicating it as a Grx-regulatable control point in
NF-xB-mediated ICAM-1 expression. Furthermore condi-
tioned media from rMC-1 cells overexpressing Grx1 contained
an increased amount of IL-6, and it elicited induction of ICAM-
1 and Grx1 in freshly cultured rMC-1 cells and in TRiBRB rat
endothelial cells, simulating autocrine and paracrine propa-
gation of the pro-inflammatory response (162). Analogous
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regulation of NF-xB-dependent inflammation via S-glutathio-
nylation of IKKf has been demonstrated in lung epithelial cells
(151). Consistent with these findings, a study of cigarette
smoke-induced inflammation in lungs of Grx1-knockout mice
found that the level of glutathionylated IKKf was increased
and its kinase activity was inhibited; however, more, instead of
less, inflammation was observed. This unexpected result was
attributed to S-glutathionylation and concomitant activation of
IKKf leading to activation of NF-xB via a noncanonical path-
way and resulting in phospho-acetylation of histone H3 (38).
Thus, alternative mechanisms of glutaredoxin regulation of
NF-«B activity involving S-glutathionylation of different IKK
isoforms appear to control inflammatory responses in different
cell types under different conditions. Future studies will ex-
amine whether Grx1 and S-glutathionylation play a regulatory
role in neuroinflammation.

Tightly controlled oxidative stress in affected neuronal cells
might neutralize ROS/RNS or reverse oxidative damage
through scavenging enzymes or thiol repair enzymes, pro-
viding protective mechanisms for neuronal survival (see V.
Cellular Oxidant Defense Mechanisms, below). This brief
consideration of inflammation as a contributory factor to
neurodegeneration highlights that more research is necessary
to understand how oxidative stress accelerates the progres-
sion of disease pathogenesis and which specific alterations in
cell signaling pathways occur during neuroinflammation.
This insight will inform approaches to impede the progression
of neurodegeneration.

V. Cellular Oxidant Defense and Sulfhydryl
Homeostasis

Oxidant defense mechanisms include enzymes such as
catalase, peroxiredoxin, and superoxide dismutase that
scavenge reactive oxygen species. Other antioxidant mecha-
nisms depend in large part on sulfur-containing amino acids
(cysteine and methionine) in proteins and nonprotein cofac-
tors, especially the Cys-containing tripeptide GSH that is
abundant within cells. Thus, sulfur redox status plays a very
important role in the regulation of cell functions including
signaling, growth, survival, and cell death. Reversible or ir-
reversible modifications of Cys and Met residues alter protein
function or stability and perturb intracellular sulfhydryl ho-
meostasis. Hence, perturbations of the antioxidant systems
and disruption of sulfur redox status is linked to abnormal cell
functioning, aging, and many diseases, including arthritis,
cancer , cardiovascular disorders, diabetes, and neurodegen-
erative diseases (202). Reversible thiol modifications, includ-
ing intramolecular disulfides, intermolecular disulfides,
protein sulfenic acids, and protein-glutathione mixed dis-
ulfides (protein-SSG) protect proteins from irreversible
overoxidation, allowing for a return to normal function after
the oxidant challenge has subsided. Irreversible oxidations,
such as sulfinic (RSO,H) and sulfonic (RSOs;H) acid forma-
tion, usually lead to protein degradation. In the case of certain
forms of the peroxiredoxins, hyperoxidation to the sulfinic
acid form is reversible by sulfiredoxin (108). In addition,
sulfiredoxin has been shown to catalyze protein deglutathio-
nylation in special cases (56, 139), although glutaredoxin is the
principal catalyst of protein-SSG reduction (see below).

In neurodegenerative disease, levels of GSH have been
reported to be diminished. Thus, in postmortem brain
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samples from patients with AD versus age matched con-
trols, significantly lower levels of GSH were seen in post-
mitochondrial supernatant fractions and synaptosomal
fractions; and increased levels of GSSG were seen in mito-
chondrial fractions, post-mitochondrial supernatant fractions,
and synaptosomal fractions (6). Likewise with PD samples,
similar changes have been seen where levels of GSH are de-
creased and GSSG is increased (85, 167). The GSH loss is
thought to be one of the early changes responsible for the
increased oxidative stress associated with onset of PD (59,
113). Thus, changes in the GSH/GSSG ratio and conditions
that produce ROS and RNS can promote modifications on
protein cysteine residues and on glutathione that serve as
precursors to the formation of protein mixed disulfides with
glutathione (protein-SSG). The various ways that protein
thiol moieties could be converted to protein—-SSG include thiol
disulfide exchange if the GSSG concentration is sufficiently
high; reaction of GSH with protein—sulfenic acid or protein—
SNO precursors, or recombination of protein- and glutathione-
thiyl radicals. These mechanisms and the potential for enzy-
matic catalysis of protein-SSG formation have been discussed
in detail previously (64, 118). Reversibly oxidized cysteine
residues on proteins are repaired principally by thiol-disulfide
oxidoreductase enzymes (TDORs) that catalyze thiol-disulfide
exchange reactions. The two principal TDORs involved in
sulfhydryl homeostasis are thioredoxin (Trx) and glutar-
edoxin (Grx), which catalyze the reduction of disulfide bonds
in both protein and nonprotein substrates (119, 202). Each of
these TDOR enzymes has displayed substrate selectivities
and redox potentials indicative of distinct physiological
functions. Trx primarily reduces intramolecular and inter-
molecular disulfide bonds (83). In contrast, Grx specifically
reduces protein—glutathione mixed disulfides (119). The spe-
cial characteristics of the thioredoxin and glutaredoxin en-
zyme systems suggest different, but complimentary functions
for them, likely acting synergistically to maintain the thiol
status in various types of cells (Fig. 5).

Inconsistencies are evident in studies of antioxidant
enzymes in the context of neurodegenerative diseases. Com-
pared to thioredoxin, thioredoxin reductase exhibits dimin-
ished activity in brain samples from AD patients (107),
whereas superoxide dismutase, catalase, and glutathione re-
ductase have been found increased several-fold in samples
from patients with AD (137, 200). Many of these oxidative
stress-responsive enzymes contain redox-active cysteines.
Thus, increases in their activities due to activation of antiox-
idant genes may be countered by oxidative post-translational
modifications which deactivate the enzymes or otherwise al-
ter function. For example, S-glutathionylation can alter the
function of eNOS to switch it from production of NO to
production of superoxide (32); also inhibition of NADPH
oxidase by S-nitrosylation in neutrophils turns off the major
source of superoxide generation during nitrosative stress (61).
Taken together, these findings support the concept that dis-
ruption of intracellular redox homeostasis contributes to
neurodegeneration.

A. Cellular functions of Grx

The main function of Grx is to deglutathionylate proteins
and restore the reduced state (protein-SH), thereby contrib-
uting to sulfhydryl homeostasis and serving to regulate the
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FIG. 5. Glutaredoxin and thioredoxin systems contribute
synergistically to sulfhydryl homeostasis. Besides scav-
enging of reactive species, the other important aspect of
thiol homeostasis is repair of sulfhydryl modifications. This
function is performed by the thiol-disulfide oxidoreductase
(TDOR) enzyme systems. Glutaredoxin (Grx, also known as
thioltransferase), coupled to GSH and GSSG reductase, and
the thioredoxin (Trx)-thioredoxin reductase system catalyze
disulfide reduction and reactivation of oxidatively-modified
sulfhydryl proteins. The Trx system favors reduction of in-
tramolecular disulfides via a Trx-(S-S) intramolecular dis-
ulfide intermediate, and it is indiscriminate with mixed
disulfides substrates. Grx is highly selective for glutathione-
containing mixed disulfides (i.e., protein-SSG). Thus, re-
versible protein-SSG formation by Grx may protect vital
proteins from irreversible damage and serve as a regulatory
mechanism. As described in the text, many of the proteins
characteristically associated with neurodegenerative diseases
are subject to oxidative modification and potential regulation
via this mechanism.

steady-state levels of protein-SSG in redox signaling net-
works (65). Increased levels of protein-SSG due to loss of Grx
activity has been implicated in many diseases (118), including
neurodegenerative diseases (70, 126), the focus of this review.
While the list of proteins that are potentially S-glutathiony-
lated in various contexts has grown remarkably, the physio-
logical relevance of the post-translational modification
requires scrutiny in each case, according to key criteria;
namely: does S-glutathionylation (1) alter the function of the
protein? (2) occur in intact cells as a response to a physio-
logical stimulus or a pathophysiological insult and elicit a
physiological / pathophysiological response (64, 161)? There
are a number of proteins that fulfill these criteria and illustrate
how S-glutathionylation alters function. For example, protein
tyrosine phosphatase-1B (PTP1B) is inactivated (15, 16),
whereas hRas is activated (146), and eNOS undergoes a
change of function (32). Proteomic studies showing protein
modifications represent a starting point for more detailed
mechanistic investigation. Since the chief function of Grx is to
catalyze deglutathionylation, manipulation of its content in
cells has been used effectively to document regulatory path-
ways that involve S-glutathionylated intermediates. For ex-
ample, IKK-SSG and p-65-SSG have been identified as
regulatory intermediates in the NF-«B signaling pathway in
different contexts (147, 151, 162). Regulation by Grx also has
been shown for other proteins representing a broad range of
cellular functions, namely the transcription factor NF-1 (14),
the signaling intermediate Ras (1), the scaffold protein actin
(188), the apoptosis mediators Akt (122, 144) and cJun (98),
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and the ion transporters CFTR chloride channel (189) and
K(ATP) channel (197). In each case, Grx was shown to restore
the original functional state of the modified protein. These
examples convey the breadth of regulation of cell functions by
reversible S-glutathionylation and highlight the potential for
dysregulation if the activity of glutaredoxin activity is altered.

B. Glutaredoxin and neurodegeneration

Oxidative and nitrosative stress conditions promote sulf-
hydryl oxidation, and various intermediate forms of protein—
cysteine modification like sulfenic acid (S-OH) and S-NO are
readily converted to protein-SSG in the cellular environment
where GSH abounds (64) (Fig. 6). The formation of protein-
SOH and its conversion to protein-SSG are shown as se-
quential spontaneous chemical reactions. It is conceivable that
sulfenic acid formation could be catalyzed by a peroxidase
(69), and there is evidence for glutathione-S-transferase-
mediated catalysis of protein-SSG formation from protein-
SOH (reviewed in ref. (180)). However, more study is
necessary before these reactions may become viewed as typ-
ically enzyme-catalyzed reactions. In the case of the protein-
SNO reaction with GSH, two different outcomes are depicted,
namely denitrosylation or S-glutathionylation. Both types of
reactions have been reported (153, 190) and further study is
necessary to understand the molecular basis for why one or
the other reaction is favored with particular proteins and
conditions (64). Glutaredoxin and thioredoxin function to
repair the oxidized sulfyhydryls and prevent irreversible
modification, aggregation, and degradation. However, in
many disease states, alterations in activity of these enzymes
can lead to deleterious outcomes such as dysregulation of

RNS
Protein-SH <——>  Protein-SNO
GSH / Trx
P G. 0]
GSH
Protein-SOH —  Protein-SSG

"

Protein-50,” — Protein-S0;

FIG. 6. Interconversion of forms of modified cysteine
residues on proteins. According to the relative reactivity and
relative abundance of ROS, RNS, and GSH (GSSG) in cells
under conditions of redox signaling or oxidative stress, the
expected sequence of events is initial formation of protein-
SOH which is readily converted to Protein-SSG; or initial
formation of Protein-SNO which is readily converted to
Protein-SSG. Thus, Grx plays a key role in determining the
steady-state level of Protein-SSG under various conditions
(64). Certain proteins that sequester the S-NO or S-OH
moieties may be resistant to conversion to Protein-SSG. Also,
Trx is reported to catalyze denitrosylation (20). In addition,
the S-OH moiety may undergo additional oxidation to sul-
finic (-SO,H) and sulfonic (-SO3H) acid forms which are es-
sentially irreversible (see text).
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signaling pathways, inhibition of transcription factors, and
interference with protein degradation, all of which may
initiate commitment to apoptosis.

Both Grx1 and Grx2 are expressed throughout the brain,
and the Grx1 activity in brain is similar to that found in the
liver (51, 89). However, differences in content of Grx appear to
reflect relative neuron viability in Alzheimer disease samples.
Thus, in postmortem AD brain tissue, immunohistochemical
analysis revealed elevated Grx in healthy neurons, but Grx
was diminished in neurons showing signs of neurodegen-
eration (5). Loss of Grx could enhance neuronal cell death not
only through loss of its deglutathionylase function, but also
through loss of its ability to bind pro-apoptotic protein, apo-
ptosis signaling kinase 1 (ASK1) (see below).

In a mouse model of PD involving acute treatment with
MPTP, Grx activity was observed to increase in the brains,
and this was correlated with restoration of activity of mito-
chondrial Complex I, the target of MPTP-induced inhibition.
When Grx1 was knocked down by antisense oligonucleotides,
inactivation of Complex I by MPTP was not reversed (91).

Although it is not established whether inhibition of Com-
plex Iin PD patients can be attributed to S-glutathionylation,
there is evidence in favor of regulation by glutaredoxin that
supports this hypothesis. A study of GSH depletion in rat N27
neurons as a model of PD reported inhibition of mitochon-
drial Grx2 and disruption of the iron-sulfur centers of Com-
plex I and aconitase. Furthermore, knockdown of Grx2 gave
analogous results (102). These findings suggest that mito-
chondrial Grx2 may play a more important role in iron—sulfur
homeostasis than in sulfhydryl homeostasis. Thus, under
stress conditions, depletion of GSH should lead to dissocia-
tion of the dimeric Grx2-Fe,S,-(GSH),-Grx2 complex (105),
thereby inactivating iron—sulfur transferase activity. In con-
trast, dissociation of the dimeric Grx2 complex would activate
the deglutathionylase activity of Grx2. Hence, diminution in
GSH content paradoxically should protect against Complex I
glutathionylation if Grx2 were the primary deglutathionyla-
tion catalyst. Alternatively, Grx1l in the mitochondrial in-
ner membrane space (136) may serve to deglutathionylate
Complex L.

C. Paradoxical pro-oxidant effects of therapy
of Parkinson’s disease

As introduced above, PD, characterized by dopaminergic
neuronal loss, is attributed to oxidative stress, diminished
GSH, mitochondrial dysfunction, and protein aggregation.
Treatment of PD to replenish dopamine and alleviate symp-
toms involves chronic administration of Levodopa (L-DOPA)
which itself is a pro-oxidant. Therefore, we examined the ef-
fects of L-DOPA in a model akin to PD, [i.e., immortalized
dopaminergic neurons (SHSY5Y cells) with diminished GSH
content (154)]. These neurons exhibited hypersensitivity to
L-DOPA-induced cell death, attributable to concomitant loss
of activity of the intracellular thiol disulfide oxidoreductases.
Grx was deactivated, but its content was unchanged. GR ac-
tivity was not altered. Decreased activities of Trx and TR
corresponded to diminution of their cellular contents. To
distinguish the mechanism for L-DOPA-induced apoptosis of
SHSY-5Y neurons, we focused on cell death pathways im-
plicated in PD with potential regulatory roles for both Grx and
Trx (155), NF-xB activity was not altered, and the selective
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mixed lineage kinase (MLK) inhibitor (CEP-1347) did not
protect the cells from L-DOPA. In contrast, ASK1 was acti-
vated and knockdown of ASK1 protected from L-DOPA
induced neuronal cell death, identifying ASK1 as the main
pro-apoptotic pathway activated in response to L-DOPA
treatment. The next section focuses on oxidative stress and the
key role of ASK1 in apoptosis of neuronal cells pertinent to
neurodegeneration.

VI. Oxidative Stress and Apoptosis

As noted above, oxidative stress is inherent in neurode-
generative disease and increased oxidative stress has been
shown in many instances to lead to apoptosis. Here, we focus
on apoptotic mediators that are activated by oxidative stress.
Moreover, diminution of Grx or Trx levels or loss of function
impedes protein reduction and disrupts thiol homeostasis.
Below are examples where deactivation of Grx or Trx could
promote apoptosis in both cell and animal models of neuro-
degenerative diseases.

A. Apoptosis signaling kinase 1 may be regulated
directly or indirectly by Grx1, Trx1, and other effectors

ASK1 has been reported to be activated in many models
of PD including treatment of cells and animals with 6-
hydroxydopamine (6-OHDA) or MPTP. In SHSY5Y cells, 6-
OHDA led to ASK1 activation, resulting in JNK activation and
apoptosis (135). For a general review of the ASK1-MAP kinase
pathway in stress signaling, see Ref. (114). In MPTP-treated
mice, the thiol antioxidant o lipoic acid prevented ASK1 ac-
tivation implying a thiol-disulfide oxidative mechanism of
ASK1 activation (88). In another context, it was shown that
Grx1 remains bound to the C terminus of ASK1, maintaining
ASK1 in its inactive state, so long as the active site cysteines of
Grx1 are in the reduced state (171, 172). Various oxidative
stimuli, including glucose deprivation and hydrogen perox-
ide treatment, lead to ASK1 activation. This activation was
prevented by pretreatment with excess catalase or N-acetyl
cysteine (171, 172). Trx1 binds the N terminus of ASK1 and is
also shown to regulate ASK1 activation, and its dissociation
can also be oxidatively regulated. Trx, like Grx, contains
two active site cysteine residues that must be maintained in
the reduced state. Upon oxidation, Trx no longer binds to
ASK1 (158).

Alternatively, ASK1 activation could occur through disso-
ciation of other ASK1-bound negative effectors. The negative
effectors described below have been shown in other contexts
to be subject to oxidative modifications that may interfere
with their binding to ASK1, analogous to Grx and Trx. Upon
dissociation of negative effectors, ASK1 is activated, leading
to the propagation of an apoptosis cascade. Figure 7 provides
a simplified scheme of the ASK1 signalosome showing vari-
ous effectors of ASK1 that are subject to modification under
oxidative stress conditions that may alter the activities of the
Grx and/or Trx enzyme systems, the redox status of the ef-
fectors, and consequently the activity of ASK1.

1. Oxidation of negative and positive effectors of ASK1.
ASK1 (also known as “the apoptosome”) interacts with many
proteins, including heat shock proteins 72 and 90, peroxir-
edoxin, Grx, and Trx, among others. The protein effectors
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FIG. 7. Schematic representation of potential modes of ASK1 activation under oxidative stress. On the left, ASK1 is
represented in its inactive form in the cytosol, bound to some of its multiple negative regulators. Upon oxidative stimulus
(e.g., inflammatory mediators, L-DOPA treatment), these negative regulators become oxidized or otherwise modified (e.g.,
glutathionylation, dopaquinone adduction) and dissociate from ASK1. Concomitantly, ASK 1 is activated wherein autop-
hosphorylated (activated) ASK1 initiates a phosphorylation cascade of downstream mediators, which induces apoptosis
(shown at the right). L-DOPA treatment has been shown to cause loss of Grx1 and Trx1 activities (154), which would impede
reduction of other oxidized negative regulators of ASK1, resulting in prolonged ASK1 activation. Details of this model,
including the potential involvement of Daxx and DJ-1, are presented in the text.

presented here have been shown in other contexts to be oxi-
datively modified.

Heat shock proteins 72 and 90 (HSP 72, HSP 90) bind ASK1
and prevent its activation through different mechanisms.
Bound HSP 72 inhibits ASK1 homo-oligomerization and ac-
tivation (138), whereas HSP 90 stabilizes the association of
Akt and ASK1, resulting in inhibition of ASK1 signaling (201).
Furthermore, both proteins have been shown to be oxida-
tively modified with 4-hydroxynoneal treatment inhibiting
their ATPase activities (28, 29). It would be informative to
learn whether oxidative modifications of the HSPs occur in
neurodegeneration.

DJ-1, a protein associated with genetic forms of PD, is an
atypical peroxiredoxin, molecular chaperone, and transcrip-
tion factor. DJ-1 is mutated with a loss of function or deleted in
autosomal recessive PD (73). In another context, oxidation of
DJ-1 was interpreted to target it for degradation (186). DJ-1
null mice show increased sensitivity to oxidative stress (95);
however, it is currently unknown if DJ-1 is oxidized in spo-
radic PD and if such oxidation of DJ-1 would change its
function or accelerate its degradation. In cell culture studies,
oxidation of DJ-1 within the nucleus was reported to result
from downregulation of Grxl1, and this DJ-1 oxidation al-
lowed dissociation of Daxx and translocation of Daxx to the
cytosol (157). Daxx, a positive regulator of ASK1, binds and
activates ASK1 and its apoptotic pathway (87). Taken to-
gether, these findings suggest that Grx1 may regulate the re-
dox state of DJ-1 within the nucleus and/or alter the ability of
DJ-1 to translocate freely between nuclear and cytosolic
compartments. Thus, oxidation of DJ-1 could activate ASK1
indirectly by promoting the positive effector action of Daxx. In
contrast, other studies have reported that oxidized DJ-1 is a

negative regulator of ASK1 [i.e., it binds and inhibits ASK1
only when oxidized (186)]. Since the results/interpretation of
these two studies are conflicting, further experimentation is
necessary to clarify the role(s) of redox regulation of DJ-1 in
modulating the apoptotic action of ASK1.

Peroxiredoxin 1 (Prx1), a small nonseleno peroxidase,
functions to reduce peroxides within the cell via a 2-Cys redox
cycling mechanism, and Prx1 is reduced to its original, active
form by the Trx system (10). Prx1 has been implicated in both
positive and negative regulation of ASK1 (34, 50, 170). In the
context of neurodegeneration and oxidative stress, treatment
of catecholaminergic PC12 cells with MPP+ (Complex I in-
hibitor) was reported to lead to diminution of Prx1 levels,
concomitant with increased apoptosis (34). In another study,
Prx1 was inactivated in dopaminergic MNID cells after
treatment with the pro-oxidant 6-hydroxydopamine (103). In
a third study, Prx1 was reported to bind at the N-terminus of
ASK1 and prevents its activation (96). Together, these three
studies characterize Prx1 as a negative regulator of ASK1, so
that dissociation of the Prx1-ASK1 complex due to Prx1 oxi-
dative modification and/or degradation would lead to ASK1
activation and apoptosis. However, instead of oxidative stress
leading to Prx1 dissociation, the study by Kim et al. (96) re-
ported that Prx1 association with ASK1 was driven by hy-
drogen peroxide treatment, requiring 5mM H,O, to be
effective. Hence, under the molecular mechanism of regula-
tion of ASK1 activity by Prx1 under oxidative stress condi-
tions requires further investigation.

Involvement of Prxl in degeneration of neurons in the
clinical setting or in animal models is unknown currently;
however, Prx2, the most abundant neuronal peroxiredoxin,
has been implicated as an indirect negative effector of ASK1 in
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a study of 6-OHDA-induced dopaminergic neurodegenera-
tion in mice (and cultured cells) (76). Here Prx2 over-
expression was reported to lead to overoxidation of Prx2 and
concomitant maintenance of Trx1 in its reduced state, thereby
facilitating Trx1 binding to and inactivation of ASK1. This
proposed mechanism is very unusual, because the typical
interaction between Trx1 and Prx operates in the opposite
direction, namely after Prx is oxidized by peroxide Trx re-
duces the Prx; and the resultant oxidized Trx is recycled by
TR. Hence, it must be questioned how well the studies of
overexpressed Prx2 may reflect actual functional interactions
involving endogenous levels of Prx2.

The various negative regulators of ASK1 may be subject to
S-glutathionylation under oxidative stress conditions (Fig. 7).
Thus, the ASK1 apoptosis pathway may be regulated by re-
versible glutathionylation and controlled by the deglutathio-
nylase activity of Grx. Alternatively, the functional activities
of multiple other cytosolic and mitochondrial proteins are
reported to be regulated by Grx which may have impact on
the sensitivity of neurons to oxidant-induced apoptosis. As
discussed individually below, oxidation of these proteins re-
sulting in a change in their native function could contribute to
cell death through non-ASK1 mechanisms. In this context, it is
interesting to note that cerebral granular neurons can be
protected from dopamine-induced apoptosis by addition of E.
coli Grx2 which can penetrate into the cells (41, 42). The pro-
tective effect of the Grx2 was attributed to activation of ex-
pression of Refl which in turn activated akt/NF-«B and AP-1.

B. Redox sensitivity of cytosolic proteins implicated
in neuronal cell death

1. Glyceraldehyde-3-phosphate dehydrogenase.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) func-
tions within the glycolytic cycle to generate glyceraldehyde-3-
phosphophate and NADH. However, GAPDH is remarkably
versatile, displaying regulatory roles in membrane fusion,
calcium homeostasis, transcription, and cell viability. Recently,
GAPDH has received increased attention in neurodegenerative
research as it has been found to accumulate in neurofibrillary
tangles, Lewy bodies, and other detergent-insoluble plaques
associated with neurodegenerative disease (123). Furthermore,
oxidative modification of GADPH has been linked to loss of its
enzymatic activity (121); thus, treatment of isolated aortic
endothelial cells with GSNO led to loss of GAPDH activity
concomitant with its S-glutathionylation. Regarding neurode-
generation, isolated dermal fibroblasts from HD and AD pa-
tients compared to age-matched controls showed a decrease in
GAPDH activity within the nucleus (116). Using anti-GSH
antibodies, increased glutathionylated GAPDH was also ob-
served via proteomic studies of postmortem brain sections
from AD patients (126).

2. Tyrosine hydroxylase. Tyrosine hydroxylase (TH), the
rate limiting enzyme in synthesis of dopamine, is a biomarker
for neurons involved in Parkinson’s disease. TH contains 7 Cys
residues, however none have been shown to be required for
catalytic function. These Cys residues have been reported to be
glutathionylated when PC12 cells were treated with diamide,
resulting in a diminution of TH enzymatic function (21). Fur-
thermore, it has been reported that TH function decreases to a
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greater extent than the loss of dopaminergic neurons ina MPTP
model of PD (7). Loss of TH activity via oxidation was not
examined in that study, so it remains unknown if TH is glu-
tathionylated in models of degenerative diseases.

3. p53. p53 responds to DNA damage through repair,
cell cycle arrest, or activation of apoptosis. In regard to neu-
rodegenerative diseases, p53 has been reported to be elevated
both in mild cognitive impairment, in AD, and in PD (31, 120).
Brain samples from AD patients showed increased oxidation
of p53 compared to controls (31). More recently, p53 was
found to be glutathionylated in samples from AD patients
compared to age-matched controls. Immunoprecipitation of
p53 from the inferior parietal lobule of postmortem samples
showed increased reactivity to the anti-glutathione antibody,
and increased monomer and dimer forms of p53 were ob-
served. A lack of tetramerization was attributed to increased
S-glutathionylation of p53, however functional consequences
were not examined (47). Consistent with these findings, glu-
tathionylation of p53 has been reported also in cancer cells to
be coincident with inhibition of its oligomerization and tran-
scriptional activation (184).

C. Apoptosis and modification of mitochondrial
permeability pore proteins

Mitochondrial membrane permeability is tightly con-
trolled. When compromised, a series of adverse effects occur,
including loss of transmembrane potential, uncoupled elec-
tron transport, increased production of ROS, decreased ATP
synthesis, and ultimately mitochondrial initiation of the ap-
optosis cascade (149). The mitochondrial permeability pore
(MPP) is a conformationally dynamic complex likely com-
prised mainly by three proteins, voltage-dependent anion
channel (VDAC), adenosine nucleotide transporter (ANT),
and cyclophilin D (CypD). MPP opening in liver mitochon-
dria from CypD knockout mice was much less sensitive to
calcium than normal mitochondria, and MPP opening was no
longer inhibited by the CypD antagonist cyclosporine A
(CsA) (12). In contrast, knockout of all isoforms of ANT and of
VDAC in separate studies (13, 99) revealed that neither of
these components is essential for calcium-dependent, CsA-
inhibitable mitochondrial permeability transition. However, a
preponderance of evidence indicates that ANT, and likely
VDAC, play regulatory roles in the mitochondrial perme-
ability transition (71, 156, 198), and both are susceptible to
modulation by oxidative stress. Both VDAC and ANT have
been shown to be oxidatively modified in multiple contexts as
discussed below.

1. Voltage-dependent anion channel. Proteomic studies
have reported oxidative modification of voltage-dependent
anion channel (VDAC) in post-traumatic brain injury (134)
and in human AD brains compared to controls (177). VDAC
resides on the outer mitochondrial membrane and functions
as an interface between the mitochondrion and the cytosol
through its ability to exchange both adenosine nucleotides
and calcium. According to studies with yeast, VDAC func-
tions as a redox sensor, modulating the cellular redox state
(63). VDAC has two conserved cysteine residues, Cys 127 and
Cys 232, which appear to be oriented differently (i.e., one faces
the VDAC pore while the other faces the lipid bilayer). While
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thiol alkylation with fluorescein-NEM altered VDAC con-
ductance, mutation of the conserved Cys residues to Ala did
not alter channel activity, oligomerization, or apoptosis (9). In
Neuro?2a cells (model of mouse neurons), diminished Grx1 led
to increased oxidized VDAC and mitochondrial dysfunction,
suggesting S-glutathionylation of VDAC may alter its func-
tion; however, glutathionylation per se was not documented
(156). The apparently conflicting results regarding the func-
tional importance of the VDAC Cys residues revealed by
these two studies could reflect the difference between repla-
cing the cysteines by neutral isosteric Ala residues versus
modification by the charged and bulky glutathionyl moiety.
This type of distinction has been documented for other pro-
teins regulated by reversible S-glutathionylation [e.g., NF-1
(14) and HIV1 protease (43)].

2. Adenosine nucleotide transporter. Adenosine nucleo-
tide transporter (ANT) functions to maintain mitochondrial
permeability and facilitates the exchange of ATP and ADP at
the inner mitochondrial membrane. This protein also has been
reported to interact with both pro-apoptotic and pro-survival
Bcl-2 family members (19). ANT contains multiple oxidant-
sensitive Cys residues that are critical for ANT function and
pore forming properties. C-56, C-159, and C-256 reside on the
matrix side of the inner mitochondrial membrane and oxi-
dation of these residues results in permeability pore opening
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and increased pore forming activity of ANT (149). In brain
cells, different effects on ANT were observed dependent on
the extent of oxidative stress (i.e.m GSSG concentration). In
astrocytes exposed to carbon monoxide, low levels of GSSG
were associated with S-glutathionylation of ANT and de-
creased pore forming activity, but increased translocation of
ADP/ATP (149). However, at higher GSSG concentrations in
both astrocytes and cerebral granule neurons, glutathionyla-
tion of ANT was correlated again with decreased permeabil-
ity but ADP/ATP translocation was also decreased in this
case (149, 185), suggesting a different array of Cys residues
modified by S-glutathionylation. It remains to be determined
whether glutathione adduction of ANT is site-specific and
functionally diverse.

3. Redox sensitivity of calcium transporters. Alterations
in calcium homeostasis have been implicated in neurode-
generative disease (Fig. 8). Elevated cytosolic calcium pro-
motes cellular oxidative stress (115). Mice treated with MPTP
to induce PD leads to elevated intracellular calcium concen-
trations and cell death (104). Similarly, calcium levels rise
following excitotoxic injury, leading to cell death. This in-
crease in apoptosis is prevented through inhibition of the IP3
receptor or the ryanodine receptor (RyR) (115). RyR type 1 has
been shown to be glutathionylated in vitro in response to
several different treatments, where S-glutathionylation

-SH=>-55G ™

FIG. 8. Regulation of intracellular ionized calcium. This scheme provides a representation of the various calcium channels
and their effects on intracellular 1omzed calcium (increase or decrease) and identifies those which have been reported to be
modified by S-glutathionylation. Ca®* flux is a critical and tightly controlled aspect of normal cell activity. Dysregulation of
intracellular ionized calcium concentration occurs with aging and oxidative stress, resulting in decreased cell viability.
Several transporters that control intracellular calcium are subject to functional change by oxidation, [e.g., reversible S-
glutathionylation (see text)]. Ca®* flux is regulated by several transporters including two calcium ATPases associated with
the smooth endoplasmic reticulum and the plasma membrane (SERCA and PMCA), two receptors located on the SER
membrane (RyR, and IP; receptor), and two transporters located within mitochondria (MPTP and MCT). The two Ca®*
ATPases extrude cytosolic calcium into sequestered compartments: SERCA moves most of the Ca®* from the cytoplasm into
the SER, whlle the plasma membrane calcium ATPase (PMCA) pumps Ca’>* into the extracellular milieu. RyR and IPsR
release Ca®" from the SER into the cytosol. The mitochondrial calcium transporter (MCT) promotes calcium reuptake, while
the mitochondrial permeability pore (MPP) extrudes calcium.
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caused opening and calcium release from the endoplasmic
reticulum (8). Recently, in a cerebral ischemic rat model, RyR
type 2 was shown to be glutathionylated under ischemic
conditions compared to control. This glutathionylation also
resulted in increased activity of the channel, suggesting that
this modification of RYR2 may contribute to neuronal death
(25). SERCAZ is the chief regulator of Ca** reuptake from the
cytoplasm to the SER, and its activity is known to be altered
by reversible S-glutathionylation in other contexts (2). How-
ever, we are unaware of studies that have examined the glu-
tathionylation status of the various calcium pumps in
neurodegeneration models.

D. Oxidative modifications affecting the proteasome
system, protein aggregation, and mitochondrial
dynamics in neurodegeneration

In previous reports, the ubiquitin ligases E1 and E2 have
been identified as susceptible to deactivation by oxidative
modification, including S-glutathionylation (84, 130). Activity
of the 26 S proteasome also can be diminished indirectly by S-
glutathionylation, specifically on its regulatory subunit Rpn2
(203). Such modification may alter its protein structure and
impair interaction with the proteasome catalytic domain 20S
CP. In the context of neurodegeneration, GSH was depleted in
cultured catecholaminergic PC12 cells to serve as a model of
PD (86). Under these conditions the ubiquitin-proteasome
system was inhibited, resulting in decreased ubiquitination
of misfolded and damaged proteins and appearance of
Lewy bodies. In particular, the activity of the E1 ligase was
impaired (86).

Other components of the proteasomal complex are also
subject to oxidative modification. The 26S/20S proteasomes,
which selectively eliminate oxidatively modified proteins, can
be inhibited by oxidative stress (131), and the 20S proteasome
is inhibited by S-glutathionylation in yeast (44). Such modi-
fications may also contribute to disruption of intracellular
protein folding homeostasis and thereby promote the pro-
gression of neurodegeneration.

The 20S proteasome under oxidative stress is subject to
irreversible modification and deactivation by adduction
of a major end product of lipid peroxidation, 4-hydroxy-2-
nonenal (HNE) (60, 131), which modifies the catalytic cysteine
(55). Based on the examples above, different types of protein
modification may lead to a combinatorial regulation of the
intracellular protein degradation system, controlling protein
accumulation, and phosphatases may collaborate with the
thiol homeostatic enzymes glutaredoxin and thioredoxin to
regulate the steady-state levels of modified proteins. This is a
key issue, since human cytosolic Trx, Grx, and a number of
kinases and phosphatases are known to undergo Cys-based
redox modifications, including intramolecular disulfide, S-
glutathionylation, and S-nitrosylation (30, 58, 72, 118). In
concert, these redox modifications may facilitate dynamic
fine-tuning of the reactivity of the enzymes in response to
different stress conditions. Figure 9 depicts the various sites of
potential regulation via cysteine modifications within the
proteasome pathway.

As noted above, the protein Parkin is implicated in familial
PD. Lately, data based on both in vitro and in vivo analyses of
animal and human brain samples have identified Parkin, a
member of the family of ubiquitin E3 ligases, to be responsible
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for ubiquitinating aberrant proteins targeted for proteasomal
degradation. S-Nitrosylation of the active-site cysteine of
Parkin triggered by NO/ROS can inhibit selectively its ligase
activity and therefore result in dysfunction of the ubiquitin
proteasome pathway (37, 199). The zinc-finger protein PARIS
(ZNF746), a recently identified Parkin substrate, is found ac-
cumulated in human PD brain and in animals where Parkin
has been knocked out at the adult stage (166). Thus, Parkin
inactivation by either redox modification or gene ablation
leads to PARIS accumulation and loss of neuronal cells, con-
sistent with PD pathogenesis. Furthermore, Parkin can be
tyrosine-phosphorylated and thereby deactivated by the
stress-signaling kinase c-Abl, which itself is activated by oxi-
dative stress in cultured neuronal cells and in striatum of
mice. In addition, activated c-Abl, elevated phospho-Parkin,
and accumulated Parkin substrates were found in postmor-
tem striatal samples from PD patients relative to controls (79).

How inactivation of Parkin ultimately leads to neuronal
death is an active area of investigation, including studies of
overactivation of autophagy and dysregulation of mitochon-
drial fusion and fission. For example, in primary cortical neu-
rons, overexpression of mutant A53T «-synuclein, which is
implicated in familial PD, led to massive loss of mitochondria
and neuronal degeneration. These effects were blocked when
the Parkin or autophagy-related genes were silenced (36).

In models of Huntington’s disease, GTPase dynamin-
related protein-1 (DRP1) has been reported to be activated by
binding to mutant huntingtin protein, promoting dysregula-
tion of mitochondrial fission and mitochondrial fragmentation
(173). In addition, S-nitrosylation of DRP1 has been reported in
several contexts; however, a coherent picture has not yet
evolved. Whereas Bossy et al. (22) reported that S-nitrosylation
of DRP1 does not affect its enzymatic activity, Nakamura et al.
reported (124) that S-nitrosylation of DRP1 induces oligomer-
ization and activation of its GTPase function, contributing to
abnormal mitochondrial fragmentation and synaptic damage
analogous to the effect of huntingtin protein binding (173).
Perhaps this discrepancy is related to the amount of conversion
of DRP1-SNO to DRP1-SSG in the different studies.

VIl. S-Glutathionylation and Plaque Formation

Insoluble plaques are associated with neurodegenerative
disease as described above. Plaques have been studied ex-
tensively for any characteristic marker that would help define
their existence. Oxidized proteins, detailed below, have been
shown to accumulate in plaques.

A. Actin

Actin is an abundant cellular protein involved in cell
growth, movement, and division through its maintenance of
cellular infrastructure. Actin function has been shown to be
redox regulated by reversible S-glutathionylation, dependent
on Grx. Under control conditions for A431 epithelial cells and
NIHS3T3 fibroblasts, actin is largely glutathionylated at Cys
374. Stimulation by growth factors leads to Grx-dependent
deglutathionylation and increased polymerization and re-
arrangement of the cellular actin (187, 188). Moreover, actin
glutathionylation appears to play a role in axonal and
dendrite stability as well as neuronal survival in normal brain
(174). Actin glutathionylation has been implicated in a number
of neuronal diseases. For example, fibroblasts from Freidreich’s
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FIG. 9. Post-translational redox modifications in the ubiquitin—proteasome system. Various oxidative modifications,
mainly Cys-based (glutathionylation, nitrosylation), have been identified in proteins involved in the ubiquitin proteasome
system (UPS). Previous studies have defined a putative role for each modification, for example, S-nitrosylation of Parkin
(Parkin-SNO) triggered by generation of NO from nitric oxide synthase (NOS) can cause neuronal cell death through the
accumulation of aberrant proteins; S-glutathionylation of ubiquitin ligase E1, 2 and 20S proteasome regulator Rpn2 can
downregulate the intracellular proteasome degradation system. Recently, NOS itself was found to undergo glutathionylation,
altering its function from NO production to superoxide production (see text). The Cys-based modifications are controlled by
the oxidoreductases glutaredoxin (Grx) and thioredoxin (Trx), which mediate deglutathionylation and denitrosylation, re-
spectively. Furthermore, human Grx and Trx have been reported to undergo glutathionylation or nitrosylation themselves,
leading to inactivation in a context-dependent manner. It is still unclear whether the -SNO and -SSG modifications work in
concert and if the modifications can influence each other. It appears that such modifications at various points in the UPS

pathway may determine the accumulation of misfolded or aberrant proteins in neurodegeneration.

ataxia patients showed increased actin glutathionylation, co-
incident with enlarged cells and cytoplasm; immunocyto-
chemical visualization showed a disarrangement of actin
filaments as a consequence of the glutathionylation (140). AD
brain samples have also revealed increased actin oxidation (4).
Accordingly, fine control of the extent and reversibility of actin
glutathionylation may differentiate normal function from
participation in disease progression.

B. Tau

Tau protein aids in neurite extension and axonal growth via
microtubule assembly and maintenance; its dysregulation is
implicated in AD. Tau has a required cysteine residue (Cys
322) which facilitates its binding to microtubules. Cys322 has
been reported to be oxidized in vitro, altering tau’s ability to
form dimers (45, 46). In particular, polymerization of the S-
glutathionylated form of three-repeat tau was interpreted as
evidence that tau-S-S-tau dimer formation is not required for
filament assembly (36). Further studies are necessary, how-

ever, to distinguish whether such glutathionylation of tau
protects tau from aggregation into neurofibrillary tangles or
promotes this deleterious effect associated with AD.

VIIl. S-Glutathionylation of Proteins Involved
with Mitochondrial Respiration

Mitochondria are a major site of ROS production within the
brain, mainly generated from the electron transport chain, as
described above. Mitochondria limit excess ROS through their
own system of antioxidant enzymes and pool of GSH which
equilibrates only slowly with the cytosol. As aging occurs,
control of ROS becomes dysregulated, resulting in modifica-
tion of proteins within mitochondria. The oxidative modifi-
cations of sulfthydryl groups have consequences not only to
protein function but also to cellular functions and viability. A
number of examples are described below. The uncoupling
proteins UCP2 and UCP3 are known to abate oxidative stress
and participate in a range of cellular functions, including
dissipation of heat and regulation of satiety. The UCPs
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have reactive cysteine residues that are subject to S-
glutathionylation (110); therefore, it would be informative to
examine whether reversible glutathionylation of the UCPs
plays a role in neurodegenerative diseases, especially because
impairment of mitochondrial functions has been implicated
broadly in these diseases.

A. a-Ketoglutarate dehydrogenase

Analysis of Alzheimer brains shows inhibition of the
tricarboxylic acid (TCA) cycle which is the source of reduc-
ing equivalents for the ETC: specifically diminution of o-
ketoglutarate dehydrogenase (¢-KGDH) activity is observed.
However, the mechanism of «-KGDH deactivation in this case
has not been characterized. Oxidants, including hydrogen
peroxide and peroxynitrite, are known to inhibit the function
of «-KGDH. For example, «-KGDH was inhibited in isolated
mitochondria treated with hydrogen peroxide, and incuba-
tion with Grx restored activity (129). Likewise, peroxynitrite
treatment of isolated «-KGDH inactivated the enzyme via
tyrosine nitration and this was restored by reaction with GSH
(164). Given the association of «-KGDH deactivation with AD
and the potential for deactivation of the enzyme by S-
glutathionylation, it is pertinent to consider whether glu-
tathionylation of «-KGDH may be a contributing factor in
neurodegeneration. This question is worthy of investigation
in light of recent studies of selective knockdown of the E2K
subunit of o-KGDH, deactivating the enzyme in mouse brain
and altering glucose utilization. These results imply that di-
minished activity of the x-KGDH complex has the potential to
impair glucose utilization as seen in several neurodegenera-
tive diseases (127).

B. Mitochondrial NADP™ -dependent isocitrate
dehydrogenase

NADP *-dependent isocitrate dehydrogenase (IDPm) cat-
alyzes the oxidative decarboxylation of isocitrate to form -
ketoglutarate and generate NADPH. Furthermore, IDPm has
been reported to protect against oxidative stress, likely by
generation of NADPH as substrate for the antioxidant en-
zymes such as GR and TR which support the Grx, Trx, GPx,
and peroxiredoxin systems. This enzyme contains a critical
Cys residue within its active site, shown previously to be
oxidatively modified (53, 93, 169). In particular, glutathiony-
lation of Cys 269 by GSSG (or other oxidants) deactivates
IDPm, and the isolated enzyme can be reactivated by either
DTT or Grx2 plus GSH (94). In the same study, mice were
treated with MPTP to simulate Parkinson’s disease, resulting
in a dose-dependent increase in glutathionylation of IDPm
(94). Additional studies are needed to determine the conse-
quence of glutathionylation of IDPm in the actual context of
neurodegenerative disease.

C. Complex |

NADH-ubiquinone oxidoreductase, Complex I, is the first
enzyme in the mitochondrial electron transport chain, re-
sponsible for the majority of cellular ATP production (77). In
PD, inhibition of Complex I by as little as 25% is sufficient to
impair oxidative phosphorylation. Modeling this effect,
Complex I inhibitors, such as MPTP and rotenone, induce
Parkinsonism in mice, impede ATP production, and stimulate
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ROS formation. These combined effects result in excessive
oxidative stress and ultimately cell death (182). Grx 1 protein
was elevated in mice acutely treated with MPTP potentially
due to a protective antioxidant response. In separate studies,
knocking down either Grx1 or Grx2 led to decreased Complex
I activity. These findings implicate both Grx1 and Grx2 in the
redox regulation of Complex I (89, 91). Consistent with this
hypothesis, treatment of mitochondria with excess GSSG re-
sulted in S-glutathionylation of Complex I and loss of its
function; however, addition of GSH and Grx2 only partially
reversed the inhibition (18, 179). Further characterization
showed Complex I is glutathionylated on the 75kDa subunit
at Cys 531 and Cys 704 resulting in loss of activity (78). It
remains to be determined whether Grx2 in the mitochondrial
matrix or Grx1 in the intermembrane space (136), or both, are
responsible for regulating the activity of Complex I in situ.

D. Complex Il

Complex II mediates the second step in the electron trans-
port chain. This enzyme, succinate quinone reductase, couples
oxidation of succinate to the reduction of ubiquinone. Recent
studies examining ischemia in heart tissue reported a decrease
in activity of Complex II under ischemic conditions. This loss
of activity was correlated to an increase in S-glutathionylation
of the 70kDa subunit at Cys 90 as determined by anti-
glutathione antibody reactivity. Under more intense treatment
conditions, other Cys residues became glutathionylated as well
(35). Interestingly, S-glutathionylation of the isolated protein
resulted in protection from tyrosine nitration by peroxynitrite
and preserved enzyme function (33). Remarkably, unlike
Complex I, where glutathionylation deactivates its electron
transfer activity and increases ROS production, isolated
Complex II-S5G displays increased activity and decreased
ROS generation. Since these changes have not been examined
in neurodegeration models, directed studies are needed to
determine if glutathionylation on Complex II plays a role.

E. ATP synthase

ATP synthase is responsible for converting ADP to ATP
and is powered by the proton gradient established by the
electron transport chain. In studies involving isolated brain
and liver mitochondria from rats, ATP synthase was shown to
be glutathionylated according to Western blot analysis with
anti-GSH antibodies and mass spectrometry. Glutathionyla-
tion of ATP synthase also resulted in loss of enzyme function.
Remarkably, brain mitochondria showed pronounced glu-
tathionylation of ATP synthase compared to isolated liver
mitochondria, appearing to be the major mitochondrial pro-
tein that becomes glutathionylated under oxidative stress
(66). Loss of activity would mean diminished levels of ATP for
the brain cells. In addition to ATP synthase, studies of young
and aged rats showed an increase in nNOS content with age
as well as increased nitration of ATP synthase (101). Further
studies need to be performed to determine whether inhibition
of ATP synthase occurs in samples from patients with neu-
rodegerative disease and contributes to neuronal cell death.

F. Succinyl CoA transferase

Succinyl CoA transferase has been shown in two separate
studies to be modified with age and increased oxidative
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stress. This enzyme catalyzes the rate limiting step in keto-
lysis, converting ketone bodies to acetoacetyl CoA which
enters the Kreb’s cycle to produce energy. This important
pathway provides an alternative source of energy in the brain
during times of low glucose. In studies of aging rats, succinyl
CoA transferase was nitrated and this was attributed to ele-
vated nNOS (101). In isolated rat brain mitochondria, this
enzyme also was shown to be glutathionylated, resulting in
diminished enzyme activity (66). Whether deactivation of
succinyl CoA transferase by glutathionylation contributes to
neurodegeneration remains to be investigated.

IX. Potential Approaches to Therapy
of the Neurodegenerative Diseases

The preceding descriptions of the neurodegenerative dis-
eases have highlighted common features, including their
multifactorial nature and involvement of oxidative stress,
emanating both from within the neurons and from external
inflammation. Thus, therapy is aimed at the local immune
responses as well as the neurons. This is an especially difficult
task because brain inflammation is necessary for brain repair,
but chronic inflammation is neuropathogenic. Accordingly,
one recent study has focused on the selective cytokine action
of IL-10 which can suppress neuroinflammation. Using a
mouse model of Alzheimer’s disease, adeno-associated virus-
mediated expression of the IL-10 gene in neurons was found
to improve cognitive function, but direct administration of
the IL-10 did not (97). Another evolving approach involves
inhibitors of histone deacetylase (HDAC), which have been
reported to diminish oxidative stress and inflammation in
models of Parkinson’s disease. Co-administration with MPTP
of the HDAC inhibitor valproic acid protected against dopa-
minergic cell loss in the substantia nigra (92). Valproic acid
has the advantage of being an already useful drug for chronic
disease, namely epilepsy. Another promising strategy for PD
which is currently in clinical trials involves administration of
adenosine receptor (AdR) antagonists along with L-DOPA,
because the AdR antagonists appear to stimulate dopamine
receptors as well as diminishing neurodegeneration (11).
Ultimately, the goals of therapy for the neurodegenerative
diseases include not only alleviation of symptoms and inter-
ference with disease progression, but also stimulation of
neuronal regeneration (81).

X. Conclusions

This review provides an overview of the role of oxidative
stress in initiation/propagation of neurodegenerative dis-
eases and highlights multiple protein targets whose oxidative
modification, in particular S-glutathionylation, may contrib-
ute to the disease process. Much of the current information
has been garnered from studies that were focused on oxida-
tive stress and redox signaling situations other than neuro-
degeneration. Nevertheless, the analogous contexts of
oxidative stress and disruption of thiol homeostasis support
the proposition that the findings are likely to apply also to
neurodegenerative processes. As techniques continue to
evolve to selectively identify specific glutathionylated pro-
teins in a quantitative fashion related to changes in cellular
functions, new insights about neuropathological conse-
quences of this oxidative protein modification will emerge,
informing novel approaches to therapeutic development.
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Abbreviations Used

Ap =amyloid beta
AD = Alzheimer’s disease
Akt = serine/threonine protein kinase
(aka protein kinase B)
ALS = amyotrophic lateral sclerosis
ANT = adenosine nucleotide transporter
ASK1 = apoptosis signal regulating kinase 1
BBB =blood-brain barrier
CEP = w-2-carboxyethyl pyrole
CFTR = cystic fibrosis transmembrane
conductance regulator
CNS = central nervous system
DRP1 = dynamin-related protein-1
DTT = dithiothreitol
ER = endoplasmic reticulum
ETC = electron transport chain
FRDA = Friedriech’s ataxia
GR =GSSG reductase
Grx = glutaredoxin
GSH = glutathione
GSSG = glutathione disulfide
HD = Huntington’s disease
HSP = heat shock protein
ICAM-1 = intercellular adhesion molecule-1
IDPm = NADP*-dependent isocitrate dehydrogenase
IKKf =I-kappaB kinase-beta
IL-1B = interleukin-1B
IL-6 = interleukin-6
2-KGDH = a-ketoglutarate dehydrogenase
L-DOPA = L-dihydroxyphenylalanine
LPS = lipopolysaccharide
LRRK2 = leucine-rich repeat kinase 2
MAPK = mitogen activated protein kinase
MAPKKK = mitogen activated protein kinase kinase kinase

MPP =mitochondrial permeability pore
MPP+ = 1-methyl-4-phenylpyridinium
MPTP = 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine

NF-1 =nuclear factor-1
NF-«B = nuclear factor kappaB
eNOS = endothelial nitrogen oxide synthase

iNOS = inducible nitrogen oxide synthetase

NOX =NADPH oxidase

6-OHDA = 6-hydroxydopamine
p53 =protein 53 tumor suppressor
p65 =NFxB subunit protein (65kDa)
PBMC = peripheral blood mononuclear cells
PD = Parkinson’s disease
PINK1 = PTEN-induced putative kinase 1
PKA = protein kinase A
PKC = protein kinase C
Protein-SNO = S-nitrosylated protein
Protein-SOH = protein-sulfenic acid
Protein-SSG = S-glutathionylated protein
Prx = peroxiredoxin
rMC-1 =rat retinal glial cells

RNS = reactive nitrogen species

ROS = reactive oxygen species

RYR =ryanodine receptor

SERCA = sarcoplasmic reticulum calcium ATPase

SOD = superoxide dismutase

TDOR = thiol-disulfide oxidoreductase

TH = tyrosine hydroxylase

TLR = Toll-like receptor

TNF-o = tumor necrosis factor-alpha

TR = thioredoxin reductase

Trx = thioredoxin

UCH-L1 = ubiquitin carboxyl-terminal esterase L1

VDAC = voltage-dependent anion channel




