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Forum Editorial

Redox Signaling in the Lungs

IRFAN RAHMAN

HE LUNGS contain the largest epithelial/endothelial sur-

face area of any organ and are therefore at risk from oxi-
dant injury by inhalation of high concentrations of oxygen or
the circulating oxidants and xenobiotics. However, the human
lung contains very well developed antioxidant defense sys-
tems, e.g., antioxidant enzymes and antioxidants, such as glu-
tathione (GSH) and thioredoxin, which not only function as
antioxidants in their redox systems, but also modify other
proteins during redox signaling. GSH and thioredoxin have
now been implicated in modulation of redox-regulated signal
transduction, regulation of cell proliferation, remodeling of
extracellular matrix, maintenance of surfactant and antipro-
tease screen, and apoptosis (20, 21).

Lung cells, in particular alveolar epithelial type II cells, are
directly susceptible to the injurious effects of oxidants. It has
been shown that lung epithelial type II cells release inflamma-
tory mediators and cytokines/chemokines such as tumor necro-
sis factor-a (TNF-a), interleukin (IL)-1, IL-8 in response to
oxidative stress, which induce neutrophil recruitment and the
activation of key redox-sensitive transcription factors such as
nuclear factor-kB (NF-kB) and activator protein-1 (AP-1),
thereby augmenting the inflammatory response and tissue dam-
age (21), and hence, oxidative stress and intracellular redox
regulators such as GSH and thioredoxin, direct cell signaling,
transcription of proinflammatory genes, cell survival, and cell
proliferation. In addition, there has been a recent surge in in-
formation that protein thiolation may be a critical cellular de-
fense and signaling mechanism during oxidative stress.

This exciting forum issue on redox signaling comprehen-
sively brings together the recent findings in the context of redox
signaling during inflammation, pathology, and treatments with
redox-modulating drugs/dietary interventions either to inhibit
abnormal signaling or to induce/boost the endogenous antiox-
idant systems. The topics covered are extensive and informa-
tive and have covered many aspects of redox signaling, e.g.,
the role of cellular thiols (GSH and thioredoxin) in redox reg-
ulation of inflammation, role of hypoxia and hyperoxia in
apoptosis, lung development, and redox-mediated gene tran-
scription, modulation of redox-sensitive transcription factors
by nitration and S-thiolation, aldehyde- and ceramide-medi-
ated cell signaling and gene transcription, redox regulation of

proinflammatory, antioxidant, and stress response genes, and
redox regulation of mitogen-activated protein (MAP) kinase
signaling pathways in lung cell proliferation and inflamma-
tion. This issue also provides information as to how antioxi-
dants are involved in redox signaling to control inflammatory
and oxidative stress in lung cells. However, there are numer-
ous questions that are still unanswered and require further re-
search:

* What are the mechanisms by which reactive oxygen species
(ROS) and GSH/thioredoxin participate in intracellular redox
signaling?

* What are the transient intermediates on redox sensing pro-
teins that signal downstream events?

* Why and how do ROS and reactive aldehydes differentially
regulate various redox signaling pathways?

* How do cells keep the balance between oxidant-induced pro-
inflammatory mediators and antioxidant enzymes and what
happens when this balance is disturbed?

* How do ROS modulate cellular proliferation or apoptosis?

» What are the mechanisms of redox signal transduction by
polyphenols? How do redox-regulating agents mediate ab-
normal signaling and/or induce endogenous defense system?

Knowledge of various key redox molecules and their regu-
lation advanced in this forum issue is aimed at providing an-
swers to the above questions and setting a platform for not only
dissecting the redox-regulated signal transduction mechanisms,
but also providing directions for future research on redox sig-
nal transduction in inflammation and cell/tissue injury.

It is known that highly conserved cysteine-sulthydryl (Cys-
SH) residue(s) present in many proteins can regulate protein
structure and function during redox signaling. GSH and most
protein cysteines are nonreactive toward hydrogen peroxide
(H,0,) unless they are in close association with a metal (5) or
exist in the form of a thiolate anion (—S-) (26). Depending
on the oxidant potential, cysteine residues can be oxidized to
form a disulfide bond (R-SS-R), sulfenic acid (—SOH), sul-
finic acid (—SO,H), or sulfonic acid (—SO,H) (26). Whereas
irreversibility of sulfinic and sulfonic acids is generally asso-
ciated with oxidative injury, reversible reduction of disulfides
and protein sulfenic acid moieties is often considered as the
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mediator of redox signaling (5, 31). However, Woo and col-
leagues have recently shown that sulfinic acid may undergo
reversible reduction, suggesting that oxidatively damaged pro-
teins can be repaired (33). Thus, understanding of the transient
and short-lived ionized form of cysteine (sulfenic or sulfinic
acid) on redox sensing proteins will enhance our knowledge
in the field of redox sensors and signaling.

The intracellular redox state [GSH/glutathione disulfide
(GSSQG) levels] of the cell plays a key role in the regulation
and potentiation of the inflammatory responses in lung cells
(9). Altered redox states have been implicated in increased
gene expression of several proinflammatory mediators (9),
regulation of heat-shock factor, and induction of heme oxyge-
nase-1 (HO-1) (15). Depletion of intracellular GSH after
TNF-a exposure in epithelial and endothelial cells in vitro
can lead to activation of NF-«kB and the release of proinflam-
matory mediators. Transforming growth factor-B,, an inflam-
matory cytokine released during inflammation, can also de-
crease GSH levels in lung cells and is regulated by a
redox-sensitive mechanism. Similarly, a single conserved
cysteine in the DNA-binding domain of Fos-Jun heterodimer
is redox-sensitive and modulates the heterodimer binding to
the DNA (1). Furthermore, inhibition of AP-1 binding to
DNA by GSSG and enhancement by thioredoxin and a nu-
clear redox protein, Ref-1, suggest a possible role that cys-
teine-disulfide may play in such interactions (12). Recently,
Delaunay and co-workers have identified a novel thiol perox-
idase, which acts as an H,O, receptor and redox transducer in
gene transcription in yeast (7). Identification of such a sensor
in eukaryotes will lead to further understanding of redox sig-
nal mechanisms. Expression of stress proteins, such as heat-
shock factor, and HO-1 has been associated with the GSH/
GSSG ratio, and Bundy and co-workers have added further
insight by showing that HO-1 and intercellular adhesion mol-
ecule expression is redox-modulated via p38 MAP kinase in
human alveolar epithelial (A549) cells (4). Carbon monoxide,
a product of HO-1, has also been shown by Ryter and Choi
(28) to modulate redox signaling during oxidative stress and
lung inflammation. Hence, it is evident that maintenance of
the intracellular GSH/GSSG ratio is important in the control
of inflammatory responses in lungs involving stress response
and heat-shock proteins.

GSH and other thiols, such as N-acetyl-L-cysteine, inhibit
TNF-a-induced generation of proapoptotic factors and regu-
late the expression of proinflammatory genes (10, 16). Gold-
korn et al. (10) have demonstrated that generation of ceramide,
an apoptotic mediator, and epidermal growth factor (EGF) re-
ceptor trafficking may be modulated by oxidative stress and the
redox GSH/GSSG status of the cells. Tyrosine phosphorylation
of EGF-receptor in lung epithelial cells by oxidative stress is
thought to influence inflammatory processes, e.g., hyperplasia
and proliferation in lungs (10). Certain aldehydes and quinones
may also regulate EGF receptor phosphorylation in lung cells.
It is likely that ROS aberrantly phosphorylate the EGF receptor,
thereby enabling the recruitment of the ubiquitin ligase c-Cbl
in the receptor complex. This would lead to prolonged down-
stream signaling of the receptor. Thus, oxidative stress and redox
GSH/GSSG levels are intimately associated with cell prolifera-
tion and apoptosis in lung cells.
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Lung extracellular epithelial lining fluid (ELF) is rich in
the antioxidant GSH and its redox system, which detoxifies
oxidants, free radicals, organic polyaromatic hydrocarbons,
and electrophilic compounds. There is increasing evidence to
suggest that many inflammatory lung diseases are associated
with airway/airspace inflammation and/or oxidant/antioxidant
imbalance leading to alteration in GSH levels in the ELF (23).
Combair and Erzurum show that the ROS modulation of GSH
and extracellular antioxidants, in particular extracellular glu-
tathione peroxidase (eGPx), are important for redox signaling
in the lungs (6). The imbalance of the redox system may lead
to abnormal signaling associated with lung tissue damage and
fibrosis. eGPx can also participate in airway inflammation and
is undoubtedly an important defense against oxidative injury
to the airway surface. The importance of redox modulation
has been further elaborated by Land and Wilson (14), who have
reported that perinatal lung development and epithelial func-
tion are influenced by redox modulation in response to hypoxia
and hyperoxia. Oxygen tensions in fetal and perinatal lungs
can differentially influence lung morphogenesis through oxy-
gen- and redox-responsive signaling pathways by hypoxia-
regulated transcription factors (hypoxia-inducible factor-a),
GSH/GSSG ratio, activation of NF-kB-dependent increase in
transepithelial Na* transport, and lung luminal fluid clearance.

A number of diseases of the respiratory tract are associated
with increased amounts of nitric oxide (NO) in the exhaled
breath. This increased oxidative metabolism leaves less bioavail-
able NO and coincides with lower amounts of S-nitrosothiols.
Reynaert and co-workers have discussed the mechanisms re-
sponsible for S-nitrosothiols and NO-mediated events and how
they transduce signals into cellular responses (27). The role of
nitrosation of NF-«kB subunit has also been discussed. This
may be an important mechanism for redox sensing of NF-«kB
under some pathological conditions.

Thioredoxin, a small ubiquitous protein with a conserved
sequence of -Cys-Gly-Pro-Cys- in the active site (two redox-
active cysteine residues), is one of the key redox molecules.
These cysteines undergo oxidation—reduction reactions in re-
sponse to the redox status of the environment. The impor-
tance of thioredoxin has recently been highlighted in signal
transduction, inflammatory response, and other biological func-
tions, such as cell growth, apoptosis, and proliferation (17).
Equally important for redox-signaling reactions are glutare-
doxins, thiol disulfide oxidoreductases responsible for GSH-
dependent thiol-disulfide oxidoreduction reactions. Apopto-
sis signal-regulating kinase 1 (ASK1), which is activated in
response to proinflammatory and stress signals, is regulated
by thioredoxin. ASK1 activates c-Jun N-terminal kinase and
p38 MAP kinase pathways and has been implicated in various
cell functions, including cell survival, differentiation, and in-
flammation. Furthermore, it has been shown that thioredoxin
and glutaredoxin associate with ASK1 at the N-terminus and
inhibit ASK1 activity and subsequent ASK1-dependent apop-
tosis by reduction/oxidation regulation (29). One of the best
examples for redox sensor-mediated reactions involves, Nrf2,
a member of the NF-E2 family of nuclear basic leucine zipper
transcription factors, and Keapl, a cytoplasmic protein ho-
mologous to the Drosophila actin-binding protein Kelch. Keapl
is regulated by redox modification of thiol groups (thioredoxin).
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Under basal conditions, Nrf2 is largely bound in the cytoplasm
to Keapl, a process that is attributed to the critical thiol status
of Keap1 (8). Oxidative modification of Keap1 thiol dissoci-
ates Nrf2 from the Nrf2—Keapl complex. Nrf2 then translo-
cates to the nucleus, binds with the 5'-upstream regulatory
antioxidant response element regions of phase 2 genes, and
accelerates their transcription. Thus, it is possible that many
of the redox-sensitive transcription factors that are regulated
by GSH can also be regulated by thioredoxin in both the cyto-
plasm and nucleus.

The cell cycle inhibitor p21Cipl/WAF1/Sdil jg regulated by redox
signaling and involved in DNA replication, repair, and apop-
tosis (18), and may be directly involved in the chronic inflam-
matory response seen in various lung diseases. ROS, which are
produced during hyperoxia, not only cause cellular damage
(DNA synthesis and cell proliferation), but also play a role in
the repair process by promoting alveolar epithelial type II cell
proliferation presumably by redox regulation of p21Cipl/WAF1/Sdil,
H,0, at low concentration regulates cell proliferation of pri-
mary epithelial cells that is mediated by MAP kinases (30).
This suggests that changes in intracellular oxidant concentra-
tions can modulate downstream signaling pathways control-
ling alveolar type II cell proliferation.

Lipid peroxidation products, such as 4-hydroxy-2-nonenal
(4-HNE), can induce various cellular events, such as prolifer-
ation and activation of MAP kinase signaling pathways (19).
4-HNE is increased in lungs of patients with chronic obstruc-
tive pulmonary disease (COPD) and probably involved in many
pathological reactions during lung inflammation (24). F -iso-
prostanes and other cyclopentenone prostaglandins (15-deoxy-
A'2.14-prostaglandin J,) can react with the sulfhydryl group of
GSH and with various GSH transferases. These aldehydes de-
crease GSH levels and alter the GSH/GSSG ratio in the cells.
Similarly, acrolein, a small aldehyde, can lead to activation of
MAP kinase pathways. Valacchi et al. (32) have shown that
inhibition of basal and cytokine-induced NF-«kB activation
and IL-8 expression by acrolein in human bronchial epithelial
cells was associated with reduced IkBa degradation. As IkB
kinase (IKK) is a redox-sensitive regulator of NF-«kB activa-
tion, they postulated that acrolein may act directly with IKK,
and immunochemical analysis of IKK suggested direct modi-
fication of the (B-subunit of IKK by acrolein. This suggests
that oxidative and inflammatory conditions may alter intra-
cellular signaling via the modulation of sulthydryl groups
present in various redox-sensitive proteins.

Recently, it has been shown that redox regulation of signal-
ing events can also occur in the nucleus. Changes in nuclear
histone acetylation and deacetylation status, at least in part,
regulate inflammatory gene expression by activation of the
proinflammatory redox-sensitive transcription factors. Oxidative
stress can enhance inflammatory gene expression by stimulating
AP-1 and NF-kB-mediated gene expression and elevating his-
tone acetylation. Adcock and colleagues (2) have shown the
redox regulation of histone deacetylases and glucocorticoid-
mediated inhibition of the inflammatory response in lung cells.
One of the major mechanisms of glucocorticoid function is to
recruit histone deacetylases to the site of active gene expres-
sion, thus reducing inflammation. Oxidants can reduce gluco-
corticoid function by inhibiting histone deacetylase activity
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by posttranslational modification of histone deacetylases with
aldehydes and NO metabolites. Thus, oxidant stress, acting
through changes in chromatin structure, can enhance inflam-
mation and induce a state of relative glucocorticoid-insensitivity
(2, 22). This may account for the lack of glucocorticoid sensi-
tivity in patients with COPD where oxidative stress and altered
redox status have been shown to occur (22). Thiol antioxidants
may reduce the inflammation and restore glucocorticoid sen-
sitivity in these subjects.

Recent studies have demonstrated that low amounts of phe-
nolic (antioxidant) compounds can regulate redox signaling in
lung cells. Curcumin (diferuloylmethane), a dietary phenolic
compound, has been shown to possess both antioxidant and
antiinflammatory properties in cultured alveolar epithelial cells
(3). Similarly, the red wine polyphenol, resveratrol, and pome-
granate wine can act as antioxidant and antiinflammatory agents
by some novel mechanisms and even prolonged aging (13).
Small redox molecules, such as B-strand mimetic template
MOL 294 and PNRI-299, and thiol antioxidants, such as N-
acetyl-L-cysteine, Nacystelyn, and ergothioneine, have poten-
tial as therapies in inflammatory diseases and have been shown
in in vitro and in vivo experiments to block the release of
these inflammatory mediators from epithelial cells and mac-
rophages, by a mechanism involving increasing intracellular
GSH and decreasing NF-kB activation and IL-8 release (11,
20, 21, 25). However, studies are needed to validate the bio-
availability of these compounds to regulate redox signaling in
lung inflammation/chronic lung diseases.

CONCLUSIONS

GSH and thioredoxin are important protective antioxi-
dants in the lungs. Regulation of intracellular redox GSH and
thioredoxin levels in response to oxygen/nitrogen species and
in inflammation should have critical effects on different lung
cells on the activation of redox sensor/signal transduction path-
ways and various transcription factors such as NF-kB and AP-1.
Understanding of the transient form of cysteine (sulfenic or
sulfinic acid) on redox sensing proteins will provide us infor-
mation on how the signaling proteins are regulated during ox-
idative stress and inflammation. The extracellular redox envi-
ronment may also affect cell signaling via transmembrane
cysteine-rich receptors, e.g., EGF receptor phosphorylation.
Study of the protective role of GSH/thiol compounds in in-
hibition of the inflammatory response and correction of the
fundamental oxidant/antioxidant imbalance in patients with
chronic inflammatory diseases is an important area of further
research. Further, understanding of the cellular and molecular
redox regulating mechanisms in inflammation/proinflamma-
tory gene transcription is urgently needed to design effective
antioxidant therapeutic strategies for the treatment of various
inflammatory lung conditions. Compounds with multiple func-
tions, such as antioxidant and anti-inflammatory properties,
can be designed to up-regulate the endogenous antioxidant
defense mechanism and inhibit the proinflammatory mediator
release. Furthermore, studies are required to understand the
novel antioxidant and antiinflammatory polyphenols or dietary
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antioxidants in the prevention or amelioration of chronic lung
inflammation.

ABBREVIATIONS

AP-1, activator protein-1; ASK-1, apoptosis signal-regulating

kinase 1; COPD, chronic obstructive pulmonary disease; EGF,
epidermal growth factor; eGPx, extracellular glutathione per-
oxidase; ELF, epithelial lining fluid; GSH, glutathione; GSSG,
glutathione disulfide; 4-HNE, 4-hydroxy-2-nonenal; H,O,,
hydrogen peroxide; HO-1, heme oxygenase-1; IKK, IkB ki-
nase; IL, interleukin; MAP, mitogen-activated protein; NF-«B,
nuclear factor-kB; NO, nitric oxide; ROS, reactive oxygen
species; TNF-a, tumor necrosis factor-o.
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