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ABSTRACT

Changes in the ratio of intracellular reduced and disulfide forms of glutathione (GSH/GSSG) can affect sig-
naling pathways that participate in various physiological responses from cell proliferation to gene expression
and apoptosis. It is also now known that many proteins have a highly conserved cysteine (sulfhydryl) sequence
in their active/regulatory sites, which are primary targets of oxidative modifications and thus important com-
ponents of redox signaling. However, the mechanism by which oxidants and GSH/protein-cysteine-thiols actu-
ally participate in redox signaling still remains to be elucidated. Initial studies involving the role of cysteine in
various proteins have revealed that cysteine-SH may mediate redox signaling via reversible or irreversible ox-
idative modification to Cys-sulfenate or Cys-sulfinate and Cys-sulfonate species, respectively. Oxidative stress
possibly via the modification of cysteine residues activates multiple stress kinase pathways and transcription
factors nuclear factor-«B and activator protein-1, which differentially regulate the genes for proinflammatory
cytokines as well as the protective antioxidant genes. Understanding the redox signaling mechanisms for dif-
ferential gene regulation may allow for the development of novel pharmacological approaches that preferen-
tially up-regulate key antioxidants genes, which, in turn, reduce or resolve inflammation and injury. This forum
article features the current knowledge on the role of GSH in redox signaling, particularly the regulation of
transcription factors and downstream signaling in lung inflammation. Antioxid. Redox Signal. 7, 42-59.

INTRODUCTION

ALTHOUGH PRIMARILY INVOLVED in gas exchange, the lung
is a unique organ in that it has an extraordinary surface
exposed to the external environment and also needs to protect
itself against infection, large number of particles of various
origins in the inhaled air, and oxidative gases. Thus, while
preserving its primary function, it must both express and reg-
ulate inflammatory pathways that require coordination between
different cell types, and anti- and proinflammatory cytokines
and chemokines. Excessive inflammatory reactions in airways,

vasculature, or alveoli will result in profound adverse effects
on lung function and may lead to disease.

The recruitment of inflammatory cells such as neutrophils
or monocytes/macrophages in the lungs is thought to occur as
a result of a cascade of cellular events initiated by various
stimuli synthesized by the resident cells in the lung interstitium.
Activation of inflammatory cells and alveolar and bronchial
epithelial cells results in the release of a battery of cytokines,
including the proinflammatory tumor necrosis factor-a (TNF-o)
and interleukin (IL)-1B, both of which cause up-regulation of
adhesion proteins on the endothelium, increased permeabil-
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ity, and increased secretion of chemokines such as IL-8, mac-
rophage inflammatory protein-2, or monocyte chemotactic
protein-1 (9, 66, 91, 126). Chemokines and cytokines will act
in concert to further promote the extravasation and accumula-
tion of leukocytes in the tissues and alveolar space where they
become activated to produce reactive oxygen species (ROS),
such as superoxide anion (O,"~) and hydrogen peroxide (H,0,).
The release of ROS is largely believed to contribute to cell
and tissue damage associated with many chronic inflammatory
diseases (129, 133, 135). Thus, acute and chronic alveolar
and/or bronchial inflammation is involved in the pathogenesis
of many inflammatory diseases, such as asthma, adult respi-
ratory distress syndrome (ARDS), and chronic obstructive pul-
monary disease (COPD). The transcription factors, nuclear
factor-kB (NF-kB) and activator protein-1 (AP-1), regulate
the transcription of many of the proinflammatory cytokine
genes, as well as the up-regulation of protective antioxidant
genes. NF-kB and AP-1 activation has been shown to be mod-
ulated in response to a plethora of stimuli, including oxidants,
antioxidants, and both inflammatory and antiinflammatory
agents (130, 131, 133) (Fig. 1).

Reduced glutathione (GSH) is a tripeptide composed of
glutamine, cysteine, and glycine. Due to its sulthydryl group,
it functions as an antioxidant, protecting against free radicals
and other oxidants, and has been implicated in immune mod-
ulation and inflammatory responses (26, 50). Increasing in-
tracellular GSH can decrease the release of cytokines and
chemokines from lung cells by decreasing NF-kB activation
(9, 10, 66, 126). In addition, GSH is an important regulator of
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cell proliferation, apoptosis, and gene transcription (11, 115,
131, 132). Thus, GSH is vital in the lung, defending the air-
space epithelium from damage in response to oxidants and in-
flammation (97, 113, 131), and GSH redox status is critical
for the transcriptional regulation of these proinflammatory genes.
This is illustrated by findings in various pulmonary diseases
where decreases in the levels of GSH in the lung lining fluid
have been shown to occur in idiopathic pulmonary fibrosis
(IPF), ARDS, cystic fibrosis, lung allograft patients, and HIV-
positive patients (for reviews, see 131, 132). In contrast, an
increase in total GSH concentration, which also includes the
oxidized form glutathione disulfide (GSSG), has been re-
ported in the bronchial and alveolar fluid in patients with mild
asthma (133). Thus, low levels of GSH in the lung lining fluid
of patients with inflammatory respiratory diseases may render
them more susceptible to the deleterious effects of subsequent
exposure to inhaled toxicants and may also perpetuate the in-
flammatory response (28, 132, 133). In recent years, it has
become evident that small changes in the cellular redox status
may alter signaling pathways. This came about at the same
time that ROS, previously considered as beneficial only in the
context of bacterial killing by phagocytes, became viewed as
major modulators of cellular function acting as second mes-
sengers to regulate both proliferation and survival (2, 3, 54,
56, 165, 168). The aims of this forum article are (a) to discuss
the mechanism of redox signaling and (b) to describe the
regulation of cellular GSH redox status and its role in gene
transcription under conditions of oxidative stress and in in-
flammation.
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FIG. 1. Model for the mechanism of NF-«B
and AP-1 activation leading to gene transcrip-
tion. TNF-a/oxidants act on mitochondria to release
H,0, (and possibly ONOO~), which is involved in
the activation of NF-kB and AP-1. O, ~ does not leave
mitochondria unless generated by an outer mito-
chondrial membrane oxidoreductase. H,0, can leave
mitochondria as enough is generated to overcome
the mitochondrial peroxidase activity. Activation of Cytoplasm
NF-kB involves the phosphorylation, ubiquitination,

and subsequent proteolytic degradation of the in-

hibitory protein IkB. Free NF-«kB then translocates

into the nucleus and binds with its consensus sites.

Intracellular redox ratio of GSH/GSSG levels and

intranuclear presence of Ref-1 and Trx can modulate

AP-1 and NF-kB activation. Similarly, AP-1 [either

c-Jun—c-Jun (homodimer) or c-Fos—c-Jun (hetero-

dimer)] is activated by the phosphorylation of the Nucleus /
IJNK pathway leading to the activation of AP-1,

which binds with its TRE consensus region. Activa- \
tion of NF-kB/AP-1 leads to the coordinate expres-

sion of protective antioxidant and proinflammatory

genes.
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ROS

The term “reactive oxygen species” (ROS) encompasses
0,'~, hydroxyl radical ("OH), singlet oxygen ('0O,), and H,0,.
Only "OH and O, are free radicals, i.e., they contain an un-
paired electron, whereas '0, represents an excited state of
oxygen and H,0, is not a radical and does not spontaneously
react with carbon-centered molecules or with thiols. Divalent
reduction of O, to form H,O, (half life 1 ms) being spin-re-
stricted, one-electron reduction is favored and O, (half-life
1 ps) is readily formed. Therefore, the major source of H,0,
in cells arises from the dismutation of O,"~. At physiological
pH, nonenzymatic dismutation is rapid, but dismutation is
markedly accelerated by the superoxide dismutases (105), a
reaction that occurs at near diffusion-limited rate (Fig. 2). As
a result, the steady-state concentration of O,"~ is estimated to
be ~10-!1 M (23). This suggests that O,"~ interacts with other
free radicals or other molecules within a very short radius of
its site of production. H,0, can diffuse freely through mem-
branes, probably through a water channel. Catalase, which is
generally found only in peroxisomes, catalyzes the very rapid
dismutation of H,O, into water, whereas glutathione per-
oxidases, which are selenoproteins found in the cytosol and
mitochondria, catalyze the reduction of H,O,, using GSH and
producing GSSG (Fig. 2). These antioxidant enzymes can
also reduce lipid hydroperoxides, as well as peroxynitrite
(ONOO-). Peroxiredoxins are another class of enzymes that
can reduce H,O, using thiols (145) in a reaction similar to
that catalyzed by the selenium in glutathione peroxidases,
some using thioredoxin (Trx) as a cosubstrate and at least one
using GSH (32). Interestingly, they contain reactive cysteine
residues in their unprotonated form, i.e., thiolate (S—), and
the catalytic reaction includes several steps, one of which is
the formation of a sulfenate intermediate (PSO~), which then
reacts with a thiol that can be the second reactive thiol present
in most 2-Cys peroxiredoxins (183) or GSH (32). Peroxire-
doxins might play an important role in controlling redox sig-
naling pathways (82, 184).

*OH is a very reactive oxygen species that has a lifetime of
~2 ns in aqueous solution and a radius of diffusion of ~20 A.
Thus, it induces peroxidation only when it is generated in
close proximity to its target. It can be generated when H,0,
collides with a reduced transition metal, such as ferrous iron
in a Fenton reaction. It is the most reactive radical known to

Superoxide Dismutase

O, + 2 H* » H.0,+0,
2H,0, Catalase » 0, +2H,0

Glutathione Peroxidase

ROOH + 2 GSH Peroxiredoxin VI » ROH +GSSG + H,0
Glutathione Peroxidase

ONOO "+ 2 GSH » ONO"+GSSG +H,0

Peroxiredoxin (most)
H,0, + Trx(SH), p Ho0 +Trxs,

Glutathione Reductase

GSSG + NADPH + H* » 2 GSH + NADP*

Thioredoxin Reductase

TrxS, + NADPH + H* » Trx(SH), + NADP*

FIG. 2. Enzymatic reactions of GSH and Trx redox systems.
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chemistry. It can attack and damage almost every molecule
found in living cells at a diffusion-controlled rate, i.e., *OH
reacts as soon as it comes into contact with another molecule
in solution. *OH is so reactive that, when generated in vivo, it
does not persist for even a microsecond and rapidly combines
with molecules in its immediate vicinity. The principal reac-
tion of *OH with biologic molecules, almost all of which are
nonradicals, is hydrogen abstraction, creating a radical of the
target molecule that has a number of possible chemical fates
(13). This can include chain reactions, such as in lipid peroxi-
dation. Abstraction from thiols results in formation of thiyl
radicals (RS*), which have many interesting chemical proper-
ties (161). They can combine with oxygen to generate oxysul-
fur radicals, such as RSO, and RSO, a number of which damage
biological molecules (2—4). Thus, *OH may play a significant
role in the tissue damage associated with acute or chronic in-
flammation, but it is unlikely to act specifically on any partic-
ular target.

ROS are produced as inevitable by-products of energy produc-
tion within mitochondria during the course of normal metabo-
lism. The production of O, ~ by the mitochondrial respiratory
chain occurs continuously during normal aerobic metabolism.
It has been estimated that a small, but significant, percentage
of all the electrons traveling down the mitochondrial respira-
tory chain never make it to the end, but instead form O,-.
The autoxidation of ubisemiquinone in mitochondria and metal-
catalyzed autoxidation of molecules generate O, through
one-electron O, reduction. In addition to mitochondria, cyto-
chrome P450s and their reductases, the xanthine/xanthine ox-
idase system, and nitric oxide synthase have been suggested
to generate ROS. Under normal metabolic conditions, each
cell in the body is exposed to ~10!® molecules of O,"~ each
day. The other abundant source of O,"~ and H,0, is the pro-
fessional phagocytes, i.e., neutrophils and macrophages, which
have long been known to express an NADPH oxidase that re-
quires stimulation for assembly of its cytosolic components
with the two subunits of the membrane flavocytochrome
(gp91phev and p22rhox) to generate high levels of O~ (17).

The recent recognition that many cells express homologues
of the catalytic subunit of the NADPH oxidase, gp91##ox, now
collectively known as NOX for NADPH oxidase and DUOX
for dual oxidase, has raised questions about their mode of
regulation to produce ROS either constitutively or in response
to cytokines, growth factors, and calcium signals. All NOX
enzymes contain a structure similar to the phagocyte gp91»hox
(NOX2) but, in some, additional domains are present, which
are the basis for the classification into three categories (92).
NOX1, 3, and 4 are the closest in structure to NOX2, having a
similar electron transfer center and using NADPH as the elec-
tron source for O,"~ production. NOXS5 is distinguishable by
its N-terminus that contains three EF-hands that confer a re-
quirement for Ca2?* for activation. The regulatory N-terminus
and the catalytic C-terminus of NOXS5 were recently shown to
interact in a Ca2*-dependent manner (18). DUOX1 and 2 build
up on the structure of NOXS5 and contain, in addition, at the
N-terminus a peroxidase-homology domain with a sequence sim-
ilar, but not identical, to myeloperoxidase. DUOX1-dependent
H,0, release by cultured human bronchial epithelial cells was
recently detected (60). It is interesting to note that many bar-
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rier cells/cell linings have the ability to express at least one of
the NOX isoforms in response to various inflammatory medi-
ators and lipopolysaccharide via Toll-like receptor 4, i.e., NOX1
in colon epithelium and keratinocytes, NOX4 in the kidney
epithelium, and DUOX1 in lung epithelium (143). The expres-
sion of DUOX1 and/or DUOX2 by the tracheal, bronchial,
and salivary epithelial cells is of particular interest. DUOX
generates H,O, via direct/indirect dismutation of O,"~ and
therefore serves as a source of H,0, in these fluids, mediating
antimicrobial activities along with lactoperoxidase (60). It has
been suggested that H,0, produced by DUOX might act as
substrate for the lactoperoxidase in the bronchial and salivary
fluids (60). Recently, homologues of the p47rhox and p67prhox,
the cytosolic components of the phagocyte NOX2, have been
isolated and termed NOXO1 and NOXA1, respectively (166).
The production of O,"~ by NOX1 appears to increase in re-
sponse to stimulation and in the presence of NOXO1 and
NOXAI, although this is observed mostly in transfected cells.

The role of the novel NOX in innate immunity, modifica-
tion of the extracellular matrix, and signal transduction path-
ways leading to cell proliferation or apoptosis is under intense
investigation (92). Nevertheless, the discovery has signifi-
cantly altered the belief that ROS are detrimental and has
given additional support to the concept that ROS can be pro-
duced deliberately and act on specific targets to modulate sig-
naling pathways. In fact, the role of ROS as second messen-
gers, in particular that of H,0O,, is gaining acceptance, as the
four characteristics of classical second messengers, i.e., regu-
lated enzymatic production, degradation by specific enzymes,
presence at low concentrations that can be transiently ele-
vated to measurable amounts upon stimulation, and (at least
for H,0,) ability to react at specific sites, such as metals and
thiolates, are now getting support from studies with protein
tyrosine phosphatases (PTPs) and other thiolate-containing
proteins (see below). The question of specificity is critical as
it differentiates redox signaling from oxidative stress. Redox
signaling entails at least one reaction where reversible oxida-
tion of a signaling molecule by a reactive species occurs that
purposely modulates a signaling pathway. Oxidative stress is
often characterized as an increase in the antioxidant/oxidant
ratio, tilted toward a higher proportion of oxidants. Depend-
ing on the cell type and the extent of stress, oxidative stress
can elicit responses ranging from severe oxidative damage,
loss of cell function and viability, to apoptosis and ultimately
necrosis, but may also elicit other responses ranging from cell
differentiation to cell cycle progression (3, 23, 67, 93, 115,
164). During different phases of inflammation (initiation, res-
olution, or excessive and chronic inflammation), both redox
signaling and oxidative stress may occur.

GSH AND CELLULAR
REDOX REGULATION

The control of the intracellular redox environment is vital
for proper cellular function. The cells, in particular in the lungs,
have well developed defense mechanisms that insure the proper
balance between the prooxidant and antioxidant molecules

and protect themselves from the constant oxidative challenge.
GSH is the predominant nonprotein sulfthydryl in the cells
and is a key player in the maintenance of the cellular redox
status, defined as the ratio of the concentration of oxidizing
equivalents to that of reducing equivalents (55). Glutathione
exists primarily in two redox forms, i.e., GSH and GSSG, the
latter representing a negligible 1/100t of the total GSH pool.
The normal GSH content of a cell ranges from 1 mM to 10
mM, levels that are imperative for a cell to maintain and that
are a function of the balance between depletion and synthesis.
Cells can excrete GSSG or reduce it back to GSH at the ex-
pense of NADPH through the action of glutathione reductase.
However, de novo synthesis of GSH from its amino-acid con-
stituents is essential for the elevation of GSH that occurs as
an adaptive response to oxidative stress. GSH synthesis involves
two enzymatic steps catalyzed by glutamylcysteine ligase (GCL;
formerly called y-glutamylcysteine synthetase) and glutathione
synthetase (73, 106). The enzyme GCL controls the rate of
GSH synthesis (73) because the rate-limiting step for de novo
synthesis of GSH is the cellular levels of the amino acid
cysteine. In that regard, the plasma membrane ectoenzyme +y-
glutamyltranspeptidase, which is the only enzyme that can
break the y-linkage found in GSH and GSH-conjugates, is es-
sential in providing cysteine. It metabolizes the extracellular
GSH and preferentially forms y-glutamylcysteine, which is taken
up by cells, thus bypassing its production by GCL. GCL is
composed of a heterodimer containing a 73-kDa heavy cat-
alytic subunit (GCLC) and a 30-kDa light modifying subunit
(GCLM) (73). Although the heavy subunit contains all of
the catalytic activity, the association of the heavy subunit
with the regulatory light subunit can modulate GCL activity.
The ratio of the two subunits for physiological function has
long been assumed to be 1:1; however, in tissues the ratio
varies significantly, and usually GCLC/GCLM is significantly
greater than 1:1 (89). GCL is regulated by GSH through feed-
back inhibition. Regulation of GCL at the gene level is con-
sidered below.

The GSSG/2GSH ratio can serve as a good indicator of the
cellular redox state (149). This ratio results primarily from a
combination of the rates of H,0, removal by glutathione per-
oxidase and GSSG reduction by glutathione reductase, regu-
lating the GSH concentration. Thus, antioxidant enzymes play
a critical role in the maintenance of the cellular reductive po-
tential, and the genes for manganese superoxide dismutase
(MnSOD), GCLC, glutathione peroxidase, Trx, reductase, and
metallothionein are induced by modulation of cellular GSH/
GSSG levels in response to various oxidative stresses, includ-
ing hyperoxia and inflammatory mediators such as TNF-a
and lipopolysaccharide in lung cells (41, 42, 132). The intra-
cellular redox status of lung epithelial cells has been shown to
be a critical factor in determining cell susceptibility or toler-
ance to oxidative insults. We have shown that depletion of GSH
with buthionine sulfoximine sensitizes both A549 and 16-HBE
cells to the injurious effects of hyperoxia and H,0,, resulting
in increased membrane permeability and activation of NF-kB
(139). In contrast, pretreatment of these cell lines with hyper-
oxia prior to H,O, exposure protects against the cytotoxic ef-
fects of H,0,, as well as preventing NF-«B activation. These
protective effects were achieved by enhancing the levels of
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GSH in response to pretreatment with hyperoxia. Thus, mod-
ulation of intracellular GSH can either increase or decrease
tolerance to subsequent oxidant exposure.

Whereas GSH is crucial in redox control, the Trx system,
i.e., Trx and Trx reductase, which is ubiquitously expressed,
also plays important roles in scavenging ROS and, along with
GSH and glutaredoxin, modulates the thiol/disulfide status of
many signaling proteins (72). Trx is a 12-kDa protein disulfide
reductase that catalyzes protein reduction via an NADPH-
dependent reaction in conjunction with Trx reductase. Mem-
bers of the Trx family have a conserved redox-active center,
often referred to as the Trx fold, with two cysteine residues
(Cys-Gly-Pro-Cys) that undergo reversible oxidation to form
a disulfide bridge through transferring of reducing equivalent
to a disulfide substrate. Trx then reverts to the reduced form
through the action of Trx reductase, an NADPH flavoprotein.

INCREASED SYNTHESIS OF GSH
THROUGH UP-REGULATION OF GCL

The synthesis of GSH is up-regulated during oxidative stress
and inflammation. Thus, an increase in GCL expression would
be expected under oxidative stress, and the first demonstration
of that was with the redox cycling and GSH conjugating quinone,
menadione (157).

Exposure of alveolar epithelial cells in vitro to oxidants,
oxidant-generating systems, and lipid peroxidation products,
such as H,0,, hyperoxia, ozone, menadione, and 4-hydroxy-
2-nonenal, leads to short-term falls in intracellular GSH asso-
ciated with increased GSSG levels, followed by increases in
GSH levels or up-regulation of GCLC mRNA in alveolar ep-
ithelial, endothelial and other cells in vitro, and in rats in vivo
(47,57, 58,97, 99, 131, 136, 138, 156, 170).

The GCLM is also concomitantly induced in response to
oxidants and phenolic antioxidants in rat lung epithelial L2
cells, suggesting that concomitant induction of both subunits
may be a potential mechanism to enhance cellular GSH syn-
thesis, and so develop cellular tolerance to oxidative stress
(114, 170). Although the mRNAs for both subunits increase
in response to oxidative stress, there may be a disproportional
increase in the proteins (89). Thus, the short-term effects of
various oxidants and oxidant-generating systems appear to
up-regulate the gene for GSH synthesis, possibly providing a
protective/adaptive mechanism against subsequent oxidative
stress.

Identification and characterization of the types of diverse
stimuli that act as potent inducers of GCL should aid in the
development of effective pharmacological strategies for an-
tioxidant treatment involving GSH regulation in inflammatory
lung diseases. To this effect, several studies have been directed
toward understanding and elucidating the molecular mecha-
nisms of GSH synthesis and regulation in type II alveolar epi-
thelial cells in response to various environmental, oxidant,
antioxidant, and inflammatory stimuli. Our groups and other
investigators have reported that the promoter (5'-flanking) re-
gion of human GCLC gene is regulated by a putative c-Jun
homodimeric complex-AP-1 sequence (1, 47, 48, 134, 138,
154, 167, 172). This sequence is located at the proximal re-
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gion of the GCLC TATA box in various cell lines, including
human alveolar epithelial cells (167, 172).

Mulcahy and co-workers (111, 114), however, have reported
a distal antioxidant response element (ARE) containing an em-
bedded 12-O-tetradecanoylphorbol 13-acetate (TPA)-responsive
element (TRE/AP-1) and an electrophile response element
(EpRE or its functional equivalent, ARE), which play a key
role in the regulation of the GCLC and GCLM, respectively,
in response to a planar aromatic xenobiotic, the phenolic an-
tioxidant B-naphthoflavone specifically in a liver cell line
(HepG2 cells) (52). They further suggested a differential in-
duction of mafF, mafG, and mafK expression by EpRE acti-
vator in the regulation of GCLC regulation in a variety of cell
lines (112). It has been shown recently that H,0,-dependent
activation of GCLC-ARE4 reporter occurs via the mitogen-
activated protein kinase (MAPK) pathways without oxidation
of cellular GSH or Trx-1, suggesting that redox GSH status of
the cells is not required for regulation of GCLC or ARE (64).
Mulcahy and colleagues also showed that the internal AP-1
site is important for the constitutive expression of the GCLM
gene (111). However, Galloway and co-workers (57, 58) were
unable to demonstrate a role for ARE in the induction of GCLM
by oxidants such as ters-butylhydroquinone in HepG2 cells.
They suggested that an AP-1 site was the critical element for
the basal regulation of this subunit. Therefore, it is likely that
the expression of the GCL subunit genes is regulated by the
different regulatory signals in response to diverse stimuli in
specific cells.

Exposure to phenolic antioxidants, such as dietary 2(3)-tert-
butyl-4-hydroxyanisole and butylated hydroxytoluene, as well
as the synthetic indolic antioxidant, 5,10-dihydroindeno(1,2-b)
indole and pyrrolidine dithiocarbamate, a sulfhydryl-modifying
antioxidant compound, up-regulates GCLC and GCLM in human
endothelial cells and other cell lines (58, 99, 173, 180).
Similarly, curcumin, a dietary phenolic compound (diferulo-
ylmethane), induced GCL induction that was associated with
increased DNA binding of transcription factor complexes to
TRE and EpRE elements (48). Furthermore, curcumin increased
JunD and c-Jun content in AP-1 complexes and increased JunD
while decreasing MafG/MafK in EpRE complexes. Thus, the
changes in the pool of transcription factors of EpRE and AP-1
complexes may affect the expression of GCL. These effects of
phenolic antioxidants are associated with AP-1/ARE transac-
tivation (21, 109, 128). Taken together, antioxidants protect
cells from oxidants by either scavenging these molecules di-
rectly or by regulating intracellular GSH levels through the
induction of GCL. It should, however, be kept in mind that re-
cent studies have shown that many compounds characterized
originally as antioxidants have direct effects upon several sig-
nal transduction enzymes independent of their antioxidant func-
tion. For example, vitamin E has significant effects upon signal-
ing independent of its lipid peroxidation-inhibiting role (16).

Transforming growth factor-B1 (TGF-B1) is a multifunc-
tional growth factor that modulates cellular proliferation and
induces differentiation and synthesis of extracellular matrix
proteins, including collagens and fibronectin, in many types
of lung cells. Recent studies have shown increased expression
of TGF-B1 in bronchiolar and alveolar epithelium in IPF and
COPD patients, and higher levels in bronchoalveolar lavage
fluid of atopic asthmatics as compared with healthy subjects
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(43, 142). TGF-B1 also down-regulates GCLC mRNA and
GSH synthesis in human alveolar epithelial cells and pulmo-
nary artery endothelial cells in vitro (12, 178). The decrease
showed decreased GSH biosynthesis. Both we and other
workers have shown that GCLC mRNA expression is under
the control of the AP-1 transcription factor (134, 137, 138,
172), and that TGF-B1 may decrease GCLC gene expression
via an AP-1 mechanism (80). Recently, Jardine et al. showed
that down-regulation of GCLC in response to TGF-B1 in lung
epithelial cells was mediated via an AP-1 heterodimer con-
sisting of c-Jun and Fra-1 (80). Thus, higher levels of TGF-31
may down-regulate GSH synthesis in lungs of patients with
inflammatory diseases such as IPF and COPD. Moreover, de-
creased GSH levels may also have direct functional conse-
quences leading to inflammation. /n vitro studies showed that
GSH (in the concentration range normally found in epithelial
lining fluid) suppressed fibroblast proliferation (29). In addi-
tion, depletion of GSH in response to TGF-31 appears to be a
key requirement for subsequent collagen I mRNA expression
in murine embryo fibroblasts (100). This induction was atten-
uated by pretreatment with N-acetyl-L-cysteine (NAC), GSH,
or GSH ester. The relevance of GSH regulation and subsequent
tolerance/susceptibility in lung epithelial cells in response to
pro-/antiinflammatory mediators and/or oxidants under chronic
inflammation in vivo is not known.

Glucocorticoids (GC), such as dexamethasone, are antiin-
flammatory agents used to manage inflammatory lung diseases.
These agents act by interacting with GC receptors (GR), thereby
interfering with the binding of transcription factors to the GR
and subsequent nuclear translocation and activation of proin-
flammatory genes. GC also regulate posttranslational modifi-
cation of nucleosomes, which increase or decrease accessibil-
ity of transcription factors to gene promoters. Inhaled GC target
the airway epithelium to control the inflammatory events. Dex-
amethasone has been demonstrated to decrease both basal and
TNF-a-stimulated GSH levels in the lung epithelial cell line,
A549 (136, 138). A decrease in GSH in response to dexametha-
sone is due to inhibition of AP-1 activity and down-regulation

0

Prx-Cys-SH —ROS, Prx-Cys-S-OH

Sulfinic acid

Srx1-Cys-SH

of GCLC gene expression (138). Thus, one of the side effects
of using dexamethasone in patients with inflammatory lung
diseases may be to enhance levels of oxidative stress by in-
hibiting the synthesis of the protective antioxidant GSH.

ROLE OF THIOLS IN REDOX SIGNALING
AND STRESS RESPONSES

Proteins bearing cysteine-SH residues in the thiolate form
(S—) are considered prone to oxidative modification, which
may interfere with biological functions either as “damage” or
in context to oxidant-dependent signal transduction. Cysteine
thiolates (Cys-S—), but not cysteine thiol (Cys-SH), can be
readily oxidized to a sulfenic acid (—SOH), which is a rela-
tively reactive form that can quickly form a disulfide with a
nearby thiol. Strong oxidants will oxidize either Cys-S— or
Cys-SH to sulfinic (Cys-SO,H) and sulfonic (Cys-SO,H) acid
derivatives. This difference provides much of the basis for the
difference between redox signaling and oxidative stress, in
which the latter involves nonspecific oxidation, whereas the
former involves oxidation of only those cysteines in environ-
ments promoting the dissociation of the thiol. The higher oxi-
dation states have essentially been considered as irreversible
modifications and would likely be associated with oxidative
injury. However, a recent work by Biteau et al. revealed that
cells might contain a specific enzyme capable of reducing
sulfinic acid derivatives (22). They isolated a protein in yeast
that can reduce the sulfinic derivative of yeast peroxiredoxin
Tsal. This protein is highly conserved in eukaryotes and was
named as sulfiredoxin. They propose that sulfiredoxin cat-
alyzes the multistep reduction process by acting as both a
specific phosphotransferase and a thioltransferase. Sulfire-
doxin apparently is able to overcome the energy barrier that
normally prevents the reduction of protein-Cys-SO,H by in-
troducing a phosphate group in the peroxiredoxin-sulfinate
moiety to make sulfinic phosphorylester in the presence of
ATP and Mg?* (Fig. 3). A thiolsulfinate disulfide is formed

Srx1 I
=2 Prx-Cys-S-O-POz*
ATP app  Sulfinic phosphoryl-

ester

*» Prx-Cys-S-S-Cys-Srx1
Thiosulfinate

D

Prx-Cys-S-H
(sulfenic acid)

Srx1-Cys-S-S-R
(disulfide)

FIG. 3. The mechanism of peroxiredoxin sulfinic acid reversal by sulfiredoxin. The thermodynamic energy barrier for re-
duction of sulfinic acid species can be overcome by the help of a novel class of dual enzyme sulfiredoxin (Srx). This enzyme first
catalyzes a phosphate group transfer from ATP to peroxiredoxin (Prx)-sulfinate (Prx-Cys-SOH) as a part of its phosphotrans-
ferase activity to form an intermediate disulfide (Prx-Cys-S-S-Cys-Srx). The latter is then reduced to a sulfenate and a corre-
sponding disulfide, depending on the reducing group involved. RSH, thiol donor.
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with another sulfiredoxin molecule and then reduced forms
by replacing the phosphate group. Finally, the thiolsulfinate
can be reduced due to peroxiredoxin-sulfenate and a sulfire-
doxin-disulfide by reducing agents such as dithiothreitol or
Trx. Thus, peroxiredoxin inactivation may facilitate H,O, sig-
naling, whereas its reverse activation by sulfiredoxin may add
a new dimension in the regulation of such a signaling. In con-
trast, disulfide bonds and protein sulfenic acid moieties can
be easily reduced and are often considered as the mediators of
redox signaling (38, 163, 165). Nonetheless, it is essential to
the understanding of redox signaling to remember that all
cysteine residues are not equal. GSH and most protein cys-
teines cannot react at a biologically significant rate with H,0,
unless they are in close association with a metal (182) or exist
in the form of a thiolate anion (-S—). Indeed, the glutathione
peroxidase and peroxiredoxin reactions that appear to involve
H,0, reacting with GSH never involve that actual interaction.
Instead, the glutathione peroxidase reaction involves the in-
teraction of H,O, with the selenocysteine of that enzyme,
whereas the peroxiredoxin reactions involve interaction of H,0,
with a cysteine-thiolate residue of the peroxiredoxin. When
ionized to the thiolate form, cysteine then reacts quite rapidly
with H,0,. As the pK, of cysteine is normally ~8.3, its ioniza-
tion will only occur in unusual environments as a function of
the surrounding residues. For example, when a cysteine is in
the vicinity of a positively charged amino acid, its pK_ is low-
ered to below 5.0. Such a cysteine is deprotonated and be-
comes a prime target for H,0, oxidation. Thus, only cysteine-
containing proteins providing this environment will be affected
by H,0, directly.

Cysteine in its thiolate form could also participate in thiol—
disulfide exchange provided that there is no interference by
steric hindrance:

RS- +R’SSR” 2 RSSR” + R’S~

In contrast, exchange between thiols and disulfides is very
slow and must be catalyzed by enzymes such as glutaredoxin or
other protein disulfide isomerases that have a Trx-like struc-
ture in their active site. Such disulfide exchange is a potential
signaling mechanism because of its capacity for modifying
cysteine residues in enzymes. The relationship to redox sig-
naling is provided by the production of GSSG during the en-
zymatic reduction of hydroperoxides or ONOO- by glutathione
peroxidase. Normally, GSSG represents < 1% of the total glu-
tathione pool. When H,0, or ONOO- is transiently elevated,
an elevation in GSSG, also transient, can occur, providing a
possible mechanism for signaling by means of thiol-disulfide
exchange. In this scenario, signaling is indirectly dependent
on ROS generation. Nonetheless, as this mechanism requires
a change in GSSG that is usually only observed during oxida-
tive stress, such signaling is more likely an oxidative stress
response rather than physiologic redox signaling. In physio-
logical redox signaling, disulfides are more likely formed by
reaction of the thiolate with H,0,, forming a sulfenic acid,
followed by reaction with GSH to form the mixed disulfide.
Apart from providing the proper cellular reducing environment,
there is growing evidence that the GSH redox couple dynami-
cally regulates protein function by the reversible formation of
mixed disulfides between protein cysteines and GSH (14, 40,
62, 169). The term S-thiolation refers to the phenomenon wherein
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a mixed disulfide is formed between a protein and a cysteine
or other nonphysiological thiols. A specific mixed disulfide
formation in conjunction with GSH is termed S-glutathiolation.
Protein S-glutathiolation has been implicated in redox buffer-
ing of oxidative stress, extracellular protein stabilization, pro-
tection of proteins against irreversible oxidation of their criti-
cal cysteine residues, and regulation of enzyme activity (6,
40, 169). ROS, reactive nitrogen species (RNS), and alterations
in intracellular redox potential have been reported to induce
protein S-glutathiolation.

The strongest consensus in redox signaling is that the small
thiols and thiol-containing proteins play an essential role in
regulation of the cell redox status. Reversible changes in the
redox status of protein thiols leading to formation of mixed
protein-GSSG or intramolecular disulfides, and the direct ox-
idative modification of the cysteine residues to form a sulfenic
acid or S-nitroso adduct, have been characterized (5, 25, 27,
46, 61). These reversible chemical modifications of the thiols
can result in a conformational change that may affect DNA
binding of transcription factors or enzymatic activities or the
formation or release of protein complexes. In addition, these
changes are transient with the duration of the intermediate
determined by the ratio of GSH/GSSG and reduced/oxidized
Trx. Numerous proteins with cysteine residues that have been
shown to exhibit redox sensitivity to enter in redox signaling
include transcription factors, caspases, PTPs, small GTPases,
and cytoskeletal components (see below). A recent review has
emphasized that a loss of function by disulfide formation yet
remains to be firmly established as a regulatory mechanism in
light of the findings that disulfide formation, at least in cer-
tain cases, may actually enhance the function of a given pro-
tein (15). The finding of an oxidative activation of bacterial
oxyR transcription factor supports the later hypothesis of pro-
tein activation by disulfide formation (188). Other examples
of such disulfide-dependent activation are chaperone hsp33
(78), the bacterial sigmaR, RsrA system that controls expres-
sion of Trx (125), and a family of receptor-type tyrosine kinases
encoded by c-RET proto-oncogene (85). H,O, is now recog-
nized to be the most important oxidant to have signaling
properties in view of its longer half-life and diffusibility and
specificity toward protein cysteine residues found in a par-
ticular environment that facilitates their deprotonation to a
sulfenate (144).

ACTIVATION OF REDOX-SENSITIVE
TRANSCRIPTION FACTORS
IN INFLAMMATION

Activation of intracellular signaling pathways culminates
with the transcription of genes. Early on, transcription factors
were among the first signaling components to be identified as
redox-sensitive signaling proteins. The DNA binding activity
and possibly the transactivation potential of Sp1, AP-1, and p53
were shown to be regulated through specific cysteine motifs
that needed to be reduced for activity (103, 108, 130). During
oxidative stress/inflammation, NF-kB and AP-1 were activated
in epithelial cells and inflammatory cells, leading to the up-
regulation of a number of proinflammatory genes (11, 108,
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130). Here, we will concentrate on the mechanisms involved in
the redox regulation of these two transcription factors.

Redox regulation of NF-xB

The members of the NF-kB/Rel family of transcription
factors activate the transcription of many genes involved in
lung inflammation and in the antioxidant response, including
inducible nitric oxide synthase, proinflammatory cytokines,
IL-1B, TNF-a, IL-6, the chemokine, IL-8, E-selectin, vascular
cell adhesion molecule-1, intercellular adhesion molecule-1,
granulocyte-macrophage colony-stimulating factor, and MnSOD
(6, 46, 67, 87, 116, 130). NF-kB exists as a heterodimeric
complex usually of p5S0 and p65/RelA subunits. In the absence
of stimulation, NF-«kB is found in the cytoplasm as an inac-
tive, non-DNA binding form in association with inhibitory
kB (IkB), an inhibitor protein that masks the nuclear translo-
cation signal, thereby sequestering NF-kB in the cytoplasm.
A large number of diverse agents have been shown to induce
the activation of NF-kB through a similar mechanism, i.e.,
the rapid phosphorylation by specific IkB kinases (83) of the
inhibitory subunit, IkB (at Ser32 and Ser36 for IkBa), target-
ing IkB for ubiquitination and proteolytic degradation by the
E3 ubiquitin-ligases (E3RSxB) and the 26S proteasome, re-
spectively (108, 130). This results in release of NF-kB, which can
then freely translocate to the nucleus where it binds to cog-
nate DNA elements. New data also reported IkB-independent
mechanisms of activation of NF-kB where phosphorylation
of p65 NF-kB by various kinases had an effect on the transac-
tivation activity of NF-kB, independently of nuclear translo-
cation (151).

Several years ago, it was proposed that activation of NF-«B
was redox-sensitive based on studies with antioxidants sug-
gesting that agonists activating NF-kB, in particular TNF-a,
could stimulate the production of ROS (153). Exogenous H,0,
was also shown to induce NF-kB activation; however, it be-
came clear later that this effect was cell-specific and that the
requirement for intracellular generation of ROS was not uni-
versal, but cell- and stimulus-specific (8, 24, 69). Lipid per-
oxidation products (24, 79) or depletion of GSH and subse-
quent increase in cytosolic GSSG in response to oxidative
stress were shown to induce rapid phosphorylation, ubiquiti-
nation, and degradation of IkB (63, 79). In addition, several
novel mechanisms have been proposed for H,0,-induced ac-
tivation of NF-kB, which include tyrosine phosphorylation of
IkB (30, 152) and, more recently, activation of IkB kinase by
H,0, (133). However, it is not yet known whether oxidative
stress and/or an imbalance in GSH redox status may directly
stimulate the activity of IkBa kinase or elevated GSH levels
inhibit IkBa kinase activity. It is also possible that changes in
intracellular GSH redox status during oxidative stress may af-
fect the proteasome enzymatic activity that leads to the acti-
vation of NF-kB (8, 174).

Nevertheless, other studies reported opposite effects. /n
vitro studies demonstrated inhibition of NF-kB DNA-binding
activity by oxidant or alkylating agents such as diamide and
N-ethylmaleimide, respectively (171), probably through oxida-
tion of the cysteine residue at position 62 in p50 NF-«kB, which
has been shown to be essential for DNA-binding activity and
is the targeted site for enhancement of activity by Trx (24).

Increasing intracellular GSH following treatment with NAC
resulted in inhibition of the phosphorylation of serine residues
on IkBa following TNF-a treatment, leading to the down-
regulation of NF-kB DNA-binding activity and expression of
NF-kB subunits in endothelial cells (34). Overexpression of
GCL, which resulted in increased GSH levels in rat hepatic
cells, inhibited TNF-a-mediated NF-«kB activation and NF-«kB-
dependent gene transcription through inhibition of IkBa degra-
dation (104), possibly via inactivation of ubiquitin-conjugating
enzymes, which are known to be redox-sensitive (77, 121).
Pretreatment of airway epithelial cells with NAC or GSH in-
hibited NF-«kB and subsequent IL-8 expression in response to
TNF-a, whereas elevated levels of Trx protein enhanced these
responses (68). Interestingly, accumulation of GSH occurred
primarily in the cytoplasm, whereas Trx accumulated in the
nucleus in response to TNF-a stimulation. These results sug-
gest that the compartmentalization of thiols may be a key de-
terminant in the regulation of redox-sensitive transcriptional
activities. Schubert et al. showed that NAC and pomegranate
wine (PW), a natural antioxidant-resveratrol, prevented NF-kB
activation in bovine artery endothelial cells in response to
TNF-a by blocking NF-kB nuclear translocation, without in-
terfering with either Ik B phosphorylation or degradation (159).
Furthermore, rapid serine phosphorylation of IkB at sites other
than Ser32/36 was observed in response to NAC and PW. NAC
was also able to prevent phosphorylation of p65 on Ser536
following TNF-a exposure, an effect not observed with prein-
cubation with PW. In PW-treated cells, IkBa resynthesis was
not detected, whereas this de novo synthesis was observed with
NAC and TNF-a. Taken together, the data suggest that thiols
and antioxidants may inhibit NF-kB by regulating phospho-
rylation at multiple serine residues in both IkB and the p65
subunit of NF-kB. However, a new study provided evidence
supporting a lack of role for ROS in NF-«kB activation, argu-
ing that NAC mediates its inhibitory effects in response to
TNF-a through mechanisms independent of its effects on GSH
levels (68). In fact, they showed that NAC inhibited TNF-a-
stimulated signal transduction in L929 cells, a murine tumo-
rigenic fibroblast cell line, by lowering the affinity of TNF
receptor 1 for TNF-a and thereby preventing recruitment of
RIP and TRAF?2 to the receptor. Activation of NF-kB in re-
sponse to TNF-a was also shown to play a critical role in pro-
tecting cells from TNF-induced cell death using cells lacking
the p65 NF-kB subunit or other components of the pathway
(84). Using murine embryonic fibroblasts deficient in TRAF2/
TRAFS or in p65, a recent study demonstrated that the pro-
survival functions of NF-kB were to inhibit the TNF-induced
intracellular accumulation of ROS that was responsible for
the prolonged MAPK activation and necrotic cell death (146).
Hence, the exact role of H,0, or alterations in intracellular
GSH redox status in the NF-kB pathway and downstream gene
expression remains to be elucidated using novel tools and cel-
lular models, and the contradictory effects may reflect dis-
tinct mechanisms at multiple points of activation in different
cells types (24).

Redox regulation of AP-1

AP-1 is a leucine-zipper transcription factor composed of
dimers that contain members from the JUN (c-Jun, JunB,
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JunD), FOS (c-Fos, Fral, Fra2), ATF, and MAF protein fami-
lies, and has been shown to be critical in the regulation of genes
involved in cell proliferation, differentiation, stress, apopto-
sis, and tumor promotion. AP-1 binds to consensus sequences
in the TRE, which is present in the promoter region of a wide
variety of genes implicated in cell proliferation and tumor
promotion. This binding requires that the single conserved
cysteine in the DNA-binding domain of each subunit that is
required for electrostatic interactions with a zinc atom to form
a “zinc finger” be maintained in its reduced state (1). AP-1
activity can be regulated at various levels, i.e., dimer compo-
sition, posttranslational modifications, transcription, and in-
teraction with other proteins (101).

Modulation of intracellular thiol levels in epithelial HeLa
cells with NAC enhanced both untreated and TPA-stimulated
AP-1 DNA binding and transactivation (21, 109), probably
through regulation of this cysteine. The ratio of thiol to disul-
fide forms of glutathione, protein disulfide formation, and S-
glutathiolation have been shown to be involved in the redox-
regulation of c-Jun DNA binding (87). Oxidative stress imposed
by endogenous generation of H,O, or exogenous H,0, treat-
ment, UV irradiation, TNF-a, depletion of intracellular GSH
with buthionine sulfoximine or increase in the GSH/GSSG
ratio by diamide treatment of HepG2 cells may also increase
AP-1 DNA binding (109). This may be due in part to the re-
distribution of GSH into the nucleus during these processes,
in addition to the presence of Ref-1 and Trx, which facilitate
AP-1 DNA binding (87, 109, 176, 185). In contrast, oxidized
GSSG interfered with this binding, suggesting that the forma-
tion of the disulfide bond between cysteine residues inhibits
AP-1 DNA binding (59, 70). In addition, Trx and Ref-1 are
themselves regulated by redox cycling and could be the actual
target of ROS. In particular, Trx has a cysteine that is in
the thiolate form and is therefore a suitable target for H,O,.
The neighboring thiol in Trx rapidly reacts with the sulfenic
acid intermediate to produce an intramolecular disulfide. Al-
though Ref-1 Cys64 was previously regarded as the redox
catalytic site based on in vitro studies, an in vivo mutant where
a cysteine to alanine point mutation was introduced showed
normal levels of endogenous AP-1 DNA binding, indicating
that this cysteine is not essential for redox regulation of Ref-1
and suggesting that other redox-active residues or another
mechanism might be responsible for Ref-1 redox regulatory
function (123).

It is important to note that this type of redox regulation of
AP-1 occurs in the nucleus (150). In contrast, activation of AP-1
in the cytosol occurs through oxidative mechanisms, which
involve oxidation and the activation of upstream cytosolic sig-
naling pathways, including kinases as the activity of AP-1 is
controlled by phosphorylation (181). Increased binding and
transcriptional activation are both signaled by phosphoryla-
tion of c-Jun (122) by members of the MAPK family, which
also control their transcription (39). Adler et al. showed that
glutathione S-transferase (GST) pi regulates c-Jun N-terminal
kinase (JNK) activity by the formation of a GSTpi—JNK com-
plex (2), which prevents JNK activation and is maintained by
free radical scavengers. Following exposure to an oxidative
stress, GSTpi dissociates from JNK, allowing c-Jun phospho-
rylation to occur, which in turn culminates in AP-1 activation
(7, 186). Further studies will be needed to understand better
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the redox regulation of AP-1, in particular the respective role
of phosphorylation versus transcription and the composition
of the active dimers.

Redox regulation of ARE (Nrf and Maf proteins)

It has been recognized recently that transcription factor
Nrf2 is essential for the ARE-mediated induction of phase 11
detoxifying and GCL genes in response to electrophiles and
phenolic antioxidants in HepG2 cells (70, 74, 180). It is now
known that Nrf proteins bind to the ARE consensus sequence,
which shows striking similarity to a binding motif referred to
as the Maf recognition element (MARE), also known as the
erythroid transcription factor (NF-E2) binding sequence. NF-E2
or MARES are specifically recognized by either homodimers
of small Maf family members (MafK, MafG, MafF) or by het-
erodimeric proteins composed of the Cap’n’Collar subfamily
of basic leucine zipper transcription factors and small Maf
partners, which mediate expression through AP-1/EpRE se-
quences. The NF-E2/AP-1 element and the ARE, which has
been identified in several phase II genes, possess striking simi-
larity. A protein Kelch-like ECH-associated proteinl (Keapl),
which plays a role in the ARE-mediated signaling, has been
identified as a negative regulator of Nrf2 that also acts as a
possible intracellular sensor for thiol-active xenobiotics in
HepG2 cells (75). Keap1 binds and retains Nrf2 in the cyto-
plasm where it is unable to function as a transcription factor.
During transition to oxidizing conditions, Nrf2 dissociates from
Keapl, allowing it to translocate to the nucleus where it het-
erodimerizes with small Maf proteins and activates ARE-
driven transcription (49). The actual mechanism of dissocia-
tion of Nrf2 from Keap1 is currently unknown, but it is thought
to involve thiol modifications or phosphorylation of Keapl,
Nrf2, or both. Indeed, there is evidence in a cell-free system
that cysteine thiols of Keap! are reactive to inducers of phase
2 genes (49). Four of the most reactive cysteines reside in the
region required for binding to Nrf2. Exposure of the Keapl/
Nrf2 complex to the inducers resulted in the dissociation of
the complex. Thus, the sulfhydryl groups of Keap1 are sensors
regulating the induction of phase 2 enzymes (177). Therefore,
under the conditions of initial depletion of intracellular GSH,
Trx and/or production of ROS may lead to the dissociation of
the complex and activation of Nrf2 (86). Furthermore, it has
been shown recently that scaffolding of Keapl to the actin cy-
toskeleton controls the function of Nrf2, and under oxidative
stress and electrophilic stress disruption of the actin cyto-
skeleton promotes nuclear entry of an Nrf2 reporter protein
(81). It has been also demonstrated that mice with site-
directed mutation of the Nrf2 gene (Nrf2 —/—) were more sus-
ceptible to the injurious effects of hyperoxia and cigarette
smoke as noted by marked increase in pulmonary hyperperme-
ability, macrophage inflammation, and epithelial injury com-
pared with the wild-type mice (70). A significant reduction in
the mRNA expression of ARE-responsive lung antioxidant and
phase 2 enzymes, some of which included heme oxygenase-1,
glutathione peroxidase-2, and NAD(P)H:quinone oxidore-
ductase, was also observed in Nrf2—/— mice compared with
normal mice. Thus, Nrf2 appears to protect against pulmonary
hyperoxia injury and cigarette smoke in mice, presumably by
up-regulating the transcription of lung antioxidant defense en-
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zymes. However, the role of Keapl and Nrf2, if any, in the in-
duction of phase II genes, in particular GCL, in lung cells in
response to oxidative stress remains to be explained. Keapl
also appears to regulate the degradation of Nrf2 via a protea-
some-dependent pathway, and in mouse macrophages deficient
in Keapl, Nrf2 accumulates in the nucleus (76, 90, 187).
Electrophilic compounds have also been shown to cause Nrf2
nuclear translocation, concomitant with protein stabilization.
Furthermore, electrophilic lipids, like prostaglandins, isopros-
tanes, and 4-hydroxynonenal, also cause the dissociation of
Nrf2 from Keapl, resulting in the activation of the ARE.

REDOX REGULATION OF PTPS

The regulation of tyrosine phosphorylation represents a
key mechanism in various cellular processes, and the role of
PTPs in maintaining the low levels of tyrosine phosphoryla-
tion in quiescent cells and as critical components of signaling
pathways has recently taken center stage. The PTP superfam-
ily consists of close to 70 enzymes that all share the con-
served signature motif CX,R (X = amino acid) and have been
grouped into four categories based on their functions, sequences,
and structures: (a) tyrosine-specific phosphatases, (b) VH-1-
like dual-specificity PTPs, (¢) Cdc25, and (d) low-molecular-
weight (LMW) phosphatases (53). Studies on the mechanism
of catalysis shared by all PTPs showed that, due to the unique
environment in the active site, the cysteine residue in the con-
served motif has an unusually low pK, and exists predomi-
nantly as a thiolate anion (Cys-S—) at physiological pH. This
thiolate is critical for the activity, as its mutation to a serine
results in total loss of phosphatase activity (45). The thiolate
anion could act as a nucleophile to attach the phosphoryl
group of the phosphorylated amino acid, leading to the for-
mation of a thiol phosphate intermediate (45, 53).

As large increases in cellular tyrosine phosphorylation were
brought about by treatment of various cells with vanadate, a
well known inhibitor of PTPs (65), or with oxidants or thiol-
directed agents, the concept that the activity of PTPs might be
modulated by ROS was introduced several years ago. It was
hypothesized that the essential thiolate could react with H,0,
to form a sulfenic acid (Cys-SOH) intermediate, which is cat-
alytically inactive (45) (Fig. 4). This intermediate quickly re-
acts with a thiol such as GSH to produce a disulfide in the
PTP, a form that is also catalytically inactive. Importantly, the
inhibited PTP could be fully reactivated by LMW thiols such
as dithiothreitol and GSH or by Trx and glutaredoxin (20, 94).

PTP1B, which is involved in insulin signaling, was the first
PTP to be shown to undergo oxidative regulation in vivo after
treatment with epidermal growth factor (94) or insulin (102).
O, -, probably in its protonated, hydroperoxyl radical (HO,")
form (pK, ~4.7), may also react with the thiolate anion in the
microenvironment of a PTP. It has been reported that PTP1B
may be more efficiently regulated by O, - than by H,0,, with
a calculated rate constant in vitro (~3 X 102 M~-1s-1) about
eight times faster for O,"~ than for H,0, (20). PTPIB was
also found to be glutathionylated at the active-site cysteine, a
process that is thought to protect the Cys-SOH from further
oxidation to Cys-SO,H/Cys-SO,H during oxidative stress (20).

Active PTP

H,0,

H,0

Inactive PTP|

Inactive PTP OH-

FIG. 4. The active-site thiolate in PTPs can react with
H,0, to form a sulfenate. This form of the enzyme is catalyti-
cally inactive. GSH can react with the sulfenate to form a mixed
disulfide that can then react with another GSH to form GSSG
and restore the active form of the PTP.

A recent report demonstrated that the Cys-SOH in PTPIB
could be rapidly converted into a sulfenyl-amide intermediate
in which the sulfur moiety of the catalytic cysteine is linked
to the main-chain nitrogen of an adjacent residue (147). This
modification, which causes large changes in the PTP1B ac-
tive site, could also be a protective intermediate and might fa-
cilitate reactivation of PTP1B by biological thiols (175). The
SH3-containing PTP, SHP-2, which is involved in platelet-
derived growth factor (PDGF) signaling, was recently shown
to be reversibly inactivated in vivo by H,O, produced by PDGF
stimulation (107). Interestingly, only SHP-2 associated with
the autophosphorylated receptor was susceptible to transient
inhibition by H,0,, emphasizing an additional level of speci-
ficity imparted by subcellular localization. Furthermore, a good
correlation existed between the time course of inhibition of
SHP-2 and that of activation of extracellular signal-regulated
kinase (ERK)1/2, indicating that the sensitivity of the ERK
pathway to H,0, was due to targeting upstream of the ERK
module.

Inactivation of some PTPs, such as PTEN (phosphatase and
tensin homologue), Cdc25, and LMW-PTP, may involve the
formation of a disulfide bond between the active-site cysteine
and a neighboring thiol/cysteine (36). PTEN is a tumor sup-
pressor that belongs to the PTP family despite having negligi-
ble PTP activity and predominantly functioning as a lipid phos-
phatase that removes the 3'-OH group from the phosphoinositide
inositol ring in its substrate phosphatidylinositol trisphos-
phate (PIP3), thereby reversing the activity of phosphatidy-
linositol 3-kinase (PI3K) and modulating that of downstream
molecules such as Ser/Thr protein kinase AKT, which can be
activated by ROS (36). In vitro studies showed that Cys124 in
the active site of PTEN was the target of oxidation by H,0,
and formed a disulfide with Cys71 during oxidation. This ox-
idation was reversible, predominantly through the action of
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Trx, which was found to associate with PTEN in HeLa cells
(95). Recently, Leslie et al. reported that oxidative inactiva-
tion of PTEN by exogenous H,0, led to increased accumula-
tion of PIP3 and activation of protein kinase B/AKT (96). In
addition, endogenous production of H,O, by lipopolysaccha-
ride- or TPA-stimulated macrophages also inactivated a frac-
tion of PTEN. Interestingly, the mammalian homologue of the
forkhead transcription factor, FKHRL1, which is a target for
the PI3K/AKT pathway, was shown to be regulated by a redox-
dependent mechanism in p66Shc-null cells (118), which might
be the result of the inhibition of PTEN by increased ROS pro-
duction in these cells.

The LMW-PTPs are a family of 18-kDa enzymes involved
in cell-growth regulation. Although they have limited sequence
homologies with other PTPs, they share the signature motif;
however, in addition to the catalytic Cys in position 12, an-
other cysteine is present in position 17 within the active site,
which is a unique feature among PTPs. During oxidation by
PDGF-induced H,O,, Cysl17 forms an intramolecular disul-
fide bond with Cys12, protecting the catalytic cysteine from
further oxidation and facilitating GSH-dependent recovery of
the activity (33). This family of phosphatases acts on growth
factor-induced mitosis by dephosphorylating activated growth
factor receptors (37) and on cytoskeletal rearrangement through
dephosphorylation of pl9RhoGAP and downstream regula-
tion of the small GTPase Rho (33, 141). It was further shown
that Rac-mediated ROS production resulted in down-regula-
tion of Rho activity through reversible inhibition of LMW-
PTP and increased tyrosine phosphorylation and activation of
p190Rho-GAP (119).

The Cdc25s are a family of dual-specificity phosphatases
that are critical components of cell-cycle progression and
checkpoint control, and comprise Cdc25A, which regulates
the G,/S transition, and Cdc25B/Cdc25C, which are involved
in G,/M progression (20). The regulation of the activity of the
Cdc25 is complex and involves phosphorylation, creating a
binding site for 14-3-3 proteins, which may increase the cyto-
plasmic localization of Cdc25C. Their crystal structure showed
that the reactive cysteine in the active site could form an in-
tramolecular disulfide bond with another conserved cysteine
in the molecule, suggesting a possible regulation by ROS. Such
interaction was demonstrated on exposure to H,0, of Cdc25C
where Cys377 in the active site could undergo oxidation and
a disulfide be formed between the Cys377-sulfenate and Cys330
in the invariant region, possibly rescuing the protein from ir-
reversible oxidative damage (148). In fact, in vitro studies
showed that the Cdc25s are highly susceptible to oxidation,
and the rate of thiolate conversion to sulfenic acid by H,0,
for Cdc25B was 15-fold and 400-fold faster than for PTP1B
and GSH, respectively. The intramolecular disulfides could
not be reduced by GSH, but were rapidly and efficiently re-
duced by Trx (162). Thus, these rapid kinetics support a phys-
iological role for reversible redox regulation of the Cdc25s
during the cell cycle. However, several studies have reported
cell-cycle arrest under oxidative conditions (19, 124). Cytoso-
lic peroxiredoxin I and II can be phosphorylated on a threo-
nine at position 90 by the CDK Cdc2, resulting in inhibition
of its peroxidase activity and increased levels of H,O, in HeLa
cells during the cell cycle (31). It was suggested that this
mechanism may be responsible for the oxidation of Cdc25C.
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Additional studies with antioxidants such as Trx (117) and
GSH have revealed a reversal in mitotic arrest and phase-spe-
cific modulation (19). Thus, redox regulation of Cdc25 phos-
phatases may be an important component of the cell-cycle
regulation machinery. The VH-1 group of dual-specificity phos-
phatases that control the activity of the MAPK have not been
shown yet to undergo oxidation on their essential cysteine in
the signature motif.

Hence, evidence is accumulating for a central role for the
reversible oxidation and inhibition of PTPs during intracellu-
lar redox signaling for growth and apoptosis, and more PTPs
are being identified that can undergo such changes. Never-
theless, further studies will be needed to understand better
how specificity is achieved and whether subcellular colocal-
ization of the source of peroxide and the phosphatase is required
to achieve a physiologically significant rate of interaction be-
tween the thiolate and peroxide. Furthermore, the mechanisms
of rereduction, although hypothesized, have not been clearly
established. The role of Trx or glutaredoxin, in particular, will
need to be further assessed.

CONCLUSIONS

The GSH redox status plays an important role in the protein
modifications and signaling pathways, including a dual effect
on redox-sensitive transcription factors. Protein S-glutathiolation
as a candidate mechanism for protein regulation during intra-
cellular redox changes has gained a renewed impetus in view
of the involvement of oxidants/antioxidants in various disease
processes. This mechanism has been rediscovered as an adap-
tive cellular response protecting critical regulatory molecules
from permanent loss of function due to either oxidative or ni-
trosative stress. Emerging roles of ROS/RNS-mediated oxida-
tive stress include cellular resistance to such oxidative stress,
in addition to the modulation of signal transduction pathways,
tyrosine phosphorylation/dephosphorylation, transcriptional
regulation, posttranslational protein modification, proteolytic
processing, ubiquitination, and proteolysis.

The upstream regulation of the MAPKSs, transcriptional
regulation of expression of various inflammatory mediators,
regulation of expression and activity of PTPs, involvement of
the oxidative species in cell proliferative mechanisms, induc-
tion of a multitude of antioxidant genes, and transient silenc-
ing of various protein functions by sulfenic-species formation
are all important indicators as to how thiol-dependent reac-
tions involving GSH, cysteine, methionine, and other LMW
thiols may determine the overall outcome of an oxidative
stress. GSH, being the most abundant intracellular thiol and
by its ability of nuclear translocation, obviously plays a cen-
tral role in the above-mentioned processes. Therefore, a cell
uses every possible strategy to maintain GSH levels at opti-
mum. The cell has evolved to sense the redox changes by sens-
ing the balance between GSH and GSSG and deploys specific
sensor molecules depending on the thermodynamic and redox
potential at a given GSH/GSSG ratio.

GSH is also an important protective antioxidant in the lungs
and is altered in the extracellular lining fluid in several in-
flammatory diseases. The GSH level is regulated by oxidants,
antioxidants, proinflammatory mediators, and antiinflamma-
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tory agents and growth factors in lung cells. Study of the
mechanisms and critical levels of GSH present in various in-
tracellular organelles required for the amplification of signal
transduction and gene transcription in inflammation is an im-
portant area of further research. Various redox-sensitive mech-
anisms in the form of Trxs, peroxiredoxins, sulfiredoxins, and
disulfide isomerases are involved in the oxidative signaling
process with an ultimate aim to protect and modulate cell
proteins and hence function during oxidative stress. Further
research is required to elucidate the cellular and molecular
redox-regulating mechanisms in inflammation that regulate
proinflammatory mediators. Understanding of such events may
lead to the design of novel antioxidant therapeutic strategies
for the treatment and halting of the progression of various in-
flammatory diseases.

The current interest in protein-function regulation by pro-
tein S-thiolation will lead to the identification and charac-
terization of an increasing number of novel targets of ROS/
RNS-induced thiolated proteins and unravel the molecular
mechanisms and posttranslational structural alterations. Such
knowledge may provide new insights for the development and
design of novel and effective therapeutic agents not only for a
wide variety of chronic inflammatory lung disease, but also
for other dreaded diseases, such as cancer and cardiovascular
and neurodegenerative disorders.
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ABBREVIATIONS

AP-1, activator protein-1; ARDS, adult respiratory dis-
tress syndrome; ARE, antioxidant response element; COPD,
chronic obstructive pulmonary disease; DUOX, dual function
oxidase; EpRE, electrophilic response element; ERK, extra-
cellular signal-regulated protein kinase; GC, glucocorticoid;
GCL, glutamylcysteine ligase; GCLC, GCL catalytic subunit;
GCLM, GCL modifying subunit; GR, glucocorticoid recep-
tor; GSH, glutathione; GSSG, glutathione disulfide; GST,
glutathione S-transferase; H,O,, hydrogen peroxide; IkB, in-
hibitory kB; IL, interleukin; IPF, idiopathic pulmonary fibro-
sis; JNK, c-Jun N-terminal kinase; LMW, low molecular weight;
MAPK, mitogen-activated protein kinase; MARE, Maf recog-
nition element; MnSOD, manganese superoxide dismutase;
NAC, N-acetyl-L-cysteine; NF-kB, nuclear factor-xB; NOX,
NADPH oxidase; O,"~, superoxide anion; "OH, hydroxyl rad-
ical; ONOO-, peroxynitrite; PDGF, platelet-derived growth
factor; PI3K, phosphatidylinositol 3-kinase; PIP3, phospha-
tidylinositol trisphosphate; PTEN, phosphatase and tensin
homologue; PTP, protein tyrosine phosphatases; PW, pome-

granate wine; RNS, reactive nitrogen species; ROS, reactive
oxygen species; TGF-B, transforming growth factor-g; TNF-a,
tumor necrosis factor-a; TPA, 12-O-tetradecanoylphorbol 13-
acetate; TRE, TPA-responsive element; Trx, thioredoxin.
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