
INTRODUCTION

THE FIELD OF REDOX REGULATION of cellular function is
still in its infancy. This is particularly true with respect

to nerve cells, as most studies have focused on the usually
lethal effects of severe oxidative stress because of its poten-
tial relevance to a variety of neurologic disorders. However, it
is clear that more subtle changes in the intracellular redox en-
vironment can have profound effects on the activities of a va-
riety of phosphatases, kinases, and other enzymes, as well as
on the function of transcription factors, and thereby alter cell
function. In this review, I describe these effects and discuss
how they can be modulated by changes in the oxidation/re-
duction state of critical cysteine and/or methionine residues
in proteins. In addition, I present background information on
the different enzyme systems within cells that play important
roles in maintaining the redox environment. Finally, I de-
scribe the limited number of studies that show how changes
in the redox environment can regulate neural cell fate. Al-
though death is among the possible fates that result from a

change in the intracellular redox environment, the main em-
phasis of this review is on other outcomes that also can affect
CNS function. Whereas the main focus of this review is on
nerve cells, I also describe studies with other CNS cells in-
cluding astrocytes, oligodendrocytes, and microglia, because
changes in the redox environment within these cells in vivo
can alter both their function and the function of the neighbor-
ing nerve cells. I hope that this review will encourage other
investigators to explore this exciting and challenging field.

Definitions

To begin a discussion of redox regulation of CNS cell
function, it is first necessary to provide some definitions and
background information. Although good evidence exists that
many cellular activities depend on the redox state, this term,
as observed by Schafer and Buettner (217), is not well de-
fined. In the past, redox state was used to describe the ratio of
the reduced-to-oxidized forms of a single, interconvertible
pair of molecules such as NAD+ and NADH. Because the
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redox state of a cell is dependent on a number of these redox
couples, Schafer and Buettner (217) suggested that it would
be more accurate to talk about the redox environment of a
cell. The redox environment is dependent on a linked set of
redox couples and can be defined as “the summation of the
products of the reduction potential and reducing capacity of the
linked redox couples present.” The redox environment, in turn,
regulates the activity of a variety of different enzymes and tran-
scription factors, thereby modulating cellular function.

Redox couples consist of pairs of compounds in which one
compound can be converted to the other by adding one or
more electrons plus one or more protons (93). A mixture con-
taining 1.0 mole/L of each member of a redox pair will have a
standard redox (oxidation/reduction) potential that is a mea-
sure of the affinity of the pair for electrons. Those pairs that
have the most negative redox potential have the weakest af-
finity for electrons and therefore the strongest tendency to
donate electrons. For example, the NADP+/NADPH redox
couple has a standard redox potential of ~�370 mV, and thus
NADPH has a strong tendency to donate electrons to other
molecules, whereas the O2/H2O redox couple has a standard
redox potential of +820 mV, and thus O2 has a strong ten-
dency to accept electrons (i.e., it is a good oxidizing agent).
The standard redox potential (E°) is calculated based on equi-
librium conditions relative to a standard hydrogen electrode.
The Nernst equation, which was originally formulated to cal-
culate the voltage of an electrochemical cell, can be used to
estimate the reduction potential of a redox couple in a living
cell:

Ehc (mV) = E°(mV) + RT/nF log10[oxidized]/[reduced]

In this equation, Ehc is the half cell (i.e., with respect to a
single electrode) redox potential for a redox couple at a de-
fined pH, E° is the standard redox potential for the same
redox couple, R is the gas constant (2 cal/mol°K), T is the ab-
solute temperature (37°C = 310 K), F is Faraday’s constant
(2.3 � 104 cal/Vmol), and n is the number of electrons trans-
ferred. pH also plays a role in the actual redox potential of a
redox couple in a cell, but unlike temperature, a correction
for pH is not included in the Nernst equation, so the pH at
which the Ehc was determined is usually noted.

Multiple, interrelated redox couples in the cell contribute
to the intracellular redox environment. Among the most im-
portant of these are the NADP+/NADPH, glutathione disul-
fide/glutathione (GSSG/GSH), oxidized thioredoxin/reduced
thioredoxin [TrxSS/Trx(SH)2], and CySS/Cys couples (120,
217). NADPH provides a major source of electrons for reduc-
tive biosynthesis. The NADPH/NADP+ ratio in cells and tis-
sues is ~100:1, resulting in a redox potential in liver of �380
mV for this couple. NADPH is also the main source of elec-
trons for the maintenance of GSH, whose cellular concentra-
tions are in the millimolar range. Because of its high concen-
tration, a number of investigators have used the GSSG/GSH
couple to estimate the redox state of a cell, tissue, or organ-
elle. However, when the Nernst equation is used to estimate
the redox potential for the GSSG/GSH redox couple in cells,
the concentration of GSH must also be included in the calcu-
lation because each GSSG produces two molecules of GSH.
Hence, unlike the NADP+/NADPH couple, both the ratio of
oxidized to reduced GSH and the concentration of reduced

GSH will influence the redox environment. Normally, GSH is
present in cells at ~100-fold excess over GSSG. However, the
oxidation of only a small amount of GSH to GSSG can signif-
icantly change this ratio and thereby the redox environment
of the cell. For example, in a cell with an intracellular GSH
concentration of 1 mM, only 18 µM must be oxidized to
GSSG for the redox potential of the couple to change from
�250 to �190 mV (217). This change is enough to switch the
functional state of the cell (e.g., from proliferation to differ-
entiation; see Redox Regulation of Cell Function) (119, 217).
The third major redox couple in cells is the TrxSS/Trx(SH)2

couple. Along with the GSSG/GSH couple, it plays an impor-
tant role in regulating the oxidation state of protein
sulfhydryls. However, because the intracellular concentra-
tions of TrxSS/Trx(SH)2 are 100- to 1,000-fold less than
those of GSH, its role is more limited. Recently, evidence was
presented that the CysSS/Cys redox couple may also play a
role in redox regulation by promoting the direct oxidation of
protein sulfhydryl groups (120), particularly under conditions
in which total GSH decreases and/or the GSSG/GSH redox
couple becomes more oxidized.

Measurement

Because the overall redox environment is determined
mainly by the GSSG/GSH redox couple, measurement of the
redox environment usually relies on the determination of both
GSH and GSSG levels in cells. This is not quite as straight-
forward as it sounds, because it can be difficult to measure
GSSG accurately, as the levels of GSSG are very low relative
to GSH (85). Furthermore, GSH can be oxidized during sam-
ple preparation, resulting in overestimates of the level of
GSSG. GSH and GSSG levels can be measured either by
HPLC (e.g., 119, 205) or by a chemical assay (e.g., 250). If
the latter approach is used, then what is measured is actually
total GSH and GSSG (after chemical treatment to remove
GSH), and the levels of GSH are calculated from the differ-
ence. GSH levels can also be measured by using the fluores-
cent probe monochlorobimane (e.g., 240). However, the reac-
tion of GSH with monochlorobimane is dependent on the
activity of glutathione transferases, so any treatment that af-
fects transferase activity will alter this result, even if it does
not affect GSH levels directly. A very recent study demon-
strated that this approach could be used in combination with
two-photon imaging to study GSH levels in the individual
cells of the intact brain (241).

Compartmentalization of the 
GSSG/GSH redox couple

Although all cells contain millimolar levels of GSH, it is
not distributed uniformly within the cell (217, 230). Further-
more, increasing evidence suggests that the GSH/GSSG ratio
as well as the total GSH level in specific cellular compart-
ments may be more important than the whole-cell ratio when
looking at the effects of the redox environment on cell func-
tion. The majority of the total GSH in cells is found in the cy-
toplasm where it is synthesized. However, mitochondria have
a separate pool of total GSH, which appears to be at least par-
tially independent of the cytoplasmic pool in that its concen-
tration does not always change in concert with that of the cy-
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toplasmic pool (228, 230). In contrast, it is still a matter of
debate whether the nucleus possesses a pool of total GSH that
is independent of the cytoplasmic pool (95, 230). The endo-
plasmic reticulum (ER) also maintains a separate pool of
GSH, but unlike the mitochondria and nucleus, the redox en-
vironment within the ER is quite oxidizing, with a reported
GSH/GSSG ratio of (3:1–1:1). Recent studies suggest that the
more-oxidizing environment in the ER both supports oxida-
tive formation of disulfide bonds and is a consequence of
disulfide bond formation (177). Recently, several alternative
approaches to measuring the redox environment of specific
organelles were described (95), and the use of these tech-
niques may help to resolve questions surrounding the nuclear
GSH pool.

GLUTATHIONE METABOLISM

GSH and GSH-associated metabolism provide the major
line of defense for the protection of cells from oxidative and
other forms of stress (for reviews, see 68, 97, 172). GSH can
scavenge free radicals, reduce peroxides, and be conjugated
with electrophilic compounds. It thereby provides cells with
multiple defenses against both reactive oxygen species (ROS)
and their toxic by-products. In addition, as discussed in Defi-
nitions, the GSSG/GSH pair forms the major redox couple in
cells and as such plays a critical role in regulating redox-
dependent cellular functions.

Intracellular GSH levels are regulated by a complex series
of mechanisms that include substrate [mainly cyst(e)ine]
transport and availability, rates of synthesis and regeneration,
GSH utilization, and GSH efflux to extracellular compart-
ments (172).

Substrate transport

Because glutamate and glycine occur at relatively high in-
tracellular concentrations, cysteine is limiting for GSH
biosynthesis in neural cells (72). Therefore, treatments that
stimulate cysteine or cystine uptake by neural cells can en-
hance GSH biosynthesis. In the extracellular environment,
cysteine is readily oxidized to form cystine, so for most cell
types, cystine transport mechanisms are essential to provide
them with the cysteine needed for GSH synthesis. However,
in the case of neuronal cells, this has proven to be something
of a contentious point.

Cystine uptake in many cells occurs via the Na+-indepen-
dent xc

� cystine/glutamate antiporter (for review, see 171).
System xc

� is a member of the disulfide-linked heteromeric
amino acid transporter family and consists of a light chain
(xCT) that confers substrate specificity and a heavy chain
(4F2hc) that is shared among a number of different amino
acid transporters. It transports cystine into cells in a 1:1 ex-
change for glutamate and thus is inhibited by high concentra-
tions of extracellular glutamate. This can occur in a number
of conditions, including after brain or spinal cord injury, thus
leading to an inhibition of GSH synthesis under conditions in
which it is needed most (243). Although general agreement
exists about an important role for system xc

� in cystine up-
take and GSH biosynthesis in astrocytes (7, 72) and oligoden-
drocytes (195), a controversy has been ongoing as to whether

system xc
� is relevant to neuronal cell function in vivo. An

early report using in situ hybridization failed to detect xCT
expression in neuronal cells in mouse brain, suggesting that
system xc

� is not present in these cells (215). More recent
studies have provided functional (14, 15, 74) and morpho-
logic (33, 74) evidence for the presence of system xc

� in neu-
ronal cells, where it also plays a role in regulating the levels
of extrasynaptic glutamate.

Evidence also suggests that cysteine can be transported
into neural cells mainly via excitatory amino acid trans-
porters (224): EAAT3 in neuronal cells (40) and probably
EAAT1 and/or EAAT2 in astrocytes. Cysteine transport is
Na+ dependent and is inhibited by glutamate, the classic sub-
strate for these transporters. Because cysteine is readily oxi-
dized outside of cells, it has been suggested that in vivo, the
cysteine used for neuronal GSH biosynthesis comes from the
breakdown of GSH that is released from nearby astrocytes
(72, 73). This hypothesis is supported by studies showing
that co-culture of astrocytes and neurons in transwells leads
to an increase in neuronal GSH levels (73, 82), which is
blocked if GSH biosynthesis in the astrocytes is inhibited
(82). However, the relative contributions of cystine and cys-
teine uptake to neuronal GSH biosynthesis in vivo remain to
be determined.

GSH biosynthesis

GSH is synthesized in cells by the consecutive action of
two ATP-dependent enzymes (Fig. 1). Glutamate cysteine lig-
ase (GCL), formerly called �-glutamylcysteine synthetase (�-
GCS), catalyzes the first and rate-limiting step in GSH
biosynthesis to form the dipeptide �GluCys, which is then
combined with glycine to generate GSH in a reaction cat-
alyzed by glutathione synthetase (GS). The synthesis of GSH

FIG. 1. Glutathione metabolism. GSH is synthesized from
glutamate (glu), cysteine, (cys), and glycine (gly) by the se-
quential actions of glutamate cysteine ligase (GCL) and glu-
tathione synthetase (GS). GSH is used to eliminate reactive
oxygen species such as hydrogen peroxide (H2O2) in a reaction
catalyzed by the glutathione peroxidases (GPX). H2O2 is pro-
duced from superoxide (O2

�) by superoxide dismutase (SOD).
The glutathione disulfide (GSSG) produced in this reaction
can be converted back to GSH through the action of glu-
tathione disulfide reductase (GR). GR requires NADPH for its
activity, which is mainly supplied from the conversion of glu-
cose 6-phosphate (G6P) to 6-phosphoglucono-�-lactone
(6PGL) by glucose-6-phosphate dehydrogenase (G6PD), the
first enzyme of the pentose phosphate shunt. GSH can also be
used to detoxify endogenous and exogenous electrophiles (X)
through conjugation via the glutathione-S-transferases (GST).
These conjugates, as well as GSH itself, can be transported
outside the cell, where they can be acted on by �-glutamyl
transferase (�-GT) to give �-glutamyl amino acids and cys-gly.
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in cells is normally regulated by feedback inhibition of GCL
by GSH.

A variety of different compounds increase GSH levels in
cells by increasing GCL activity. The activity of GCL is regu-
lated at the transcriptional, translational, and posttransla-
tional levels, and the complex interplay of these different lev-
els of regulation is just beginning to be understood (for
reviews, see 68, 231, 261). GCL is a heterodimer composed
of a 73-kDa catalytic (GCLC) subunit and a 31-kDa regula-
tory (GCLM) subunit. GCLC has all of the catalytic activity
and is the site of GSH feedback inhibition. Although neurons
have significantly lower levels of GSH than astrocytes in
vitro (e.g., 99) and in vivo (241), both GCL subunits are pres-
ent in neurons as well as astrocytes (270). Whereas it was
originally thought that GCLC functions only in concert with
GCLM, a recent study suggests that GCLC alone may be re-
sponsible for the constitutive synthesis of GSH (69). The as-
sociation of GCLC with GCLM is needed to overcome feed-
back inhibition by GSH when a higher rate of synthesis is
required, such as during stress. In agreement with this conclu-
sion, mice deficient in GCLC are early embryonic lethal,
whereas mice deficient in GCLM are viable but show a sig-
nificantly enhanced sensitivity to stress (59). However, in pri-
mary cultures of rat neurons, knockdown of either subunit by
using a small hairpin RNA strategy resulted in significant
cell death in the absence of toxic stimuli and enhanced cell
death in the presence of glutamate or nitric oxide, suggesting
that GCLM may be particularly important for modulating
GCL activity in neuronal cells (67). In Drosophila, overex-
pression of GCLC but not GCLM predominantly in the ner-
vous system increased mean and maximal life spans by
�50% (196).

The two subunits of GCL are transcriptionally regulated by
a wide variety of compounds (for reviews, see 69, 231, 261).
A number of cis elements are implicated in the transcriptional
activation of both GCLM and GCLC mRNAs, including AP-
1, AP-2, NF-�B, SP-1, and ARE (also known as EpRE, StRE;
see Nrf2 and the Antioxidant Response Element). However,
the pathways for the transcriptional upregulation of the two
subunits appear to be independent and vary with both induc-
ing agent and cell type.

Not a lot is known about the posttranslational regulation of
GCL activity, although evidence suggests that the activity of
GCLC can be negatively regulated by phosphorylation (231).
A number of kinases phosphorylate GCL, including protein
kinase A (PKA), protein kinase C (PKC), and Ca2+/calmod-
ulin (CaM)-dependent kinase (231).

Glutathione synthetase (GS), the second enzyme required
for GSH biosynthesis, is a 118-kDa homodimer (68). Very lit-
tle is known about its role in regulating GSH biosynthesis, al-
though in the rat, induction of GS can increase GSH synthetic
capacity (150). Similar to the GCLC and GCLM promoters,
the GS promoter contains potential binding sites for a number
of transcription factors, including AP-1, AP-2, NF-�B, SP-1,
and Nrf2 (150).

Glutathione disulfide reductase

Both enzymatic (via glutathione peroxidases) and nonen-
zymatic detoxification of ROS by GSH results in the produc-
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tion of GSSG. Because an increase in GSSG is harmful to
cells, GSSG is often transported outside of cells, resulting in a
depletion of GSH. The more economic way to remove GSSG
is via the activity of glutathione disulfide reductase (GR),
which regenerates GSH from GSSG in a reaction that is ab-
solutely dependent on NADPH. Increases in GR activity can
be mediated by two distinct mechanisms: an increase in the
level and/or activity of GR or an increase in the levels of
NADPH by increasing the activity of the pentose phosphate
shunt, the main source of NADPH in the cell. GR belongs to
the family of FAD-containing pyridine nucleotide:disulfide
oxidoreductases, which also includes the thioredoxin reduc-
tases (see The Thioredoxin/Thioredoxin Reductase System).
The active enzyme is composed of two identical subunits of
52,400 kDa, each of which contains binding sites for FAD,
NADPH, and GSSG (162). The enzyme also contains a redox-
active disulfide that plays a critical role in the flow of elec-
trons from NADPH to GSSG. Recent evidence suggests that
GR may be particularly susceptible to oxidative damage
brought about by GSH depletion (19). Whether this damage is
due to effects on the redox-active disulfide was not explored.

Glutathione peroxidases

Glutathione peroxidases (GPxs) catalyze the reduction of
hydrogen peroxide and organic hydroperoxides at the expense
of GSH (for reviews, see 11, 29). Although catalase and per-
oxiredoxins can also remove hydrogen peroxide, the relative
levels of GPxs, Prxs, and catalase vary greatly from tissue to
tissue (93). In particular, the brain has very low levels of cata-
lase activity and relatively high levels of GPx activity. Fur-
thermore, GPxs but not catalase are found in mitochondria.
Four different GPxs (GPx1–4) are found in mammals, all of
which contain selenocysteine in the active site and therefore
are dependent on an adequate supply of dietary selenium. The
best characterized of the GPxs is GPx1, which is expressed in
a variety of tissues with the highest levels in liver and kidney.
It is found in both the cytoplasm and mitochondria and re-
duces mainly soluble inorganic and organic hydroperoxides.
GPx1 is a tetrameric protein consisting of four identical 22-
to 23-kDa subunits. GPx1 knockout mice show an increase in
brain damage after exposure to a number of insults including
ischemia–reperfusion injury (53), malonate, 3-nitropropionic
acid, and 1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine (MPTP)
(137). The increased sensitivity of nerve cells in GPx1 knock-
out mice to ischemia–reperfusion injury correlates with re-
duced activation of the phosphatidylinositol 3-kinase
(PI3K)–Akt signaling pathway (245), although how loss of
GPx1 alters the activation of this pathway remains to be de-
termined. Consistent with these data, overexpression of GPx1
protects dopaminergic neurons in two different models of
Parkinson disease (PD) (23, 246). In addition, treatment of
hippocampal neurons with glucocorticoids results in a de-
crease in GPx1 activity and an increase in sensitivity to ox-
idative insults (200). In contrast, GPx1 knockout mice are
more resistant to kainic acid–induced seizures and neurode-
generation, apparently due to NMDA-receptor inactivation
via oxidation of NMDA-receptor subunit NR1 cysteine
sulfhydryls (117). GPx2 (gastrointestinal GPx) and GPx3
(plasma GPx) are expressed mainly in the gastrointestinal
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tract and kidney, respectively. GPx4 (phospholipid hydroper-
oxide GPx) is a 20- to 22-kDa monomer that also can reduce
hydroperoxides of complex lipids and can act on hydroperox-
ides embedded in membranes. GPx4 is expressed highly in
the brain and testis (76).

Glutathione transferases

Glutathione transferases (GSTs) play a critical role in de-
fending cells against reactive chemicals formed both from the
breakdown of endogenously produced compounds and from
the biotransformation of foreign compounds by catalyzing
their conjugation with GSH (for reviews, see 97, 209, 252).
This is the first step in the pathway that leads to the elimina-
tion of toxic compounds from cells. More than 21 structurally
diverse GSTs are found in humans, including both soluble
and membrane-bound proteins. The GSTs are encoded by two
separate multigene families, one comprising the soluble
GSTs, and the other, the membrane-bound (microsomal)
GSTs. The family of soluble GSTs contains six classes of
transferases with different but overlapping substrate speci-
ficity. GSTs can also localize to mitochondria, where they
may play a role in modulating the consequences of ROS pro-
duction (24, 105). Many of the GST genes are polymorphic in
humans, with certain alleles associated with impaired en-
zyme activity (253). For example, a polymorphism in
GSTM2–2, which catalyzes the conjugation of GSH to
aminochrome, a metabolite of dopamine, has been proposed
to play a role in PD (253).

All of the GSTs use GSH to detoxify metabolites of xeno-
biotics as well as reactive �,�-unsaturated carbonyls, epox-
ides, and hydroperoxides. The GSH conjugates with these
compounds are generally much more water soluble than the
original compounds and are rapidly transported across cell
membranes via one of the multidrug-resistance protein trans-
porters (see later) and ultimately excreted in the urine or
feces. However, in some cases, the GSH conjugates can be
more toxic to cells than the original compound either because
the conjugates are more reactive or because they form harm-
ful metabolites on further processing (209). For example, the
neurotoxin methyl bromide caused severe neurologic symp-
toms in a patient with normal GST activity but not in a patient
with reduced activity (81).

As with GCL and the light subunit of the cystine/glutamate
antiporter, GSTs are phase II detoxification enzymes. Thus,
their transcription is mediated by an ARE, which can be acti-
vated by the same compounds that activate the transcription
of other genes involved in GSH metabolism. The coordinate
upregulation of GSH biosynthesis along with the GSTs is
necessary because the abundance and catalytic properties of
GSTs indicate that they could empty the cellular GSH pool in
a few seconds when a suitable substrate is present (209).
Thus, their protective role is absolutely dependent on an ade-
quate supply of GSH. Several of the cytosolic GSTs also play
a regulatory role in the MAPK pathway (see Redox Regula-
tion of Protein Kinases).

Regulation of GSH/GSSG efflux

Regulation of intracellular GSH levels also can be medi-
ated by controlling the efflux of GSH or GSSG. GSH and
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GSSG are transported out of cells by a carrier-dependent
mechanism that is still not well characterized. Two different
families of transport proteins have been implicated in GSH
and GSSG export: members of the multidrug resistance–as-
sociated protein (MRP) family and members of the organic
anion-transporting polypeptide (OATP) family (for review,
see 16). ATP binding and hydrolysis provide the driving force
for export through the MRPs. Although MRP1, MRP2,
MRP4, MRP5, and the cystic fibrosis transmembrane con-
ductance regulator have all been shown to export GSH and/or
GSSG, the mechanisms underlying this export appear to be
quite complex. Not only is GSH a substrate for export but ex-
port of other MRP substrates such as vincristine also require
GSH co-transport. Other compounds require GSH for export,
but the GSH is not co-transported. In addition, some com-
pounds enhance GSH export without themselves being trans-
ported. The importance of the MRPs in mediating GSH and
GSSG export in the CNS was highlighted by a recent study
that showed that in astrocytes MRP1 was responsible for
100% of GSSG export and ~60% of GSH export (175).

In contrast to the MRP family of transporters, the OATP
transporters function independent of ATP, instead relying on
the large GSH electrochemical gradient across cell mem-
branes to drive GSH export. Their substrate specificity is not
yet known.

NRF2 AND THE ANTIOXIDANT
RESPONSE ELEMENT

Recently, the role of the antioxidant response element
(ARE; also called EpRE,) in regulating the transcription of
genes involved in redox regulation has received a great deal
of attention. These genes include the two subunits of GCL,
GS, the light subunit of the cystine/glutamate antiporter (see
Glutathione Metabolism/Substrate Transport), the GSTs (see
Glutathione Metabolism/Glutathione Transferases), the per-
oxiredoxins (see Peroxiredoxins), and thioredoxin (see The
Thioredoxin/Thioredoxin Reductase System). The transcrip-
tional activation of the genes encoding these proteins is medi-
ated at least in part by a cis-acting enhancer termed the ARE.
Transcriptional activation through the ARE is dependent on
the transcription factor NF-E2–related factor 2 (Nrf2), a
member of the Cap’n’Collar family of bZIP proteins (for re-
views, see 38, 69, 189). Currently, some controversy exists
over the precise mechanisms underlying the activation of
Nrf2. Very little Nrf2 is found in unstimulated cells. In the
classic view (Fig. 2A), the Nrf2 that is present in unstimu-
lated cells is held in the cytoplasm by the actin-bound protein
Keap1, which also promotes the degradation of Nrf2 by the
proteasome. On stimulation by agents that activate ARE-
mediated gene transcription, Nrf2 is released from Keap1,
which leads to both its accumulation and its translocation to
the nucleus, where it can induce the expression of genes con-
taining an ARE. Keap1 contains 25 cysteine residues. Current
evidence suggests that many of the compounds that are able
to activate the ARE do so by interacting with one or more of
these thiols, thereby inducing a conformational change in
Keap1 that results in the release of Nrf2 (70). However, sub-
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stantial evidence suggests that phosphorylation of Nrf2 also
plays a role in promoting its nuclear accumulation (38, 189).
Whether these modifications act in concert or are specific to
distinct inducers of ARE-mediated gene transcription is not
clear at this time.

More recently, a somewhat different picture as to how Nrf2
is activated has emerged (Fig. 2B) (188). In this view, Nrf2 is
a constitutively nuclear protein, whereas Keap1 transiently
translocates to the nucleus where it promotes the degradation
of Nrf2. Conditions that promote ARE-mediated gene tran-
scription lead to Nrf2 stabilization in the nucleus by disrupt-
ing its nuclear interaction with Keap1. Whether this is by
modification of cysteine residues of Keap1, by phosphoryla-
tion of Nrf2, or by some combination of the two remains to be
determined.

Although both neurons and astrocytes can respond to ARE
inducers such as t-butyl hydroquinone in isolated cultures in
vitro with an upregulation in the transcription of a variety of
ARE-dependent genes (e.g., 147, 148, 154), the response in
astrocytes appears to be far more robust (226). In mixed cor-
tical cultures, upregulation of ARE-dependent genes in astro-
cytes alone is sufficient to protect neurons from oxidative in-
sults (140, 226), consistent with the idea that astrocytes
provide neurons with GSH precursors (see Glutathione Me-
tabolism/Substrate Transport).

THE THIOREDOXIN/THIOREDOXIN
REDUCTASE SYSTEM

The thioredoxin/thioredoxin reductase system forms one
of the main redox couples in mammalian cells (Fig. 3) (for re-
views, see 9, 90, 192). This system consists of the redox-
active protein thioredoxin (Trx), the enzyme thioredoxin re-
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ductase (TrxR), and NADPH. Trxs are small (~12 kDa), ubiq-
uitously expressed proteins that are highly efficient at reduc-
ing disulfides in proteins and peptides. Trxs also modulate
the activity of a variety of other proteins, including several
antioxidant enzymes, through redox-regulated interactions
(see Redox Regulation of Protein Kinases, Redox Regulation
of Transcription Factors, Peroxiredoxins, Methionine Sulfox-
ide Reductases, and Glutaredoxin).

The three mammalian thioredoxins are Trx1, a cytoplasmic
protein that can translocate to the nucleus under appropriate
conditions; Trx2, a mitochondrial protein; and SpTrx, which
is expressed mainly in spermatozoa. All Trxs contain the ac-
tive-site sequence CGPC. The N-terminal of the two cys-
teines has a low pKa and therefore normally exists as the thi-
olate anion such that it can act as the attacking group in the
reduction of protein disulfides. This results in the transient
formation of a mixed disulfide between the target protein and
thioredoxin followed by thiol-disulfide exchange, resulting in
the reduction of the target protein and oxidation of Trx. Oxi-
dized Trx is then reduced back to its original form by TrxR at
the expense of NADPH. It is important to note that the nature
of the reaction of Trx with target proteins depends on the

FIG. 3. The thioredoxin/thioredoxin reductase system.
Thioredoxin (Trx) functions to reduce disulfide bonds in a va-
riety of proteins, including methionine sulfoxide reductases
(Msr) and peroxiredoxins (Prx). Oxidized Trx is reduced by
thioredoxin reductases (TrxR) at the expense of NADPH.

FIG. 2. Regulation of Nrf2 activity.
Two models for the regulation of
Nrf2 have been proposed. In the
classic model (A), Nrf2 is main-
tained at low levels in the cytoplasm
through its interaction with Keap1.
Treatment with ARE inducers results
in the activation of various kinases
and the phosphorylation and release
of Nrf2. Phospho-Nrf2 translocates
to the nucleus, where it interacts
with the ARE to induce the transcrip-
tion of various antioxidant genes in-
cluding glutamate cysteine ligase
(GCL), glutathione-S-transferase
(GST), and peroxiredoxins (Prx). In
the alternative model (B), Nrf2 is a
constitutively nuclear protein that is
maintained in an inactive state in the
nucleus through the transient local-
ization of Keap1 to the nucleus.
Treatment with ARE inducers results
in the translocation of Keap1 to the

cytoplasm, the subsequent interaction of Nrf2 with the ARE, and the induction of the transcription of various antioxidant genes,
including glutamate cysteine ligase (GCL), glutathione-S-transferase (GST), and peroxiredoxins (Prx).
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redox potential of the target, so that in theory, Trx can both
break and form disulfide bonds. The importance of the Trx
system in maintaining normal cellular function is highlighted
by the observation that animals lacking either Trx1 or Trx2
die during embryogenesis (183).

The mammalian TrxRs are proteins of ~55 kDa with a rela-
tively broad substrate spectrum. They are homodimeric FAD-
containing selenoproteins. The TrxRs contain two redox cen-
ters: a pair of cysteines next to the FAD binding site in the
N-terminal portion of the protein, and a C-terminal seleno-
cysteine–cysteine pair. The N-terminal cysteine pair is in-
volved in the transfer of electrons from NADPH to the FAD
group, whereas the selenocysteine–cysteine pair is required
for the reduction of thioredoxin. Mutants in which selenocys-
teine is replaced by cysteine show only 1–10% of the activity
of the wild-type enzyme (274). Thus, similar to that of the
GPxs, the function of TrxR is intimately linked with the sele-
nium status of cells. The three mammalian TrxRs include the
following: TrxR1 is cytoplasmic, whereas TrxR2 is localized
to mitochondria, and TGR, which contains both an N-termi-
nal glutaredoxin domain and a C-terminal thioredoxin reduc-
tase domain, is expressed mainly in the testis (239). Mam-
malian TrxRs can reduce a number of small-molecule
substrates in addition to their role in maintaining Trxs in their
reduced forms (192). These substrates include ascorbic acid,
lipid hydroperoxides, �-lipoic acid, and hydrogen peroxide.
However, the Km for the latter is very high (~2.5 mM) sug-
gesting that this enzyme generally does not play an important
role in removing hydrogen peroxide from cells.

Trxs have a number of important functions in cells. They
are essential for maintaining the activity of peroxiredoxins
(see Peroxiredoxins) and methionine sulfoxide reductases
(see Methionine Sulfoxide Reductases). After translocating to
the nucleus, Trx1 increases the activity of a variety of tran-
scription factors such as AP-1, p53, NF-�B (see Redox Regu-
lation of Transcription Factors). Trx1 acts as a negative regu-
lator of the MAPKKK, ASK1 (see Redox Regulation of
Protein Kinases). In addition, overexpression of Trx1 in mice
was shown to increase median life span by 35% and maximal
life span by 22% (272). It is likely that this effect is at least
partially tied to its role in maintaining methionine sulfoxide
reductase activity and perhaps peroxiredoxin activity as well.
In mitochondria, Trx2 interacts with the tricarboxylic acid
(TCA) cycle enzyme �-ketoglutarate dehydrogenase
(KGDH) and protects it from self-inactivation during cataly-
sis at low NAD+ levels (32).

In the CNS, Trx1 and Trx2 are expressed throughout the
brain but are most abundant in regions of high metabolic ac-
tivity and ROS production (for review, see 201). A number of
studies have reported a strong correlation between Trx1 up-
regulation and neuronal survival after a variety of insults to
the brain (201). The promoter region of Trx1 contains several
different elements, including an ARE; therefore its transcrip-
tion is likely to be induced by many of the same treatments
that upregulate peroxiredoxins and GSH metabolism. Less is
known about Trx2 regulation in the brain, although certain in-
sults such as ischemia–reperfusion upregulate both genes in
concert. Overexpression of Trx1 in the brain (and other tis-
sues) as well as systemic administration of recombinant Trx1
results in mice that are more resistant to focal ischemia (170),
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supporting the idea of an important role for Trx in maintain-
ing redox homeostasis in the brain. Trx has also been impli-
cated in nerve growth factor (NGF)-mediated neurite out-
growth in PC12 cells, suggesting that Trx1 plays a critical
role in NGF signaling, perhaps by maintaining the activation
of transcription factors (170). Whether this is true in vivo re-
mains to be determined. Very little is known about TrxR ex-
pression in the brain (201).

Recently, several methods for measuring the TrxSS–
Trx(SH)2 redox couple in subcellular compartments were de-
scribed, which should permit a better understanding of the
role of this couple in regulating cellular functions (95). Both
of these methods rely on a combination of tagging reduced
Trx to alter its electrophoretic migration coupled with elec-
trophoretic separation and Western blotting with an antibody
that recognizes both oxidized and reduced Trx with equal af-
finity. By using these methods, it has been shown that differ-
ent cellular treatments preferentially oxidize distinct pools of
Trx.

In conclusion, the Trx–TrxR system plays a central role in
the response of cells to changes in their redox status. Not only
does it regulate the activity of several important enzymes that
help protect cells from oxidative stress, but it also modulates
the function of a variety of other proteins. It is likely that its
importance in nerve cells will become even more evident
with further studies on the redox regulation of nerve cell
function.

PEROXIREDOXINS

The peroxiredoxins (Prxs) are a family of ~25-kDa thiore-
doxin-dependent peroxidases and thus are intimately tied to
the Trx/TrxR system in cells (Fig. 4) (for reviews, see 111,
206, 268). The peroxiredoxins are thiol-specific antioxidant
enzymes that are involved in the degradation of hydrogen per-
oxide, organic hydroperoxides, and peroxynitrite. They have
also been proposed to regulate hydrogen peroxide–mediated
signal transduction, playing a critical role in regulating
redox-dependent changes in cellular functions. The peroxire-
doxins are very abundant proteins, constituting 0.1–0.8% of
the soluble protein in mammalian cells. The mammalian per-
oxiredoxin family contains six members in three subclasses
defined on the basis of their catalytic mechanism: the typical
2 cysteine Prxs (Prxs1–4), the atypical 2-cysteine Prx (Prx5),
and the 1-cysteine Prx (Prx6). As indicated by these defini-
tions, the Prxs reduce peroxides via redox-active cysteine
sulfhydryls in their catalytic sites. All three classes have a
similar first catalytic step wherein the peroxidatic cysteine
sulfhydryl attacks the peroxide substrate and is oxidized to a
cysteine sulfenic acid. How the oxidized cysteine is returned
to its reduced form is the distinguishing characteristic of each
class. The typical Prxs are obligate homodimers with two
identical active sites. In the second step of the catalytic reac-
tion, the cysteine sulfenic acid (Cys-SOH) from one subunit
is attacked by the resolving cysteine in the second subunit, re-
sulting in a stable intersubunit disulfide bond. This bond is
then reduced by thioredoxin. The atypical Prx functions in a
similar manner except that both catalytic site cysteines are
contained in a single protein. In contrast, the 1-cyteine Prx re-
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lies on a thiol-containing redox partner to return the cysteine
sulfenic acid to its reduced form. The nature of this redox
partner proved difficult to identify, but recent evidence sug-
gests that it is GSH working in conjunction with glutathione
S-transferase 	 (GST	) (166). Oxidized Prx6 heterodimer-
izes with GST	 followed by glutathionylation of the oxidized
Prx6 cysteine sulfenic acid. Dissociation of GST	 leaves glu-
tathionylated Prx6, which, after reduction by Grx/GSH, re-
sults in the regeneration of the active enzyme.

The typical 2-Cys Prxs also undergo redox-regulated
oligomerization (266). Current evidence suggests that the re-
duced form of these Prxs is a doughnut-shaped decamer of
five homodimers. As the cysteine pairs in each homodimer
form disulfide bonds, the decamer breaks down into lower-
order oligomers and eventually into homodimers. Because
the overoxidized form of 2-Cys Prxs (see later) also lacks in-
termolecular disulfide bonds, it too is a decamer.

The interaction of the resolving cysteine with the cysteine
sulfenic acid in typical Prxs is a slow process, as the two cys-
teines are situated far apart. Because of this, in the continu-
ous presence of an oxidant, the cysteine sulfenic acid can un-
dergo further overoxidation to sulfinic acid (Cys-SO2H). For
many years, it was thought that this would result in the irre-
versible inactivation of the enzyme, as no evidence existed
that sulfinic acids could be reduced in vivo. However, recent
studies pioneered in the laboratory of Sue Goo Rhee have
shown that sulfinic acids can be reduced (263). This reduc-
tion is catalyzed by one or perhaps two distinct enzyme fami-
lies, the sulfiredoxins and the sestrins (see later). Initial stud-
ies on the oxidation of Prxs relied on two-dimensional gel
electrophoresis to distinguish the reduced from the overoxi-
dized forms (263). However, at least in the case of Prx1, this
approach is not without problems, as further analysis showed
that the spot corresponding to the reduced form of Prx1 also
contained a modified, oxidized form of Prx1 (41). The recent
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development of antibodies to the sulfinic/sulfonic forms of
the different 2-Cys Prxs should allow more efficient and ac-
curate analysis of this protein modification and its regulation
in cells (265). Although overoxidized forms of all four of the
typical 2-Cys Prxs can be rapidly reduced in vitro by purified
sulfiredoxin (264) in a process termed retroreduction, the rate
at which this occurs in cells is quite variable (41, 265) and
may be cell-type specific. Furthermore, overoxidized Prx5
and Prx6 do not appear to be able to go undergo retroreduc-
tion (33, 223).

The enzyme responsible for the retroreduction of Prxs was
first identified in yeast (27) and named sulfiredoxin (Srx). As
initial studies suggested that this enzyme did not function in
mammalian cells, a second, unrelated family of enzymes,
named sestrins, which appeared to regenerate Prxs, were then
identified in mammalian cells (31). However, it was subse-
quently shown that the mammalian homologues of yeast sul-
firedoxin could indeed retroreduce mammalian Prxs (36).
The reaction is relatively slow and is dependent on ATP hy-
drolysis and a thiol (either GSH or Trx) as an electron donor.
In this novel two-step reaction, Srx first activates the sulfinic
acid moiety of the overoxidized Prx by using ATP to generate
the phosphoryl ester. This allows the catalytic cysteine of Srx
to interact with the phosphoryl ester, resulting in the forma-
tion of a thiosulfinate bond. A thiol reductant (GSH, Trx) can
then return both enzymes to their reduced states. Recent crys-
tallization studies suggest that the enzyme is specific for the
decameric, overoxidized form of the typical 2-Cys Prxs
(121).

The combination of the inactivation of Prxs by cysteine ox-
idation coupled with the evidence for the role of Prxs in regu-
lating cellular responses to hydrogen peroxide (207) led to
the proposal that the typical Prxs act as “floodgates” for con-
trolling the levels of hydrogen peroxide in cells while allow-
ing hydrogen peroxide to function as a signaling molecule
(267). Thus, in unstimulated cells, the high levels of typical
Prxs keep ambient levels of peroxides very low, both to pre-
vent damage to cellular organelles and to block inappropriate
signaling. After a stimulus that results in a burst of hydrogen
peroxide, the Prxs would be rapidly inactivated, allowing the
hydrogen peroxide to activate one or more signaling cascades
via oxidation of critical cysteine sulfhydryl groups in target
proteins. Over time, the Prxs would get reactivated and be
ready to function again. In the meantime, the signal would
have been sent. Although this is an interesting hypothesis, it
becomes somewhat problematic when the details are consid-
ered. Because the GPxs also react with hydrogen peroxide
and are much more efficient (~1,000 times) at doing so than
are the Prxs, it is not clear why the Prxs would be expected to
form the first line of defense against peroxides in cells, al-
though they are very abundant proteins. A second problem is
that the reaction rate of Prxs with hydrogen peroxide is
~100,000 times faster than that of the cysteine sulfhydryl
groups of known target proteins (236), suggesting that hydro-
gen peroxide would be eliminated before it had a chance to
react with target proteins. These problems perhaps could be
overcome if the peroxide generator as well as the target pro-
tein and the Prx were located together in a signaling complex
so that the target protein was both protected from GPxs and
transiently exposed to a very high concentration of hydrogen

FIG. 4. The typical 2-cysteine peroxiredoxins. Peroxire-
doxins 1–3 reduce hydrogen peroxide or other reactive oxygen
species (ROS), yielding an intermolecular disulfide bond via a
sulfenic acid intermediate. In the presence of moderate levels
of ROS, this disulfide bond is reduced by the thioredoxin
(Trx)/thioredoxin reductase (TrxR) system. In the presence of
higher levels of ROS, the sulfenic acid intermediate is further
oxidized to sulfinic acid (SO2H). The sulfinic acid can be re-
duced via sulforedoxin (Srx) in an ATP-dependent reaction.
Oxidized Srx is then reduced by either GSH or the thioredoxin
(Trx)/thioredoxin reductase (TrxR) system.
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peroxide, which would permit its oxidation as well as the
overoxidation of Prx. Although currently no evidence is avail-
able for this type of signaling complex, this may reflect the
lack of any effort to find one rather than its absence.

Prx activity can also be regulated by phosphorylation.
Phosphorylation of a conserved cysteine residue in typical 2-
Cys Prxs by cyclin-dependent kinases results in a decrease in
peroxidase activity. The decrease in peroxidase activity is
thought to result from the disruption of the decameric struc-
ture, because dimeric forms of Prx have lower levels of activ-
ity (268). To date, the phosphorylation of Prx1 has been ob-
served only during the M phase of the cell cycle, suggesting
that cyclin-dependent kinase phosphorylation of Prxs and the
ensuing probable increase in hydrogen peroxide could play a
role in cell division (206).

Prx1 gene expression is regulated mainly by an antioxidant
response element (ARE) in its promoter region (111). Thus,
the same stimuli that upregulate GCL expression will also in-
crease Prx1 expression (see ARE section). Other transcription
factors may also play a role in Prx expression. For example,
AP-1 has been implicated in the upregulation of Prx1 expres-
sion in rat cells (111). Stress-dependent induction of Prx2
and Prx6 have also been noted.

Although Prxs are highly expressed in most cell types,
their intracellular distributions differ (111). Prx1 and Prx2
are found in the cytosol, whereas Prx3 is localized to mito-
chondria, and Prx4 is a secreted protein that is also found in
the ER. Prx5 is found as a long form in mitochondria and a
short form in peroxisomes, whereas Prx6 is a cytosolic pro-
tein. Prx1, 2, and 6 can also be found in the nuclei of cells.
Prx1 is the most ubiquitously distributed of the Prxs, includ-
ing cells of the peripheral and central nervous system (201).
Prx1 as well as Prx6 is expressed in astrocytes, whereas Prx2
is found exclusively in neurons. Prxs3, 4, and 5 have also
been detected in the CNS, but their cell-type expression is not
yet known. Several of these Prxs are induced in the brain in
response to various types of oxidative stress (201). It is there-
fore likely that Prxs play important roles in the CNS, al-
though the exact nature of these roles remains to be eluci-
dated. Their enzymatic function as well as the regulation of
their expression by an ARE indicates that they play important
antioxidant roles. Whether they also have a role in intracellu-
lar signaling, as well as their contribution to mitochondrial
redox homeostasis in neural cells, is not yet clear.

REDOX REGULATION OF PROTEIN
CYSTEINE SULFHYDRYL GROUPS

The sulfhydryl groups on the vast majority of the cysteine
residues (Cys-SH) in proteins have a pKa >8.0 and so remain
protonated at physiologic pH in the reducing environment of
most cellular organelles. However, a number of proteins pos-
sess cysteines that exist as thiolate anions (Cys-S�) at physio-
logical pH because of a lowering of their pKa values by
charge interactions with neighboring amino acid residues
(79). These sulfhydryl groups provide a redox-sensitive
switch for regulating protein function (50, 217). The oxida-
tion of cysteine sulfhydryl groups can lead to the formation
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of intra- and/or interchain disulfide bonds. Cysteine sulf-
hydryls can also be S-glutathionylated and/or S-nitrosylated.
Theoretically, all of these reactions are reversible through the
thioredoxin and glutaredoxin systems (26). In addition, cys-
teine sulfhydryls can be oxidized to yield sulfenic, sulfinic,
and sulfonic acids. Although the formation of sulfenic acid is
reversible and is often a first step in the generation of disul-
fide bonded or S-glutathionylated proteins, the further oxida-
tion to the sulfinic acid generally appears to be irreversible
(except see Peroxiredoxins). It is possible that different
ROS/RNS can lead to distinct sulfhydryl modifications with
varying effects on cellular function (79, 84). This alternative
has been nicely demonstrated in studies with the bacterial
transcription factor, OxyR (for review, see 194).

OxyR contains a single reactive cysteine sulfhydryl group,
which can be modified in vivo to S-nitrosyl (SNO), sulfenic
acid (SOH) or S-glutathionyl (SSG) forms in response to dif-
ferent inducers of oxidative stress. The differential effects of
these sulfhydryl modifications were analyzed by circular-
dichroism analysis of the isolated OxyR protein and corre-
lated with their effects on its DNA binding and transcrip-
tional activity. The reduced form of OxyR bound to a DNA
fragment containing the OxyR binding site noncooperatively
with high affinity, whereas the SNO and SOH forms bound
the DNA fragment cooperatively but with somewhat lower
affinities. The SSG form bound the DNA fragment noncoop-
eratively but with very high affinity. The transcriptional ac-
tivity of these different forms of OxyR spanned a 30-fold
range, with SH being the least active and SSG being the most
active. The possibility that these types of distinct modifica-
tions to a single protein residue occur in mammalian cells ex-
posed to different forms of stress is quite likely but remains
largely unexplored.

Outlined below are the cysteine sulfhydryl modifications
that have been described in mammalian cells, the mecha-
nisms underlying their formation, and their consequences on
protein function, with a particular emphasis on proteins rele-
vant to nerve cells. Later sections detail the effects of cys-
teine sulfhydryl modifications on specific classes of proteins
that are known to be highly affected: protein kinases, protein
phosphatases, and transcription factors.

Intra- and interchain disulfide bonds

Disulfide bonds have long been considered a rarity in the
reducing environment present within the cytoplasm of cells, as
well as within most cellular organelles, with the exception of
the ER. Indeed, nonspecific formation of disulfide bonds in
response to oxidative stress is thought to contribute to irre-
versible protein damage, including the formation of large, pro-
tein aggregates (247). However, cells do contain proteins such
as the Trxs (see Thioredoxin/Thioredoxin Reductase System)
that are able to reduce disulfide bonds, suggesting that disul-
fide bond formation could play a role in the regulation of pro-
tein function. Furthermore, disulfide bond formation is part of
the mechanism of several antioxidant proteins including Prxs
and methionine sulfoxide reductases (see sections on Perox-
iredoxins and on Methionine Sulfoxide Reductases).

Additional support for a role for disulfide bonds in regulat-
ing protein function comes from studies using global ap-
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proaches to look at protein disulfide bond formation. These
studies showed that intermolecular disulfide bonding is not
rare among cytoplasmic proteins and is regulated by oxidants.
By using sequential nonreducing/reducing two-dimensional
gel electrophoresis combined with mass spectrometry to iden-
tify disulfide-bonded proteins in the cytoplasm of a neuronal
cell line, Cumming et al. (56) showed that disulfide bond for-
mation occurs in unstressed as well as in oxidant-stressed cells.
Proteins involved in glycolysis, protein translation, molecular
chaperoning, cell growth, cytoskeletal structure, antioxidant
activity, and signal transduction were found to contain inter-
molecular disulfide bonds in unstressed cells. Exposure to var-
ious oxidants resulted in both an increase in the amount of
disulfide bonding in these proteins and disulfide bonding in
additional proteins. These results suggest that disulfide bond-
ing between proteins could be an important mechanism for reg-
ulating protein function and indicate that this is a research area
that deserves significantly more attention.

Among the proteins shown to undergo redox-sensitive
disulfide bonding is the glycolytic enzyme glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) (57). GAPDH catalyzes
the NAD-dependent conversion of glyceraldehyde 3-phos-
phate to 1,3-diphosphoglycerate. GAPDH readily undergoes
disulfide bonding when cells are exposed to oxidants includ-
ing the prooxidant amyloid �-peptide. Disulfide bonding
leads to a reduction in GAPDH enzymatic activity as well as
to the accumulation of detergent-insoluble GAPDH aggre-
gates in the cytoplasm and nucleus of cells. Detergent-insolu-
ble GAPDH aggregates were also observed in brain extracts
from Alzheimer disease (AD) patients and transgenic AD
mouse brain tissue but not in age-matched control tissues.
Because evidence exists that allellic variations in GAPDH
can influence the development of AD, these data suggest that
these variations might function by influencing the ability of
GAPDH to form disulfide bonds.

Protein S-glutathionylation

The addition of GSH to the cysteine sulfhydryl groups of
proteins is defined as glutathionylation (also called glutathio-
lation). It can occur via several distinct mechanisms and ap-
pears to be regulated by the redox status of cells (Fig. 5) (52,
83, 87, 107, 135, 225, 248). The consequences of S-glu-
tathionylation on protein function are protein dependent, so
that some proteins are activated, others are inactivated, and
still others are unaffected. Although protein S-glutathionyla-
tion does not appear to require enzyme activity, deglu-
tathionylation generally does. Glutaredoxins (Grxs) are con-
sidered to be the main enzymes in cells for removing GSH
from cysteine sulfhydryl groups (see Glutaredoxins). The de-
tails of the process of protein S-glutathionylation and what is
known about it in nerve cells is described below. It should be
noted that this is currently a very active area of research, and
the mechanistic details are still being worked out.

Mechanisms. Two basic mechanisms underly protein
S-glutathionylation (Fig. 5) (83, 107, 135, 225, 248). GSH ad-
dition can occur either by a thiol-disulfide exchange reaction
wherein the thiolate anion of a protein sulfhydryl group reacts
with an activated form of GSH (GSSG, GSOH, or GSNO) or
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by the reaction of a partially oxidized cysteine sulfhydryl
group (thiyl radical, sulfenic acid intermediate, or S-nitroso in-
termediate) with GSH.

Thiol-disulfide exchange occurs when the thiolate anion of
a cysteine sulfhydryl reacts with GSSG to form a mixed
disulfide, releasing GSH in the process. The reactivity of spe-
cific protein cysteine sulfhydryls with GSSG will depend on
both the pKa of the sulfhydryl (and therefore whether it will
form a thiolate anion at neutral pH) and the accessibility of
the sulfhydryl to GSSG. Thiol-disulfide exchange would be
expected to occur most readily under conditions of oxidative
or nitrosative stress in which the levels of GSSG or other re-
active GSH derivatives are significantly increased in cells.
Evidence exists from a variety of laboratories that this is in-
deed the case (135, 225). For example, treatment of the
murine nerve cell line, HT22, with hydrogen peroxide results
in a threefold increase in the level of GSSG and a 14-fold in-
crease in the overall level of S-glutathionylated proteins (56).
More specifically, it was shown that a critical cysteine in the
DNA binding site of the transcription factor c-Jun becomes S-
glutathionylated when the GSH/GSSG ratio falls from its
normal level of ~100:1 to 13:1 (136).

Reaction of GSH with NO or other reactive nitrogen
species can lead to the formation of GSNO, which can also
react with cysteine sulfhydryl groups to yield mixed protein
disulfides. Moreover, the reaction of protein sulfhydryl
groups with GSNO can also lead to S-nitrosylation (86).
Which modification predominates appears to be protein spe-
cific. Cysteine sulfhydryl groups that are targets for this reac-
tion tend to have particularly low pKas (135).

S-glutathionylation of proteins is also seen in the absence
of any increase in GSSG levels (225). This is thought to occur
through the reaction of an oxidized protein sulfhydryl group
with GSH to form the mixed disulfide. Cysteine sulfhydryl
groups can be oxidized by reactive oxygen or nitrogen
species. One electron oxidation yields a thiyl radical
(Protein-S•). Two-electron oxidation by hydrogen peroxide or
peroxynitrite produces sulfenic acid (Protein-SOH). Either
group can then react with GSH to form the more stable mixed
disulfide. The reaction of nitric oxide with cysteine sulf-

FIG. 5. Mechanisms for the S-glutathionylation of proteins.
Two basic mechanisms underly protein glutathionylation. GSH
addition can occur either by a thiol–disulfide exchange reac-
tion (1–3), wherein the thiolate anion of a protein sulfhydryl
group [S(H)] reacts with an activated form of GSH (GSSG,
GSOH, or GSNO) or by the reaction of a partially oxidized
cysteine sulfhydryl group [thiyl radical (4), sulfenic acid inter-
mediate (5), or S-nitroso intermediate (6)] with GSH.
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hydryls yields a reactive S-nitrosylated sulfhydryl, which can
also react with GSH.

Depending on the specific intracellular conditions, both of
these mechanisms can be very efficient at carrying out
protein-S-glutathionylation. For example, in the HT22 nerve
cell line, treatment with diamide, which causes oxidation of
sulfhydryl groups but no increase in GSSG levels, results in a
19-fold increase in overall protein S-glutathionylation
whereas, as noted earlier, treatment with hydrogen peroxide,
which does increase GSSG levels, brings about a similar in-
crease in overall protein S-glutathionylation (56).

Function. In considering possible functions for protein
S-glutathionylation, it is important to remember that the reac-
tion is reversible via a mechanism that requires Grx and is
generally dependent on GSH (although see section on
Glutaredoxin). A potential role for protein S-glutathionylation
that is receiving increasing attention is as a signaling mecha-
nism somewhat analogous to protein phosphorylation (26, 83,
87, 225). Although some evidence exists for this possibility,
several critical questions remain to be addressed before it can
be considered an important physiologic role for S-glutathiony-
lation of proteins. Shelton et al. (225) proposed five criteria
that must be met before protein S-glutathionylation can be
viewed as bona fide regulatory mechanism for any protein.
These criteria are as follows: (a) S-glutathionylation must
change the function of the modified protein; (b) S-glu-
tathionylation must occur within intact cells in response to a
physiologic stimulus; (c) S-glutathionylation must occur at a
relatively high (i.e., physiologic) GSH/GSSG ratio; (d) a rapid
and efficient mechanism must exist for the formation of spe-
cific Pr-SSG; and (e) a rapid and efficient mechanism for re-
versing the S-glutathionylation must be present. No protein
has yet met all of these criteria. In particular, very few have
been shown to be S-glutathionylated under physiologic condi-
tions. Furthermore, how S-glutathionylation could be regu-
lated is unclear since regardless of which of the two mecha-
nisms is responsible for the S-glutathionylation of a specific
protein, the reactions do not appear to be enzyme mediated
and thus may not have a high degree of specificity, although
the specificity could lie in the microenvironment of the cys-
teine sulfhydryl group (83). In the test tube, Grx can specifi-
cally S-glutathionylate proteins, but whether it does so in cells
remains to be determined (225).

Many investigators have suggested that S-glutathionylation
serves a protective role, preventing the further oxidation of
protein sulfhydryls to sulfinic or sulfonic acids or even the
formation of disulfide bonds (107, 135, 248). Although re-
cent studies suggest that some sulfinic acids can be reduced
(see section on Peroxiredoxins), this does not appear to be a
general phenomenon. Thus, the reaction of GSH with sulfenic
acids would prevent their overoxidation and the resulting in-
activation of the protein. This type of reaction would gener-
ally be expected to occur under conditions of oxidative stress.
Although such a role for S-glutathionylation does not have to
meet all of the criteria for a regulatory mechanism, it still
should occur under physiologic forms of stress, and it should
be reversible once that stress is removed. Another function for
protein S-glutathionylation that pertains specifically to thiol-
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disulfide exchange is as a mechanism for the cell to deal tem-
porarily with excess GSSG groups (83). Not all cysteine
sulfhydryl groups are critical for protein function, and so the
reaction of those groups with GSSG under conditions of ox-
idative stress could provide a means of preserving the intra-
cellular redox potential without permanent loss of GSH, such
as through its export in the form of GSSG.

Targets. Two general approaches have been taken to ex-
amine protein S-glutathionylation. One is to focus on specific
proteins and ask whether they are S-glutathionylated under a
condition of interest, such as oxidative stress. The second ap-
proach is to look at overall protein S-glutathionylation, again
under a condition of interest. Several of these global pro-
teomics approaches have been described (84, 87, 94, 156). The
advantage of the first approach is that by focusing on a single
protein of interest, it is generally possible to assess the func-
tional role of S-glutathionylation. The advantage of the second
approach is that it provides an overall picture of protein S-glu-
tathionylation under a specific condition. The disadvantage is
that it is difficult to determine much about function.

A variety of proteins have been shown to be S-glutathiony-
lated in cells (84, 87, 222). Among these are protein chaper-
ones, cytoskeletal proteins, cell-cycle regulators, and meta-
bolic enzymes (156). Many of these are abundant proteins
whose S-glutathionylation has been demonstrated only under
quite severe conditions of oxidative stress, so that the func-
tional significance of the S-glutathionylation is not always
clear. However, a number of proteins have been shown to be
S-glutathionylated either under basal conditions or in re-
sponse to physiologically relevant stimuli, suggesting that S-
glutathionylation could play a role in regulating the function
of these proteins. Among these proteins are transcription fac-
tors and protein phosphatases, which are discussed later in
their respective sections. A number of other proteins relevant
to nerve cell function can also be regulated by S-glutathiony-
lation, and these are discussed below.

An important signaling protein that is S-glutathionylated in
a regulated manner is the small GTPase Ras. Ras modulates a
variety of kinase-dependent signaling pathways (54) and has
a reactive cysteine (Cys118) in its GTP-binding region (145).
Several studies have shown that Ras is S-glutathionylated in
response to stimuli such as angiotensin II treatment (2) and
oxidized LDL (48). In both cases, S-glutathionylation of
Cys118 of Ras results in Ras activation.

Another signaling molecule shown to be S-glutathionylated
is the MAPKKK, MEKK1 (55). MEKK1, along with ASK1,
phosphorylates the MAPKK MKK4, an activator of the
MAPKs JNK and p38 MAPK. ASK1 activity is regulated by
its interaction with Trx (see Redox Regulation of Protein Ki-
nases) and is activated by oxidative stress. In contrast,
MEKK1 is inactivated by oxidative stress–induced S-glu-
tathionylation. This was shown both with purified MEKK1
and in intact cells and was confirmed by mass spectrometry.
Curiously, activation of MEKK1 is associated with a prosur-
vival response, whereas activation of ASK1 is associated with
cell death. Thus, the S-glutathionylation of MEKK1 in com-
bination with the activation of ASK1 would result in a very
clear-cut cell-death signal.
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Several mitochondrial proteins can also undergo S-
glutathionylation and may alter mitochondrial function (107).
However, most of these studies were done with either purified
proteins or isolated mitochondria, so whether S-glutathiony-
lation of mitochondrial proteins occurs in intact cells and, if
so, under what conditions, remains to be determined. Never-
theless, the existing evidence suggests that S-glutathionyla-
tion could regulate the activity of both TCA-cycle enzymes
and the mitochondrial electron transport chain (ETC). Com-
plex I of the ETC has been implicated in ROS production by
mitochondria and is the target of chemicals implicated in PD,
such as MPTP and rotenone (for review, see 3). Loss of com-
plex I activity is also thought to contribute to idiopathic PD
and to Huntington disease. Complex I contains ~45 different
peptides, but only a few of these appear to contain redox ac-
tive cysteine sulfhydryl groups (244). These sulfhydryls were
shown to be S-glutathionylated after treatment of isolated
complex I with GSSG and intact mitochondria with t-butyl
hydroxide, which causes an increase in mitochondrial GSSG
levels at the expense of GSH. The S-glutathionylation of
these proteins correlated with an increase in the mitochon-
drial production of ROS, suggesting a mechanism whereby
ROS production could be regulated by the cellular redox sta-
tus. Hence, transient S-glutathionylation of complex I could
be involved in mitochondrial signaling (39), whereas more-
extended S-glutathionylation could play a role in the develop-
ment of neurodegenerative diseases.

The activities of the TCA cycle enzymes �-ketoglutarate
dehydrogenase (KGDH) and isocitrate dehydrogenase
(ICDH) also appear to be regulated by S-glutathionylation
(133, 193). In both cases, oxidizing conditions that favor S-
glutathionylation resulted in a loss of enzyme activity, which
was restored on removal of the oxidant or treatment with Grx.
In the case of ICDH, similar changes were shown in both oxi-
dant-treated cells and in the brains of mice treated with
MPTP. Interestingly, S-glutathionylated ICDH appeared to be
more resistant to proteases, suggesting a protective role for
transient S-glutathionylation. However, ICDH can generate
NADPH, which is essential for several enzymes involved in
maintaining the redox status of cells, including GR and Trx.
Therefore, the loss of ICDH activity itself could contribute to
an increase in oxidative stress.

S-glutathionylation can also regulate the function of heat-
shock cognate protein 70 (Hsc70) (101). Hsc70 is a constitu-
tively expressed homologue of the heat-shock protein Hsp70
that acts as a protein chaperone. Although several previous
screens for S-glutathionylated proteins in cells exposed to
oxidative stress identified Hsc70 (84, 156), the effect of S-
glutathionylation on protein function was not determined. In-
terestingly, S-glutathionylation significantly enhances the
ability of Hsc70 to prevent protein aggregation. However, this
enhancement is no longer apparent in the presence of ATP.
These results suggest that S-glutathionylation of Hsc70 could
play an important role in protecting cells from moderate lev-
els of stress that lead to reduction of ATP levels, such as those
that occur after ischemia.

Evidence for an interaction between the GSH and Trx sys-
tems was found in studies showing that Trx is S-glutathiony-
lated in cells treated with diamide, resulting in a significant
reduction in Trx activity (35). The glutathionylated sulf-
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hydryl, Cys72, is also involved in the dimerization of Trx,
consistent with the reactivity of this thiol. However, whether
S-glutathionylation of Trx occurs in response to a physiologic
stress or other stimuli is not known.

A recent study used immunoprecipitation and Western
blotting with anti-GSH antibodies to identify S-glutathiony-
lated proteins in the CNS under basal conditions and after ox-
idative stress (234). Actin, �-tubulin, and the light chain of
neurofilaments were found to be constitutively S-glutathiony-
lated, and this S-glutathionylation increased under oxidative
stress. All three of these proteins are essential for nerve cell
physiology, suggesting that reversible S-glutathionylation
could play a role in modulating nerve cell functions both
under basal conditions and after oxidative stress. This hypoth-
esis is supported by studies showing that actin polymerization
is regulated by S-glutathionylation both in the test tube and in
cells (see later). The role of S-glutathionylation in regulating
the polymerization of tubulin or neurofilaments remains to be
determined.

Reversible S-glutathionylation of actin regulates actin
polymerization (58, 71). S-glutathionylated actin is impaired
in its ability to polymerize because of changes in its confor-
mation induced by S-glutathionylation. S-glutathionylation
may also destabilize F-actin. A physiologic role for actin S-
glutathionylation was shown in EGF-treated A431 cells
(256). EGF treatment resulted in the deglutathionylation of
G-actin, probably by Grx, and an increase in F-actin at the
cell periphery. In nerve cells, increases in actin S-glutathiony-
lation may play a role in the neurodegeneration seen in the
autosomal recessive disease, Friedreich ataxia (199).

Tyrosine hydroxylase, the initial and rate-limiting enzyme
in the biosynthesis of dopamine, has also been found to un-
dergo S-glutathionylation in response to treatment of PC12
cells with diamide, and this is correlated with a loss of en-
zyme activity (28). In the test tube, the loss of TH activity
could be partially reversed by treatment with Grx2. However,
whether a physiologic oxidative stress also results in S-
glutathionylation of TH and loss of activity remains to be de-
termined. Nevertheless, it is an intriguing possibility that the
oxidative stress seen in PD leads directly to a decrease in TH
activity through specific modification of TH sulfhydryl
groups.

Although a number of other proteins are S-glutathiony-
lated, many of these were shown to be so only in the test tube,
and/or their relevance to nerve cell physiology is not clear.
These proteins are not discussed further here, although the in-
terested reader is advised to consult several reviews (84, 87,
135, 222) for comprehensive lists.

Protein S-nitrosylation

Protein cysteine sulfhydryl groups can also be modified
by S-nitrosylation. This can occur through the interaction of
the sulfhydryl either with an “activated” form of nitric oxide
(N2O3, NO+, •NO) or with a previously formed low-molecular-
weight S-nitrosothiol such as S-nitrosoglutathione (GSNO)
(for reviews, see 87, 168). S-nitrosylation is thought to be a
very labile modification under physiologic conditions, gen-
erally leading either to the formation of disulfide bonds if
a nearby cysteine sulfhydryl is available or to an S-
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glutathionylated protein. Research on protein S-nitrosylation
as it relates to neuronal function was pioneered by Stuart
Lipton’s laboratory, which showed that S-nitrosylation of the
NMDA receptor results in its inhibition (157). The inhibition
is due mainly to the S-nitrosylation of a cysteine sulfhydryl
located in the linker region that separates the two domains of
NR2A, thereby stabilizing the receptor in a “closed” confor-
mation. Further studies on S-nitrosylation were stimulated
by the development of a relatively simple method, the biotin-
switch assay, for measuring protein S-nitrosylation in cell
and tissue extracts (114). In this assay, nitrosylated cysteine
sulfhydryls are converted to biotinylated cysteine sulf-
hydryls and then either analyzed with SDS–PAGE/
immunoblotting with antibodies to biotin or isolated by im-
munoprecipitation/column chromatography with strepta-
vidin and then analyzed with SDS-PAGE. Specifically, free
cysteine sulfhydryls are first blocked with a thiol-specific
methylating agent, and then nitrosothiol bonds are selec-
tively decomposed to the free sulfhydryl by treatment with
ascorbate. The newly formed free sulfhydryls are reacted
with a biotinylating agent to tag the sites of S-nitrosylation.
This assay has been used to demonstrate protein S-nitrosyla-
tion of a number of proteins under a variety of physiologic
and pathophysiologic conditions (e.g., 46, 218). The assay
relies on the assumption that ascorbate is a selective reduc-
tant of all protein S-nitrosothiols. However, a very recent ar-
ticle raises significant doubts about the validity of this as-
sumption (146), thereby calling into question many of the
observations made by using this technique. Landino et al.
(146) showed that ascorbate can also reduce disulfide bonds,
suggesting that, at least in some cases, the biotin-switch
technique could pick up disulfide-bonded proteins rather
than S-nitrosylated proteins. This conclusion is supported by
the observation that treatment with NO can lead to disulfide
bond formation (157) subsequent to S-nitrosylation. It will
be important to clarify this point in future studies on protein
S-nitrosylation.

In summary, modification of protein cysteine sulfhydryl
groups can occur through multiple mechanisms and, depend-
ing on the protein, can result in either the activation or the in-
hibition of protein function. How the different mechanisms
are regulated and whether specificity exists are key areas for
future research. In addition, it will be important to evaluate
these processes in response to physiologic stimuli, as most
studies continue to be done on cells treated with high doses of
various oxidants.

GLUTAREDOXINS

The glutaredoxins (Grxs) are the enzymes that are gener-
ally considered to be responsible for the removal of GSH
from glutathionylated proteins (Fig. 6) (for reviews, see 77,
183). Of the two mammalian Grxs, Grx1 is localized to the
cytoplasm, and Grx2 localizes to both mitochondria and nu-
clei. The structure and catalytic site of Grx are similar to
those of Trx, but the mechanism of protein-GSH reduction is
distinct from the Trx-dependent reduction of protein disul-
fides. The N-terminal cysteine of the redox active pair in the
active site CXXC attacks the S-GSH link in an S-glutathiony-
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lated protein, yielding a GSH-Grx intermediate that is then
reduced by GSH, regenerating Grx and producing GSSG
(Fig. 6). Because GSH is required for the reduction of Grx,
Grx activity is dependent on both GR and NADPH. In con-
trast, Grx2, which has only 34% sequence homology with
Grx1, can by reduced by either GSH or Trx (118). It has been
suggested (225) that Grxs can also glutathionylate proteins by
using a GS-radical. Although in vitro evidence exists for this
with specific proteins, it is not yet clear that it occurs in vivo.

Although not a great deal is known about Grx in the CNS
in terms of distribution, interesting data suggest that Grx can
play an important role in maintaining nerve cell function in
the presence of oxidative stress. Ravindrath et al. (130,131)
have studied Grx1 in the context of specific insults to the
CNS. For example, after treatment of mice with the excito-
toxic amino acid BOAA, they found a time-dependent de-
crease in GSH levels and a concomitant increase in S-
glutathionylated protein levels in both the motor cortex and
the lumbosacral segment of the spinal cord (130). This corre-
lated with a time-dependent decrease in the activity of the mi-
tochondrial ETC complex I and a delayed increase in the ex-
pression and activity of Grx1. Over the time course of the
experiment (4 hr), GSH levels and complex I activity recov-
ered in the motor cortex but not in the lumbosacral segment of
the spinal cord, and this recovery correlated with a decrease in
protein S-glutathionylation to control levels. Recovery of
complex I activity was prevented by treatment with antisense
oligonucleotides directed against Grx1. In a similar set of ex-
periments, the same group looked at the activity of complex I
and Grx1 after treatment of mice with a single dose of the neu-
rotoxin MPTP (131). Complex I activity in the striatum de-
creased shortly after treatment with MPTP but then rebounded
by 4 hr in concert with an increase in Grx1 activity. The resto-
ration of complex I activity was blocked if the mice were
treated with antisense oligonucleotides against Grx1. Together
these data support the hypothesis that Grx1 activity is critical
for restoring complex I activity after protein S-glutathionyla-
tion as a consequence of mild oxidative stress. The data are
also consistent with the idea that protein S-glutathionylation
can modulate complex I activity (see Protein S-Glutathionyla-
tion) and may serve as a mechanism to protect proteins from
irreversible inactivation by oxidative stress.

Unlike Trx, Grxs are enzymes whose study is in its infancy.
Because they appear to play an important role in maintaining
nerve cell function, further investigation of their distribution
in the CNS, the regulation of their expression, and the modu-

FIG. 6. Glutaredoxins. Glutaredoxins specifically reduce S-
glutathionylated proteins. Oxidized glutaredoxin is then re-
duced by GSH. The GSSG produced in this reaction is reduced
by the action of glutathione disulfide reductase (GR) at the ex-
pense of NADPH.
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lation of their activities under various pathophysiologic con-
ditions seems warranted.

METHIONINE SULFOXIDE REDUCTASES
AND THE REDOX MODIFICATION OF

PROTEIN METHIONINE RESIDUES

The sulfur-containing amino acid methionine is very sen-
sitive to oxidation. Similar to cysteine oxidation, the oxida-
tion of methionine to methionine sulfoxide is reversible, al-
though further oxidation to methionine sulfone is not. The
reduction of methionine sulfoxide is dependent on a family of
enzymes, the methionine sulfoxide reductases (Fig. 7) (for re-
views, see 102, 153, 169, 259). Similar to the oxidation of
cysteine, the oxidation of methionine can have profound ef-
fects on protein structure and function. The methionine side
chain is long, flexible, and nonpolar, but when oxidized, it be-
comes stiffer and more polar. The hydrophobicity index of
methionine sulfoxide was estimated to be similar to that of
the positively charged amino acid lysine. Thus, as outlined
later, the oxidation/reduction of methionine residues may
provide another mechanism for the regulation of protein
function. In addition, under conditions in which reduction is
impaired, methionine oxidation could lead to loss of protein
function. It has also been proposed (153) that the oxidation/
reduction of noncritical, surface-exposed methionines could
have an antioxidant function.

Oxidation of methionine leads to a diastereomeric mixture
of methionine-S-sulfoxide and methionine-R-sulfoxide. Two
distinct families of enzymes reduce these sulfoxides in mam-
mals. The first of these families to be characterized contains a
single, cytoplasmic enzyme of ~25 kDa called methionine-S-
sulfoxide reductase (MsrA), which catalyzes the reduction of
methionine-S-sulfoxide (259). The reduction of oxidized
MsrA is carried out by thioredoxin reductase with NADPH as
a co-factor, thus tying MsrA into several of the major redox
couples in the cell. The more recently discovered MsrB fam-
ily contains at least three members with molecular masses be-
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tween 12 and 20 kDa. These enzymes catalyze the reduction
of methionine-R-sulfoxide (134). MsrB1 (also known as
SelR), the family member with the highest specific activity
due to a selenocysteine group in the active site, localizes to
both the cytoplasm and nucleus. MsrB2 (also known as Cbs-
1) contains cysteine instead of selenocysteine in the active
site and is found in mitochondria. MsrB3 can exist in two
forms because of alternative splicing; MsrB3A is found
mainly in the ER, whereas MsrB3B localizes to mitochon-
dria. Although MsrB2 is detected in all human tissues exam-
ined, MsrB1 is not found in brain. The tissue distribution of
MsrB3 is not known.

Because MsrA was the first methionine sulfoxide reduc-
tase to be identified, quite a bit is known about it. Although
MsrA can be detected in all tissues that have been examined,
the highest levels are found in liver, kidney, and brain. Within
the brain, expression, as determined by immunostaining, is
significantly higher in neurons than in glial cells (180). The
highest levels were seen in the cell bodies and dendrites of
neurons in the cerebellum, olfactory bulb, substantia nigra,
CA1 region of the hippocampus, pontine reticular nucleus,
medulla oblongata, and cerebral cortex, as well as in the large
neurons of the spinal cord. An important role for MsrA in
CNS function has been suggested by studies in which the en-
zyme was either overexpressed or knocked out. MsrA knock-
out mice develop a form of ataxia starting at ~6 months of
age and also have a 40% decrease in maximal life span (179).
Consistent with an antioxidant role for MsrA, its elimination
led to an increase in protein carbonyl levels in brain and other
tissues after exposure to hyperoxia, as well as a more rapid
rate of death. Overexpression of MsrA predominantly in the
nervous system of Drosophila led to an ~70% increase in me-
dian life span, as well as a delayed onset of the senescence-
induced decrease in physical activity (211). The flies were
also more resistant to oxidative stress generated by feeding
them paraquat. In addition, MsrA overexpression in PC12
cells (271) protected the cells from ischemia. Curiously,
whereas MsrA overexpression reduced ROS production in the
PC12 cells, it had no effect on the overall levels of protein
methionine sulfoxide. Together, these data suggest that
methionine oxidation/reduction plays an important role in the
maintenance of normal CNS function. However, it is not yet
clear whether this is due predominantly to antioxidant activ-
ity or to specific roles in regulating protein function. Most
likely, as suggested by the studies with PC12 cells as well as
those described below, it is a combination of effects.

Methionine oxidation has been shown to play a role in reg-
ulating several proteins involved in nerve cell function.
Among these proteins are specific voltage-dependent K+

channels. These channels open in response to depolarization
and are then inactivated. The kinetics of inactivation plays an
important role in determining cellular excitability. Hoshi and
co-workers (47) showed that the oxidation of a methionine in
the N-terminal domain of the Shaker ShC/B voltage-depen-
dent K+ channel disrupts its inactivation. In contrast, methio-
nine oxidation appears to enhance the inactivation of a differ-
ent type of K+ channel (102).

Another protein whose function is modified by methionine
oxidation is the calcium-binding protein calmodulin (CaM)
(25). Nine of the 148 amino acids in calmodulin are methion-

FIG. 7. Methionine sulfoxide reductases. Oxidation of me-
thionine residues in proteins by reactive oxygen species (ROS)
yields a diastereomeric mixture of methionine-S-sulfoxide
(protein-Met-S-SO) and methionine-R-sulfoxide (protein-Met-
R-SO). A single methionine sulfoxide reductase-A (MsrA) re-
duces Met-S-SO, and a family of methionine sulfoxide reduc-
tase-B enzymes (MsrB) reduces Met-R-SO. The Msrs are in
turn reduced by the thioredoxin (Trx)/thioredoxin reductase
(TrxR) system.
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ines, a very high number compared with most other proteins
of its size. The methionines are clustered in the N- and C-
terminal domains, creating Met-rich hydrophobic patches
that mediate productive interactions between Ca2+–CaM and
a large group of Ca2+-regulated proteins. However, because
the methionines are on the surface of CaM, they also are sub-
ject to oxidation. Oxidation leads to a decrease in the ability
of CaM to activate specific proteins such as the plasma mem-
brane Ca2+–ATPase (238). Interestingly, CaM isolated from
the brains of very old rats (27 months) shows a ~50% de-
crease in its ability to activate the plasma membrane
Ca2+–ATPase, and this activity can be restored by treatment
with MsrA (25). These results are consistent with the de-
creases in MsrA activity seen in the brains of very old rats
(202) and support the idea of a critical role for MsrA in main-
taining brain function during aging.

In summary, much tantalizing evidence suggests that me-
thionine oxidation and its regulation by the Msrs plays an im-
portant role in the maintenance of brain function. However,
much work remains before the exact nature of this function is
clearly established. The development of additional tools, such
as antibodies specific to methionine sulfoxide, would prove
very useful in stimulating this research.

REDOX REGULATION 
OF PROTEIN PHOSPHATASES

A major mechanism for the activation of kinase-depen-
dent signaling pathways by changes in the intracellular redox
state is through the inhibition of specific phosphatases. This
is because kinases are activated by phosphorylation, but
phosphatases generally have an ~10 times faster reaction rate
than kinases, so normally the dephosphorylated and therefore
inactive state of the kinase predominates. Three major classes
of phosphatases are found in cells: tyrosine phosphatases
(PTPs), dual-specificity (Thr/Tyr) phosphatases (DSPs), and
serine/threonine phosphatases (PPs). The best-understood ef-
fects of redox state on phosphatase activity are on the PTPs.
The ~40 different PTPs serve a variety of functions within
cells (for reviews, see 42, 45, 62, 207, 213). These can be di-
vided into three classes: cytoplasmic PTPs (e.g., PTP1B,
SHP-2); receptor-like PTPs (e.g., CD45, LAR, RPTP�) and
low-molecular-weight (LMW)-PTPs (e.g., LMW-PTP). All of
these PTPs have a conserved, catalytic cysteine that exists
within the signature motif of Cys-Xaa5-Arg. Because of the
nature of this motif, the cysteine sulfhydryl has a pKa of
~5.0–6.7 and therefore exists as the thiolate anion at physio-
logic pH. This cysteine sulfhydryl group directly participates
in the dephosphorylation reaction by acting as the attacking
nucleophile; thus its modification renders the PTP inactive.
Because of its low pKa, the sulfhydryl is also very sensitive
to the redox status of the cell. Direct evidence that PTPs were
major targets of oxidants first came from studies done in the
laboratory of Denu (64), which showed that a variety of dif-
ferent PTPs could be directly and rapidly inactivated by treat-
ment with low concentrations of hydrogen peroxide. This
treatment resulted in the conversion of the essential catalytic
cysteine to a sulfenic acid intermediate. Because sulfenic
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acids tend to undergo further oxidation to sulfinic and sul-
fonic acids, which are generally not reversible (but see Perox-
iredoxins), it is important that they undergo some form of sta-
bilization for the cysteine sulfhydryl to function as a
redox-regulated switch. As described later, the oxidized
forms of the different PTPs are stabilized by distinct mecha-
nisms that are dependent on the structure of the specific PTP
(Fig. 8).

PTP1B is the prototypic member of the PTP family, and the
most is known about its redox regulation in cells. A number
of studies have shown PTP1B can be reversibly inactivated by
ROS (probably hydrogen peroxide) generated in cells in re-
sponse to stimulation of the cells with growth factors such as
EGF or insulin (for reviews, see 207, 213). Interestingly,
treatment of cells with either EGF or insulin inhibits only a
portion of the PTP1B, whereas treatment with hydrogen per-
oxide inhibits a much higher percentage of the phosphatase
activity. These data suggest that growth factor treatment
might target a specific pool of PTPs that are particularly in-
volved in regulating signaling via the growth factor, perhaps
as part of a larger complex. Although these studies were done
with fibroblasts and epithelial cells, EGF can also interact
with specific classes of nerve cells, where it has been impli-
cated in both neurotrophic activity (113) and neurogenesis
(75, 203), as well as signaling by G protein–coupled recep-
tors (223). However, the role of redox regulation of EGF sig-
naling in nerve cells is currently unknown. The stabilization
of the sulfenic acid of the catalytic cysteine sulfhydryl of
PTP1B is mediated by its conversion to a stable cyclic
sulfenylamide (S-N-R) via its intramolecular interaction with
the protein chain amide nitrogen of an adjacent Ser residue
(213, 229). This novel modification triggers changes in the
PTP1B catalytic site and is thought both to stabilize the cys-
teine sulfhydryl against overoxidation and to facilitate its re-
duction by thiols such as GSH. The catalytic cysteine
sulfhydryl can also be glutathionylated. It is not yet clear
whether the formation of the sulfenamide bond, glutathiony-
lation, or a combination of the two is the relevant mechanism
for preserving the catalytic cysteine sulfhydryl in cells.

The activity of the cytoplasmic PTP SHP-2 is also regu-
lated by treatment of cells with growth factors, particularly
PDGF and EGF (42, 213). Inhibition of PTP activity is con-
fined to a small pool of SHP-2 that appears to be specifically
associated with the growth-factor receptor. More recently, by
using the biotin switch assay (see Protein S-Nitrosylation),
SHP-1 and SHP-2 were shown to be S-nitrosylated in re-
sponse to mild oxidative stress induced by low doses of ioniz-
ing radiation or low concentrations of hydrogen peroxide
(21). As with any modification of the catalytic cysteine
sulfhydryl, this resulted in inactivation of the PTPs.

Receptor-like PTPases (RPTs) play important signaling
roles in axon outgrowth and guidance (for review, see 235). In
addition, PTP� is a positive regulator of Src family tyrosine
kinases (197), some of which modulate nerve cell function
(124). In contrast to the cytoplasmic PTPs, the RPTPs contain
two intracellular PTP domains (62). The domain closest to the
plasma membrane (D1) is catalytically active, whereas the
more distal PTP domain (D2) is catalytically inactive despite
the presence of the signature PTP Cys-Xaa5-Arg motif. Recent
evidence suggests that the PTP motif of the D2 domain is sig-
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nificantly more sensitive to oxidation than the D1 domain and
appears to act as a redox sensor to regulate the activity of this
class of PTPs. Oxidation of the D2 domain results in the for-
mation of inactive, RPTP dimers. Whether this mechanism ac-
tually regulates RPTP activity in cells in response to physio-
logic stimuli remains to be determined.

The LMW-PTPs are ~18-kDa PTPs that participate in regu-
lating growth-factor signaling via the dephosphorylation of
receptors for PDGF, insulin, and ephrins (45). They also play
a role in regulating cell spreading and lamellipodia formation
(43). Only a single LMW-PTP has so far been identified in
humans. Oxidation of the catalytic cysteine sulfhydryl both in
vitro and in cells leads to the formation of a readily reversible
disulfide bond with a nearby cysteine sulfhydryl. The forma-
tion of this bond is essential for preserving enzyme activity
because a mutant lacking the nearby cysteine does not regain
activity after ROS-mediated inactivation, whereas the wild-
type protein regains full activity within 40 min (213). Clearly,
this PTP could play an important role in the redox regulation
of nerve cell function.

PTEN functions as both a protein phosphatase and a lipid
phosphatase, and it is probably best known for this latter role
(for reviews, see 45, 152, 207). PTEN catalyzes the removal
of phosphate attached to the 3
-hydroxyl group of phos-
phatidylinositol 3,4,5-trisphosphate, thereby negatively regu-
lating the PI3K–Akt signaling pathway. Mutations in PTEN
cause human tumors in a number of tissues. Similar to LMW-
PTP, on oxidation, the catalytic cysteine sulfhydryl of PTEN
forms a disulfide bond with a neighboring cysteine sulf-
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hydryl. Evidence exists that this disulfide bond is reduced by
thioredoxin. In PC12 cells, the redox-regulated inactivation
of PTEN was shown to increase their susceptibility to oxida-
tive stress (187).

The dual-specificity phosphatases (DSPs) can be divided
into two major classes: those that act specifically on the ter-
minal members of the MAPK family (e.g., ERKs, JNKs, and
p38 MAPKs) (for review, see 132) and the cell-cycle phos-
phatases of CDKs (e.g., Cdc25). More than 60 different DSPs
are found in mammalian cells, and, similar to the PTPs, all
contain an essential cysteine in their active sites that has been
shown to undergo the same type of regulation in response to
hydrogen peroxide or other oxidants as PTPs (213). In gen-
eral, the oxidized cysteine sulfhydryl in the DSPs is stabilized
by disulfide bond formation, similar to LMW-PTP and PTEN
(45).

Unlike the PTPs, PPs do not contain an essential cysteine
residue at their active sites, so that the mechanisms underly-
ing their regulation by oxidants are likely to be different. In-
deed, even the oxidants that can and cannot inactivate these
phosphatases are still unclear. The observation that superox-
ide dismutase could protect calcineurin (PP2B) from inacti-
vation (257) suggested that the iron in the active site of cal-
cineurin could be oxidized by superoxide. Similar to the other
PPs, calcineurin contains a pair of metal ions (iron and zinc)
in its active site that are important for both catalytic activity
and the structural integrity of the phosphatase (63). More re-
cent studies have shown that superoxide-mediated inactiva-
tion of calcineurin is Ca2+/CaM dependent (254). Ca2+/CaM

FIG. 8. Regulation of protein tyrosine phos-
phatases (PTPs) by oxidants. Oxidation of the
catalytic cysteine in the active site of PTPs results in
the formation of a cysteine sulfenic acid (SOH) inter-
mediate that can be stabilized by several different
mechanisms. In the case of PTEN and LMW-PTP, a
disulfide bond is formed with a neighboring cysteine
sulfhydryl group. In contrast, in RPTP and other re-
ceptor PTPs that contain two PTP domains, the cys-
teine sulfhydryl that tends to be oxidized is in the
regulatory domain, and it forms a disulfide bond
with a neighboring RPTP, resulting in dimer forma-
tion. Oxidation of the catalytic cysteine sulfhydryl in
PTP1B leads to the formation of both a sulfenamide
(S-N) and S-glutathionylation (SSG).
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binding leads to the activation of calcineurin via the opening
of the enzyme active site, allowing access both of substrates
and superoxide. Superoxide causes oxidation of the ferrous
iron group in the active site, yielding ferric iron and thereby
rendering the phosphatase inactive. Calcineurin plays an im-
portant role in nerve cells, where it participates in the pro-
cesses of synaptic plasticity, learning and memory, gene tran-
scription, and apoptosis. Thus, redox regulation could alter
these processes through effects on calcineurin. Because both
PP1 and PP2A also have pairs of metal ions in their active
sites that are important for catalytic activity, it is possible that
they could be inactivated by superoxide by a mechanism sim-
ilar to that described earlier for calcineurin. In addition, both
PP1 and PP2A are inactivated by reaction with GSSG (186).
Because GSSG interacts with cysteine sulfhydryl groups (see
Redox Modification of Protein Cysteine Sulfhydryls), these
data suggest that a cysteine outside the active site but within
the catalytic domain of these phosphatases is critical for en-
zyme activity and can be reversibly modified in a manner de-
pendent on the redox status of the cell. Thus, PPs may be
redox regulated by mechanisms similar to those seen in PTPs,
as well as through mechanisms specific to their metal ions.

More recently, the activation of Ca2+/CaM-dependent pro-
tein kinases II and IV (CaMKII and CaMKIV) in cells by
both hydrogen peroxide and the PKC activator, phorbol 12-
myristate 13-acetate, was shown to be mediated by the oxida-
tive inactivation of PP2A (104). Because CaMKII, CaMKIV,
and PP2A play important roles in nerve cells and have been
implicated in synaptic plasticity, learning, and memory, these
studies provide additional support for redox regulation of
these critical CNS functions (for reviews, see 100, 158, 167,
182).

Overall, these data indicate that phosphatases are impor-
tant redox active proteins whose regulation by oxidants can
be quite specific when it is coupled to growth-factor or cy-
tokine signaling. In contrast, a broader spectrum of phos-
phatase inactivation would be expected in the presence of
higher levels of oxidants and will likely depend on both the
nature of the oxidizing agent and its interactions with the var-
ious detoxifying systems within the cell. The ultimate conse-
quences of more global phosphatase inactivation on cellular
function are not clear at this time but are likely to be cell-type
specific because they will depend on the spectrum of kinase
pathways that are affected. However, evidence exists that this
inactivation could play a role in several neurodegenerative
diseases and could even be involved in the more subtle cogni-
tive defects that occur as part of the normal aging process.

REDOX REGULATION 
OF PROTEIN KINASES

Oxidants have been shown to increase the activity of both
protein tyrosine kinases (PTKs) and serine/threonine kinases.
However, in many cases, it is still not clear whether this is a
direct effect on the kinase itself, an effect on an upstream ac-
tivator, or an effect on downstream protein phosphatases (see
Redox Regulation of Protein Phosphatases) (42). Both recep-
tor and nonreceptor PTKs can be activated by oxidants. In
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both cases, the activation often appears to be due to an effect
on downstream phosphatases. For example, the treatment of
cells with a variety of agents, including oxidants such as hy-
drogen peroxide, induces tyrosine phosphorylation of the
EGF receptor (EGFR) and PDGF receptor (PDGFR) by a
mechanism involving the inhibition of dephosphorylation
(138) rather than a direct effect on kinase activity.

A number of nonreceptor tyrosine kinases such as c-Src
(65) and c-Lck (96, 184) are activated by the treatment of
cells with hydrogen peroxide or other oxidants, as determined
both by increases in protein tyrosine phosphorylation and in
vitro kinase activity. However, in the case of c-Lck, this acti-
vation could not be mimicked by direct treatment of the ki-
nase with hydrogen peroxide (96), suggesting that the effects
were probably mediated via the inhibition of phosphatase ac-
tivity. Similarly, treatment of cells with hydrogen peroxide as
well as adhesion of cells to the extracellular matrix stimulated
the tyrosine phosphorylation of the focal adhesion kinase,
FAK, via inhibition of LMW-PTP (see Redox Regulation of
Protein Phosphatases) (43). In contrast, a recent study
showed that c-Src is oxidized in response to cell attachment
to the extracellular matrix and that this oxidation leads to
both an increase in tyrosine kinase activity and an activation
of downstream signaling pathways (43). c-Src, as well as
other Src family kinases, is highly expressed in nerve cells,
where it has been implicated in proliferation and differentia-
tion during development, as well as in regulating the activity
of NMDA receptors in mature neurons (124). Thus, redox
regulation of c-Src could have multiple effects on nerve cell
function.

Another mode of PTK regulation by oxidants was shown in
studies on the receptor PTK c-Ret (43). UV irradiation of
cells expressing c-Ret resulted in the dimerization and activa-
tion of many of the membrane-bound c-Ret molecules. This
dimerization was mediated by the formation of disulfide
bonds between cysteine sulfhydryls in adjacent c-Ret mono-
mers. Some evidence indicates that the activity of the PDGFR
may be regulated by the redox status of the cell. Rigacci et al.
(208) showed that the cellular GSH level specifically affected
the tyrosine phosphorylation of PDGFR in fibroblasts. These
effects of oxidants on PTK phosphorylation and/or activity
may be cell-type dependent. Although the consequences to
the cell of PTK activation by oxidants is still not entirely
clear, in some cases, it may be part of a protective response.
For example, UV irradiation of HeLa cells results in the
oxidant-dependent activation of c-Src, and inhibition of c-Src
activity potentiates cell killing by UV (65).

Oxidants also affect the activities of serine/threonine ki-
nases. Perhaps the best known of these are members of the
mitogen-activated protein kinase (MAP kinase) family. These
serine-threonine kinases are activated by dual phosphoryla-
tion in response to a variety of extracellular stimuli. In mam-
malian cells, at least three distinct members of the MAP ki-
nase family are expressed: ERKs (also known as MAPKs),
stress-activated protein kinase [also known as c-Jun NH2-
terminal kinase (JNK)], and p38 MAPK. The standard path-
ways for activation of these protein kinases consist of two up-
stream protein kinases: MAPKKKs, which phosphorylate and
thereby activate MAPKKs, which phosphorylate the MAPKs
on both a threonine and a tyrosine residue (for reviews, see
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49, 143, 210, 216, 258). All three members of this family, in-
cluding ERKs (12, 91), can be specifically activated by hy-
drogen peroxide and other oxidants, as determined both by
dual phosphorylation and in vitro kinase assays. The specific
oxidants that lead to ERK activation may be cell-type depen-
dent. In some cells, activation is seen with hydrogen peroxide
(91), whereas in others, it is seen with superoxide but not hy-
drogen peroxide (12). In some cases, ERK activation by hy-
drogen peroxide appears to be indirect because it can be
blocked by a dominant negative Ras mutant, suggesting that
ROS activate an upstream member of the prototypical
Ras–ERK cascade. Indeed, a number of reports suggest that
Ras is responsive to the redox status of the cell and can be di-
rectly activated by oxidants such as hydrogen peroxide (145)
or nitric oxide (144) as well as by S-glutathionylation (see
Protein S-Glutathionylation). In other cells, ERK activation
appears to be mediated by inhibition of dual-specificity phos-
phatases (149).

Several alternative mechanisms have been identified for
the oxidant-induced activation of the two other members of
the MAPK family, JNK and p38 MAPK. JNK is generally
thought to be activated through a pathway involving small
GTP-binding proteins and a series of protein kinases termi-
nating in the dual-specificity kinases, MKK4 and/or MKK7.
However, certain stimuli, including oxidative stress induced
by a variety of agents, activate JNK not through this cascade
but via inactivation of the phosphatases, which generally
maintain this kinase in a dephosphorylated and therefore in-
active state (174).

A second mechanism for the activation of both JNK and
p38 MAPK by oxidative stress has also been described.
ASK1 is an MAPKKK that can stimulate pathways leading to
both p38 and JNK activation (212) and is implicated in the
promotion of programmed cell death (89, 212). ASK1 activ-
ity in turn is regulated by the redox status of the cell. A rather
complicated mechanism underlies this regulation (for review,
see 237). Trx associates with the N-terminus of ASK1 in a
redox-sensitive fashion, resulting in inactivation of the ki-
nase. Exposure of cells to oxidants results in the oxidation of
Trx and its release from ASK1. This is followed by the ho-
modimerization and phosphorylation of ASK1, thereby lead-
ing to the activation of JNK and p38 MAPK. Recent studies
have identified two additional negative regulators of ASK1:
Grx (232) and glutathione transferase M1 (GSTM1) (252).
Grx interacts with the C-terminal domain of ASK1 (232),
whereas GSTM1 interacts with the N-terminal domain (252).
Both interactions appear to be redox sensitive. A third mecha-
nism for the regulation of JNK activity involves another
member of the glutathione transferase family. Glutathione
transferase 	 (GST	) was identified as a specific inhibitor of
JNK (4, 252). An increase in ROS levels in cells led to GST	
oligomerization, dissociation of the GST	–JNK complex,
and an increase in JNK activity. Furthermore, fibroblasts
from GST	-null mice had high levels of basal JNK activity
relative to their normal counterparts, which could be reduced
by transfection with GST	.

The PKC family is a heterogeneous group of phospholipid-
dependent serine/threonine kinases that are thought to be key
elements in signaling pathways that regulate a wide range of
cellular functions, including nerve cell survival (for reviews,
see 106, 115, 176, 190). The PKC family contains 11 differ-
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ent members, which can be divided into three groups on the
basis of structure and cofactor requirements. All PKCs con-
tain an N-terminal, zinc finger–containing regulatory domain
and a C-terminal catalytic domain that are separated by a
flexible hinge. PKCs are maintained in an inactive state by
the interaction of a pseudosubstrate sequence in the regula-
tory domain with the catalytic domain. Activation of PKCs is
triggered by a conformational change that results in the re-
lease of the pseudosubstrate sequence from the catalytic do-
main. Phosphorylation of PKC also plays a role in its activa-
tion. Both the regulatory domains and catalytic domains
contain cysteine-rich regions that have been shown to be tar-
gets of redox regulation (for review, see 88). Consistent with
the mechanism of PKC activation, oxidative modification of
the two pairs of cysteine-containing zinc fingers in the regu-
latory domain results in the release of zinc, loss of the zinc-
finger conformation, and PKC activation. In contrast, oxida-
tion of reactive cysteine sulfhydryl groups in the catalytic
domain leads to inhibition of PKC activity. The regulatory
domain appears to be more sensitive to redox regulation than
the catalytic domain, so that low concentrations of oxidants
cause PKC activation, whereas higher concentrations lead to
inhibition of PKC activity (88, 155).

Short-term treatment of cells with hydrogen peroxide and
other oxidants can also activate all members of the PKC fam-
ily through tyrosine phosphorylation rather than oxidation
(139). Although this effect of oxidants on PKCs is obviously
indirect, it is still not clear whether it is mediated by activa-
tion of upstream PTKs or inhibition of downstream phos-
phatases, or both. Different members of the PKC family have
been implicated in both protection and promotion of nerve
cell death in response to a variety of oxidative insults (e.g.,
30, 51, 61, 66, 165). Whether different PKC isoforms are dif-
ferentially activated/inhibited by oxidants remains to be de-
termined but could affect whether a specific insult induces
cell death. For example, PKC� has been implicated in nerve
cell death in a number of studies (30), whereas PKC� and
PKC� are generally thought to be involved in protection from
death (66, 155). If a certain dose of a specific oxidant prefer-
entially activated PKC� but inhibited PKC�, then it might be
expected to promote cell death, whereas if the opposite were
true, it could lead to protection. This type of process could be
involved in preconditioning (e.g., 204), although further re-
search is needed to confirm this idea.

In conclusion, a number of protein kinases that play impor-
tant roles in nerve cell physiology can be regulated by
changes in the redox environment. How this affects the cell is
likely to be dependent on the cell type, the specific stimulus,
and the basal redox environment of the cell. Further studies
that assess all of these factors will be needed to draw more
specific conclusions regarding this aspect of redox regulation
on nerve cell function.

REDOX REGULATION OF
TRANSCRIPTION FACTORS

A number of different transcription factors can be regu-
lated by the redox environment of the cell. Most of these tran-
scription factors have cysteine sulfhydryl groups as the regu-
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latory elements, but several additional mechanisms have been
identified. These mechanisms include both direct effects on
the transcription factors themselves and indirect effects medi-
ated by either regulatory binding partners or upstream signal-
ing pathways. Furthermore, at least in some cases, the regula-
tion appears to be specific to distinct treatments that can
perturb the cellular redox environment. The following para-
graphs detail a number of these redox-dependent mechanisms
and the transcription factors that they affect. A separate sec-
tion describes research on the antioxidant response element
and its transcription factor Nrf2. Not only is the activity of
Nrf2 redox regulated, but the ARE is found in the promoters
of a number of genes that are important in maintaining the
redox balance of cells including GCL, Trx, and Prxs.

The regulation of the transcription factor AP1 by oxidants
is quite complex and highly dependent on the context in
which it is examined. However, the studies with this tran-
scription factor provide an excellent example of some of the
confusion in the field, as well as the way that the experimen-
tal paradigm affects the outcome. In addition, recent work on
the regulation of AP1 by the intracellular redox environment
points to a novel mechanism for transcription-factor regula-
tion. More details on AP1 regulation by oxidants can be
found in a number of reviews (e.g., 5, 126, 159, 221, 242).

AP-1 is not a single transcription factor but rather a group
of related, dimeric complexes composed predominantly of
Jun homodimers and Jun-Fos heterodimers (for reviews, see
98, 151, 262). Both the Jun and Fos families contain multiple
members, resulting in quite a complicated group. The differ-
ences in the various complexes are not well understood, al-
though evidence exists that different complexes show distinct
effects on transcriptional regulation. Dimerization of these
proteins occurs via leucine zipper domains and results in the
formation of a bipartite DNA binding site. Dimerization is
necessary but not sufficient for DNA binding, which is medi-
ated by amino acids in the adjacent basic region of the pro-
teins. The dimers interact with the TPA-response elements in
the promoter regions of a wide variety of genes implicated in
cell proliferation, tumor promotion, and the cellular response
to stress. Similar to the other transcription factors discussed
here, the DNA-binding domains and the transcriptional acti-
vation domains of Jun and Fos reside in distinct regions of the
protein. Curiously, the activation domains of these two pro-
teins are controlled by different signaling pathways. The acti-
vation domain of Jun is regulated predominantly by the JNK
kinases (see Redox Regulation of Protein Kinases), which
phosphorylate Jun at serines 63 and 73. As discussed in the
section on Redox Regulation of Protein Kinases, JNK kinase
activity is regulated by oxidants. Fos activation domains are
also regulated by phosphorylation. Some evidence indicates
that the transcriptional activity of AP-1 complexes can be in-
fluenced by signaling through the ERK pathway, which is
also regulated by oxidants (see Redox Regulation of Protein
Kinases) (262), as well as by the expression of the Fos and
Jun proteins. However, the relation between protein expres-
sion and transcriptional activation is not straightforward.
Whereas hydrogen peroxide strongly induces Fos and Jun ex-
pression, it only weakly induces AP-1 activity, as defined by
both DNA binding and transcriptional activation. In contrast,
some antioxidants strongly induce both protein expression
and AP-1 activity (10, 242).

REDOX CONTROL OF NEURAL FUNCTION 1959

It is clear from this description that oxidants can affect AP-
1 activity at a number of different sites, ranging from induc-
tion of the synthesis of Fos or Jun to controlling protein phos-
phorylation to regulating DNA binding. In whole cells,
treatment with hydrogen peroxide or agents that produce ROS
can result in the activation of AP-1 (see 10, 126, 242). How-
ever, numerous studies have shown that in the test tube, oxi-
dants inhibit DNA binding by AP-1. The redox regulation of
DNA binding by AP-1 was first noted a number of years ago
by Curran and co-workers (1). They showed that a conserved
cysteine in the DNA-binding domain of Fos and Jun could be
reversibly oxidized, resulting in a complex with little or no
DNA-binding activity. Mutation of the cysteine to serine re-
sulted in an increase in DNA-binding activity and a loss of
redox regulation. Interestingly, the oncogenic homologue of
c-Jun, v-Jun, already has this substitution, suggesting that
part of its transforming potential may be due to a loss of
redox regulation. More recent studies on the nature of the ox-
idized cysteine from Lamas and co-workers (136) uncovered
a novel mode of redox regulation for AP-1. They set out to ex-
amine whether the DNA-binding activity of c-Jun could be
regulated by the ratio of reduced-to-oxidized GSH. Half-
maximal inhibition of AP-1 DNA-binding activity was found
at a GSH/GSSG ratio of 13 and was shown to be due to the
reversible S-glutathionylation of the conserved cysteine in
the DNA-binding domain of c-Jun. Furthermore, de-S-
glutathionylation of c-Jun was induced by shifting the
GSH/GSSG ratio back up to higher values. These data sug-
gest that GSSG can directly interact with the conserved cys-
teine in the DNA-binding domain of c-Jun, but whether this
occurs in cells is not clear. Although S-glutathionylation will
temporarily inhibit the DNA-binding activity of c-Jun, it
could have the long-term effect of protecting the protein
against oxidative damage by preventing the irreversible oxi-
dation of the cysteine sulfhydryl.

The oxidation of AP-1 as well as other transcription factors
such as NF-�B (see later), p53, activating transcription fac-
tor/cAMP-response element-binding protein (ATF/CREB),
hypoxia-inducible factor (HIF)-1�, and HIF-like factor can
be reversed by the bifunctional enzyme, Redox factor-1 (Ref-
1) (for reviews, see 5, 159, 221). The C-terminal domain of
Ref-1 functions as a DNA repair enzyme, whereas the N-
terminal domain contains both a nuclear localization se-
quence and the redox regulatory domain. This regulatory do-
main has two critical cysteine residues that are involved in
redox regulation, although the exact molecular mechanisms
underlying transcription factor cysteine sulfhydryl reduction
by Ref-1 are not yet clear. Furthermore, Ref-1 can also bind
to Trx, and stimuli that activate AP-1 also cause the transloca-
tion of Trx to the nucleus. Thus, the most probable, but un-
proven, scenario is that Ref-1 reduces AP-1 as well as other
transcription factors, and Trx acts to reduce oxidized Ref-1.

NF-�B was one of the first transcription factors shown to
be regulated by ROS and is often considered to be a primary
sensor of oxidative stress in cells (for reviews, see 78, 116,
173, 221). NF-�B is widely expressed in nerve cells and ex-
ists in both inducible and constitutively active forms (for re-
view, see 125). The majority of the data on NF-�B suggest
that it is important for both normal nerve cell survival and the
survival of nerve cells exposed to oxidative stress (for review,
see 125). NF-�B is a member of a family of proteins that can
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homo- and heterodimerize to form a complex capable of
binding to DNA. The p50/p65 dimer is the predominant form
activated in nerve cells (125, 181). In unstimulated cells, NF-
�B is found in the cytoplasm associated with the inhibitory
protein I�B. Although a number of I�B proteins exist, the
regulation of I�B� is the best understood. After treatment of
cells with many different stimuli, I�B is phosphorylated by
an I�B kinase (IKK) and subsequently degraded in a proteo-
some-dependent manner. The free NF-�B is then able to
translocate to the nucleus where it can bind DNA and initiate
transcription of a diverse array of target genes, including cy-
tokines and growth factors, oxidative stress–related enzymes,
antiapoptotic proteins, and cell-adhesion molecules. Many
treatments that activate NF-�B increase the production of ox-
idants, including UV light and TNF-�. Anti-oxidants gener-
ally block NF-�B activation by these treatments. In addition,
direct addition of hydrogen peroxide to some, but not all, cell
lines activates NF-�B.

It is still not clear exactly how oxidants activate NF-�B.
One activation pathway involves the degradation of I�B as
described earlier, but it is not clear whether oxidants directly
or indirectly increase the activity of an IKK or, instead, in-
hibit the activity of an I�B phosphatase. It is quite likely that
different stimuli utilize somewhat distinct mechanisms and
that is what has led to difficulties in identifying a single
mechanism. A second pathway for NF-�B activation has also
been described and may be the predominant pathway induced
by some forms of oxidative stress. Tyrosine phosphorylation
of I�B on specific residues can result in the release of I�B
from NF-�B without the resulting degradation of I�B (110).
This mechanism appears to be particularly prominent after
reoxygenation after hypoxia (34, 110). Because oxidative
stress can block PTP activity (see Redox Regulation of Phos-
phatases), it seems likely that this mechanism for NF-�B acti-
vation is due to the direct inactivation of a PTP that normally
maintains I�B in a dephosphorylated state. Indeed, it was
shown that in Jurkat cells, NF-�B activation required the ac-
tivity of p56Lck (110), whose activity is known to be indirectly
enhanced by ROS through the inhibition of PTPs (see Redox
Regulation of Protein Phosphatases).

Similar to AP-1, NF-�B in the nucleus requires a reducing
environment for DNA-binding activity. Cys62 in the p50 sub-
unit of NF-�B is critical for DNA binding, and its oxidation
or nitrosylation leads to a decrease in NF-�B DNA-binding
activity (122). As with AP-1, Ref-1 and nuclear Trx restore
the DNA-binding activity of oxidized NF-�B. Together, these
data suggest that the agents that induce ROS production and
NF-�B activation in the cytoplasm must do so locally, and
that severe oxidative stress, which leads to oxidizing condi-
tions within the nucleus as well as the cytoplasm, results in an
inability of NF-�B to activate transcription.

Another transcription factor that is regulated by the redox
state, but in a very different manner from the transcription
factors discussed earlier, is hypoxia-inducible factor 1 (HIF-
1) (for reviews, see 17, 220, 260). HIF-1 activates expression
of genes involved in angiogenesis, oxygen transport, iron me-
tabolism, glycolysis, glucose uptake, growth-factor signaling,
apoptosis, invasion, and metastasis. HIF-1 is required for nor-
mal development of the brain (251) and is also involved in an-
giogenesis and neuroprotection (37, 233, 273). As its name
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suggests, HIF-1 is activated by hypoxia and hypoxia mimet-
ics, but more recent research suggests that it can also be acti-
vated by growth factor–signaling pathways and oxidants (17).
HIF-1 is a dimeric protein consisting of two basic
helix–loop–helix Per/Arnt/Sim (bHLH-PAS) transcription
factors, HIF-1� and HIF-1� (aka ARNT). The dimer is re-
quired for DNA binding and transcriptional activation. The
regulation of HIF-1 activity occurs at the level of the stability
of HIF-1� protein. The mRNAs for both HIF-1� and HIF-1�
are constitutively expressed in cells. However, whereas HIF-
1� protein is also constitutively expressed, in normoxia, HIF-
1� protein is rapidly degraded by the proteasome. HIF-1� is
targeted for degradation via the hydroxylation of two proline
residues that promote its binding to the von Hippel–Lindau
protein (VHL), the substrate-recognition component of an E3
ubiquitin ligase complex. Prolyl hydroxylation of HIF-1� is
mediated by members of the egg-laying–defective nine
(EGLN) hydroxylase family (123). The hydroxylation reac-
tion requires molecular oxygen and iron as a cofactor so that
the hydroxylases are inhibited both by hypoxia and by iron
chelators. Hence HIF-1� acts as a link between the oxygen-
sensing hydroxylases and gene transcription. However, HIF-
1� activation can also occur in a normoxic environment in re-
sponse to a variety of stimuli, including growth factors, ROS,
and nitric oxide. The mechanisms underlying HIF-1� stabi-
lization by these stimuli are under investigation and continue
to be a matter for debate.

In addition to the transcription factors discussed earlier, the
activity of a number of other transcription factors has been
shown to be regulated by the redox status of the cell (for re-
views, see 5, 10, 126, 178, 242). In almost all the cases that
have been examined, this regulation involves direct effects on
critical cysteine sulfhydryls in the DNA-binding or transcrip-
tional activation domains of the proteins. A number of these
transcription factors show the same conflict as seen with AP-
1, wherein oxidants activate the transcription factor in whole
cells, but test tube studies with the isolated factor show it to
be inhibited by oxidation. In contrast, other transcription fac-
tors are inhibited by oxidation both in in vitro assays and in
whole cells. Thus, the activity of a large number of transcrip-
tion factors may be redox regulated in cells. Furthermore, the
specific consequences of a change in the cellular redox status
on a given transcription factor will depend not only on the na-
ture of the transcription factor itself but also on the specific
conditions within a given cell. This is most apparent for those
transcription factors that appear to require an oxidizing cyto-
plasm but a reducing nucleus. Subtle changes in this balance
could dramatically affect the activity of these transcription
factors.

REDOX REGULATION 
OF CELL FUNCTION

As discussed in the preceding sections, changes in the
redox environment of cells can have profound effects on the
activity of a variety of enzymes including protein kinases and
phosphatases, as well as transcription factors. Therefore, it is
not unlikely that these changes in the activity of specific pro-
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teins can be translated into overall changes in cellular physi-
ology and behavior. In particular, it has been proposed that
the overall redox status of cells plays a role in regulating cell
fate (Fig. 9) (119, 217). Specifically, mounting evidence indi-
cates that in normal cells, a more reducing environment is as-
sociated with cell proliferation, whereas a more oxidizing en-
vironment promotes differentiation. Further oxidation would
be expected to induce cell death. Therefore, it is likely that, as
the major redox couple in the cell, the GSSG/2GSH ratio
plays a significant role in regulating these cell-fate decisions.
However, as noted by Schafer and Buettner (217), the amount
of GSH oxidation that would be required to shift cells from
proliferation to death will be highly dependent on the overall
levels of GSH in the cell. Thus, much more oxidation must
occur for cells with an intracellular GSH concentration of 10
mM to move from proliferation to differentiation than with
cells whose intracellular GSH concentration is 1 mM.

Perhaps the best evidence for redox regulation of cell func-
tion and, specifically, cell fate in the CNS comes from studies
with oligodendrocyte type-2 astrocyte (O-2A) progenitor cells
(191). These cells give rise to the myelin-forming oligoden-
drocytes of the CNS. Pure populations of these cells can be
prepared and induced to undergo either proliferation or differ-
entiation by growth in defined media. In a series of studies,
Mark Noble and colleagues (191) showed that the balance be-
tween proliferation and differentiation in O-2A cells could be
modulated by manipulation of the intracellular redox state
such that a more reducing environment maintained prolifera-
tion whereas a more oxidizing environment promoted differ-
entiation. Furthermore, growth of the cells in the presence of
endogenous factors that stimulated proliferation was associ-
ated with a more reduced redox state, whereas growth in the
presence of endogenous factors that promote differentiation
correlated with an increase in intracellular oxidation. Thus,
these studies further suggest that extracellular factors can pro-
mote a more oxidizing or reducing environment in cells and
thereby play an important role in regulating the intracellular
redox environment. Further studies will be needed to elucidate
the specific molecular mechanisms underlying these effects.

In nerve cells, evidence that a more oxidizing environment
promotes differentiation has come from studies with PC12
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cells treated with NGF to induce differentiation (127). NGF-
induced differentiation was enhanced by treatments that de-
creased the GSH/GSSG ratio and inhibited by treatments that
increased the GSH/GSSG ratio. Further studies suggested
that a more oxidizing environment led to a decrease in PTP
activity, thereby potentiating the activation of the NGF recep-
tor, TrkA. Although a more oxidizing environment may pro-
mote differentiation in nerve cells, it may adversely affect
signaling through other neurotrophic factor receptors. For ex-
ample, a recent study on signaling through the ciliary neu-
rotrophic factor receptor (CNTF) demonstrated that oxidants
as well as an inhibitor of glutathione disulfide reductase
could block activation of the JAK/STAT pathway by CNTF in
nerve cells but not in other cell types (129). Finally, other
neuronal pathways are modulated by the intracellular redox
environment, including neurotrophic factor secretion (255).

Together, these studies support the hypothesis that changes
in the intracellular redox environment can have profound ef-
fects on cell function and fate. This may have important con-
sequences in a number of areas including stem cell research
and toxicology. For example, any treatment or exposure that
promotes a more oxidizing environment in nerve cells could
result in a reduction in the proliferation of progenitor cells
and/or premature differentiation. This could have profound
effects during development if pools of precursor cells failed
to expand. Because a number of neurotoxins reduce the intra-
cellular levels of GSH in nerve and glial cells (7, 60), further
investigations of the possible effects of environmental toxins
and toxins in our food supply are certainly warranted.

Another area in which evidence exists that a shift in the in-
tracellular redox environment correlates with changes in cel-
lular function is that of aging (92, 164) (Table 1). Good evi-
dence is found for a decrease in the GSH/GSSG ratio in
tissues, including the brain, taken from old rats (164). In ad-
dition, overall levels of GSH decrease (164), as well as the ca-
pacity to make GSH (109, 160, 214) and to reduce GSSG
(109, 214). In contrast, GPx activity remains constant (109,
214) or increases in specific regions of the brain with age (18,
108), which may be a reflection of the response of neural
cells to the shift in a more oxidizing intracellular redox envi-
ronment. In the brains of very old rats (26 months), both the

FIG. 9. Regulation of cell fate by the intracellular
redox environment (after 119, 217). An electro-
chemical potential (Ehc) of the [GSSG]/2[GSH] redox
couple between �260 and �210 mV is associated
with cell proliferation, whereas an electrochemical
potential above �210 mV promotes cell differentia-
tion. A further increase in the electrochemical poten-
tial above �150 mV triggers cell death.
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amount of MsrA and its specific activity are decreased as
compared with both juvenile and adult rats (202). Prx2 and
Prx3 protein levels were also found to be decreased in the
aged brain (201). Thus, in older animals, CNS cells are more
likely to be less able to tolerate oxidative insults, due to both
a shifting of the redox environment and a loss of antioxidant
capacity. Further studies are needed to determine if manipu-
lation of the redox environment during aging can reduce the
consequences of aging. Preliminary evidence suggests that
this may be one of the mechanisms underlying the life
span–promoting effects of calorie restriction (44, 205).

REDOX REGULATION IN
NEURODEGENERATIVE DISEASES

The activity and/or expression levels of several of the en-
zymes described in this review that modulate the intracellular
redox state or are affected by changes in the intracellular
redox state have been studied in one or more neurodegenera-
tive diseases including AD, PD, and amyotrophic lateral scle-
rosis (ALS). Although many gaps appear in this information,
the major findings are described below and summarized in
Table 1.

In brains from AD patients, both GPx and GR mRNA lev-
els were found to be increased (6), as was TrxR activity (163).
However, the levels of Trx protein were lower than in age-
matched controls, suggesting that the complete redox system
must be present for significant protection against oxidative
stress. Whereas the level of the Trx-dependent enzyme Prx1
was shown to be similar in control and AD brains, the level of
neuronal Prx2 was elevated in specific regions in AD brains
although the level of Prx3 was decreased (141, 201). The sig-
nificance of these findings is at present unclear, but they sug-
gest that the loss of Prx3 could contribute to the mitochon-
drial damage seen in AD.

The activity of MsrA was found to be decreased in all re-
gions of the brains of AD patients as compared with age-
matched controls (80). The greatest losses in activity were in
the superior and middle temporal gyri and the inferior pari-
etal lobule and the hippocampus, all areas that show
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histopathologic changes in AD. The decreases in enzyme ac-
tivity did not appear to be a result of specific defects in the
transcription of the MsrA gene, because mRNA levels only
decreased slightly and equally in all brain regions examined.
Whether the loss of MsrA activity contributes to the nerve
cell death seen in AD is not known. Several studies have
shown that Met35 in the amyloid � peptide, a protein that is
thought to play a central role in the development of AD, can
be oxidized (20, 103, 185, 198). This oxidation results in both
an alteration in the aggregation profile of the peptide, such
that the formation of A� trimers and tetramers is reduced and
fibril formation is inhibited, and a decrease in the ability of
A� to interact with membranes. Together these changes result
in an increase in the solubility of A�. Whether this is good or
bad is not yet clear. Evidence suggests both that the A� ag-
gregates cause nerve cell loss in AD and that the synaptic
damage and cognitive impairment associated with AD corre-
late with soluble A� (249). If the latter turns out to be the
case, then the combination of increased oxidation of Met35 in
A� coupled with the decrease in MsrA activity in AD brain
could play a critical role in the progression of AD. Further
studies will be needed to determine if this is indeed the case,
as well as whether changes are also seen in MsrB. However, it
should be noted that amyloid proteins such as human amylin
are as toxic as A� and contain no methionine (161), clearly
demonstrating that methionine oxidation is not a requirement
for amyloid toxicity.

In AD, a decrease also is found in PP2A activity (see
Redox Regulation of Protein Phosphatases), which could be a
result of the inactivation of this phosphatase due to the in-
crease in oxidative stress associated with this disease. PP2A
is responsible for the dephosphorylation of the microtubule-
associated protein tau (112). Abnormal hyperphosphorylation
of tau results in both the loss of normal function and the gain
of a toxic function that causes the inhibition and disruption of
microtubules. The hyperphosphorylation of tau is a result of
both an imbalance between the activities of tau kinases and
phosphatases and changes in the conformation of tau, which
alter its interaction with these proteins.

Less is known about the enzymes that regulate the intracel-
lular redox environment in PD (Table 1), although of all the
neurodegenerative diseases, evidence for a dysfunction in
GSH metabolism is strongest in PD (for reviews, see 8, 13,
219). A number of studies have found that GSH levels are
specifically decreased in the substantia nigra (SN) of PD pa-
tients and that a positive correlation exists between the sever-
ity of the disease and the extent of GSH loss. GSH levels are
not reduced in other brain areas in PD patients or in patients
with other neurodegenerative diseases that also affect
dopaminergic neurons. In addition, GSH levels are decreased
to almost the same degree in patients with incidental Lewy
body disease, a preclinical and still asymptomatic form of
PD. Thus, the decrease in GSH precedes other PD-associated
changes in the SN, such as decreases in mitochondrial com-
plex I activity and dopamine levels. Although GCL activity
was found to be similar in the SN from control and PD pa-
tients (227), suggesting that GSH synthesis is not the cause of
GSH loss, a near complete loss of GPx1 mRNA was observed
(142). In contrast, Prx2 protein levels were significantly in-
creased in the SN from PD patients (22)

TABLE 1. CHANGES IN KEY PROTEINS THAT REGULATE THE

CELLULAR REDOX ENVIRONMENT IN DISEASE AND AGING

AD (Brain) PD (SN) ALS (spinal cord) Aging (brain)

Trx1 (p) ↓
TrxR (a) ↑
MsrA (a) ↓ MsrA (a, r, p) ↓
Prx1 (p) =
Prx2 (p) ↑ Prx2 (p) ↑ Prx2 (p) ↓ Prx2 (p) ↓
Prx3 (p) ↓ Prx3 (p) ↓
GPx1 (r) ↑ GPx1 (r) ↓ GPx1 (p) ↓ GPx (a) ↑/=
GR (r) ↑ GR (a) ↓

GCL (a) = GCL (a, p) ↓

↑, increase; ↓, decrease; =, no change relative to age-matched
control (AD, PD, ALS) or young animals (aging); a, activity; r,
mRNA; p, protein. References are cited in the text.
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Similar to the results with A�, methionine oxidation also
prevents aggregation and fibril formation by �-synuclein, a
protein implicated in PD (269). The formation of �-synuclein
fibrils is thought to be a critical event in the development of
PD so the inhibitory effect of methionine oxidation on fibril
formation would appear to be beneficial. However, a recent
study suggests that the presence of certain metals, such as
lead, zinc, and aluminum, can overcome the inhibition of fi-
bril formation resulting from methionine oxidation (269).
This observation indicates that the beneficial effect of me-
thionine oxidation can be overridden and is consistent with an
environmental component to the development of PD. An in-
teresting question that arises from these observations on �-
synuclein is whether certain metals can override the antifi-
brillation effects of methionine oxidation in the A� peptide as
well.

Even less is known about the enzymes that regulate the in-
tracellular redox environment in ALS (Table 1). However, a
recent study found that the number of motor neurons in the
anterior horns of the spinal cord negative for both Prx2 and
GPx1 increased with ALS disease progression in both spo-
radic ALS patients and superoxide dismutase 1 (SOD1)-
mutated familial ALS patients (128). These results, along
with the presence of motor neurons overexpressing both Prx2
and GPx1 early in the course of the disease, suggest that a
breakdown in redox regulation contributes to the progression
of the disease. The mutations in SOD1 that are associated
with the familial forms of ALS also cause the oxidative inac-
tivation of the redox-regulated phosphatase, calcineurin (254)
(see Redox Regulation of Protein Phosphatases).

In summary, although clear evidence exists for changes in a
number of the different proteins that play a role in the regula-
tion of the intracellular redox environment in several neurode-
generative diseases, whether these changes contribute to the
development and/or progression of the disease remains to be
determined. In addition, although an upregulation of a subset
of these proteins in some fraction of the affected brain regions
is seen in all of these neurodegenerative diseases, this upregu-
lation does not appear to be sufficient to prevent the neuronal
cell loss that is the hallmark of these diseases. This observa-
tion is consistent with the idea that the maintenance of an in-
tracellular redox environment that is conducive to normal cel-
lular function is dependent on multiple redox couples.

CONCLUSIONS

Although convincing evidence indicates that increases in
the intracellular level of oxidants resulting in changes in the
intracellular redox environment can alter the activity of pro-
tein kinases, phosphatases, and transcription factors through
effects on cysteine and methionine residues, the conse-
quences of these changes on cellular function are only just
beginning to be explored. Experimental approaches that
allow the investigator to look at multiple changes rather than
to focus on single proteins should in the future make evalua-
tion of the global consequences of alterations in the redox en-
vironment much easier to evaluate. In addition, much greater
emphasis must be placed on evaluating changes in the redox

REDOX CONTROL OF NEURAL FUNCTION 1963

environment in the context of treatment with physiologic
stimuli rather than high doses of exogenous oxidants. This is
clearly an exciting time in this rapidly developing field, par-
ticularly as it relates to neural cell physiology, and the next
few years are likely to bring some surprising discoveries.
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ABBREVIATIONS

AD, Alzheimer’s disease; ALS, amyotrophic lateral sclero-
sis; AP-1, activator protein 1 (transcription factor); ARE, an-
tioxidant response element; ASK, apoptosis signal-regulating
kinase; CaM, calmodulin; CDK, cyclin-dependent kinase;
CNTF, ciliary neurotrophic factor; CNS, central nervous sys-
tem; DSP, dual-specificity protein phosphatase; EGF, epider-
mal growth factor; EGFR, epidermal growth factor receptor;
ERK, extracellular signal-regulated kinase; ETC, electron
transport chain; GAPDH, glyceraldehyde 3-phosphate dehy-
drogenase; GCL, glutamate cysteine ligase; GPx, glutathione
peroxidase; GR, glutathione disulfide reductase; Grx, glutare-
doxin; GS, glutathione synthetase; GSH, glutathione; GSSG,
glutathione disulfide; GST, glutathione S-transferase; HIF, hy-
poxia inducible factor; ICDH, isocitrate dehydrogenase; I�B,
inhibitor of nuclear factor �B (NF-�B); IKK, inhibitor of nu-
clear factor �B (I�B) kinase; JAK, Janus kinase; JNK, c-jun
N-terminal kinase; KDH, �-ketoglutarate dehydrogenase;
MAPK, mitogen-activated protein kinase; MAPKK, mitogen-
activated protein kinase kinase; MAPKKK, mitogen-activated
protein kinase kinase kinase; MPTP, 1-methyl-4-phenyl-
1,2,5,6-tetrahydropyridine; MRP, multidrug-resistance pro-
tein; Msr, methionine sulfoxide reductase; NF-�B, nuclear
factor �B (transcription factor); Nrf2, NF-E2–related factor 2;
PD, Parkinson disease; PDGF, platelet-derived growth factor;
PDGFR, platelet-derived growth factor receptor; PI3K, phos-
phatidylinositol 3-kinase; PKC, protein kinase C; PP,
serine/threonine protein phosphatase; Prx, peroxiredoxin;
PTP, protein tyrosine phosphatase; PTK, protein tyrosine ki-
nase; Ref-1, redox factor-1; ROS, reactive oxygen species;
SN, substantia nigra; SOD, superoxide dismutase; Srx, sul-
firedoxin; STAT, signal transducer and activator of transcrip-
tion; Trx, thioredoxin; TrxR, thioredoxin reductase; TrxSS,
oxidized thioredoxin; Trx(SH)2, reduced thioredoxin.
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