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ABSTRACT: Reactive oxygen species, either directly or via the formation of lipid peroxidation
products, may play a role in enhancing inflammation through the activation of stress kinases (c-
Jun activated kinase, extracellular signal-regulated kinase, p38) and redox-sensitive transcription
factors, such as nuclear factor (NF)-kB and activator protein-1. This results in increased
expression of a battery of distinct pro-inflammatory mediators. Oxidative stress activates NF-kB-
mediated transcription of pro-inflammatory mediators either through activation of its activating
inhibitor of kB-o kinase or the enhanced recruitment and activation of transcriptional co-
activators. Enhanced NF-kB-co-activator complex formation results in targeted increases in
histone modifications, such as acetylation leading to inflammatory gene expression.

Emerging evidence suggests the glutathione redox couple may entail dynamic regulation of
protein function by reversible disulphide bond formation on kinases, phosphatases and
transcription factors. Oxidative stress also inhibits histone deacetylase activity and in doing so
further enhances inflammatory gene expression and may attenuate glucocorticoid sensitivity.

The antioxidant/anti-inflammatory effects of thiol molecules (glutathione, N-acetyl-L-cysteine
and N-acystelyn, erdosteine), dietary polyphenols (curcumin-diferuloylmethane, cathechins/
quercetin and reserveratol), specific spin traps, such as a-phenyl-N-tert-butyl nitrone, a catalytic
antioxidant (extracellular superoxide dismutase (SOD) mimetic, SOD mimetic M40419 and SOD,
and catalase manganic salen compound, eukarion-8), porphyrins (AEOL 10150 and AEOL 10113)
and theophylline have all been shown to play a role in either controlling NF-kB activation or
affecting histone modifications with subsequent effects on inflammatory gene expression in lung
epithelial cells.

Thus, oxidative stress regulates both key signal transduction pathways and histone
modifications involved in lung inflammation. Various approaches to enhance lung antioxidant
capacity and clinical trials of antioxidant compounds in chronic obstructive pulmonary disease
are also discussed.

KEYWORDS: Chronic obstructive pulmonary disease, glucocorticoids, glutathione, histone
deacetylase, nuclear factor-kB, reactive oxygen species
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REDOX MODULATION OF LUNG INFLAMMATION

hydroxyl radical (‘'OH), are highly unstable species with
unpaired electrons, capable of initiating oxidation. ROS causes
oxidation of proteins, DNA and lipids, which may cause direct
lung injury or induce a variety of cellular responses, through
the generation of secondary metabolic reactive species. ROS
may alter remodelling of extracellular matrix (ECM) and blood
vessels, stimulate mucus secretion, cause apoptosis and regulate
cell proliferation [1]. Alveolar repair responses and immune
modulation in the lung may also be influenced by ROS [2].

Since the 1990s, ROS has been implicated in initiating
inflammatory responses in the lungs through the activation
of transcription factors, such as nuclear factor (NF)-xB and
activator protein (AP)-1, and other signal transduction path-
ways, such as mitogen-activated protein (MAP) kinases and
phosphoinositide-3-kinase (PI-3K), leading to enhanced gene
expression of pro-inflammatory mediators [2—4]. Recently, it
has been shown that oxidative stress and the redox status of
the cells can also regulate nuclear histone modifications, such
as acetylation, methylation and phosphorylation, leading to
chromatin remodelling, and recruitment of basal transcription
factors and RNA polymerase II leading to the induction of pro-
inflammatory mediators (fig. 1) [2, 3]. The present review
discusses the role of oxidative stress and redox status of the
cells in cell signalling, NF-kB activation and its involvement in
chromatin remodelling, and pro-inflammatory gene transcrip-
tion in inflammation. Various approaches to enhance lung
antioxidant capacity and clinical trials of antioxidant com-
pounds in chronic obstructive pulmonary disease (COPD) will
also be discussed.

OXIDATIVE STRESS IN THE ALVEOLAR SPACE
The oxidant burden in the lungs is enhanced in smokers by the
release of ROS from macrophages and neutrophils [5].

Inhaled
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Oxidants present in cigarette smoke can stimulate alveolar
macrophages to produce ROS and to release a host of
mediators, some of which attract neutrophils and other
inflammatory cells into the lungs. Both neutrophils and
macrophages, which are known to migrate in increased
numbers into the lungs of cigarette smokers, compared with
nonsmokers [5], can generate ROS via the reduced nicotina-
mide adenine dinucleotide phosphate (NADPH) oxidase
system. Moreover, the lungs of smokers with airway obstruc-
tion have more neutrophils than smokers without airway
obstruction [5]. Circulating neutrophils from cigarette smokers
and patients with exacerbations of COPD release more O, [6].
Cigarette smoking is associated with increased content of
myeloperoxidase (MPO) in neutrophils [7, 8], which correlates
with the degree of pulmonary dysfunction [7-9]. This suggests
that neutrophil MPO-mediated oxidative stress plays a role in
lung inflammation.

Alveolar macrophages obtained by bronchoalveolar lavage
(BAL) fluid from the lungs of smokers are more activated
compared with those obtained from nonsmokers [5]. One
manifestation of this is the release of increased amounts of ROS
such as O,” and hydrogen peroxide (H,O,) [5, 10, 11].
Exposure to cigarette smoke in vitro has also been shown to
increase the oxidative metabolism of alveolar macrophages
[12]. Subpopulations of alveolar macrophages with a higher
granular density appear to be more prevalent in the lungs of
smokers and are responsible for the increased O, production
by smokers’ macrophages [12, 13]. The generation of ROS in
epithelial lining fluid may be further enhanced by the presence
of increased amounts of free iron in the airspaces in smokers
[14, 15]. This is relevant to COPD since the intracellular iron
content of alveolar macrophages is increased in cigarette
smokers and is increased further in those who develop chronic
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FIGURE 1. Mechanisms of reactive oxygen species (ROS)-mediated lung inflammation. Inflammatory response is mediated by oxidants either inhaled and/or released
by the activated neutrophils, alveolar macrophages (AMs), eosinophils (Eos) and epithelial cells leading to production of ROS and membrane lipid peroxidation. Activation of
transcription of the pro-inflammatory cytokine and chemokine genes, upregulation of adhesion molecules and increased release of pro-inflammatory mediators are involved
in the inflammatory responses in patients with chronic obstructive pulmonary disease. EPO: eosinophil peroxidise; MPO: myeloperoxidase; PMNs: polymorphonuclear cells;
H-O.: hydrogen peroxide; HOCI: hypochlorous acid; HOBr: hypobromus acid; O.™: superoxide anion; “OH: hydroxyl radical; 4-HNE: 4-hydroxynonenal; MAP: mitogen-

activated protein; TF: transcription factor.
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bronchitis, compared with nonsmokers [16]. In addition,
macrophages obtained from smokers release more free iron
in vitro than those obtained from nonsmokers [17].

In some studies, both in patients with stable disease [18] and
during mild exacerbations of bronchiolitis [19], eosinophils
have been shown to be prominent in the airway walls. BAL
from patients with COPD has also been shown to contain
increased levels of eosinophilic cationic protein [8].
Furthermore, peripheral blood eosinophilia is also considered
to be a risk factor for the development of airway obstruction in
patients with chronic bronchitis and is an adverse prognostic
sign [20, 21]. However, despite the presence of increased
numbers of eosinophils, eosinophil peroxidase-mediated gen-
eration of specific 3-bromotyrosine has not been detected in
COPD patients [22]. This does not provide support for a role of
brominating oxidants in eosinophil-mediated ROS damage in
COPD.

OXIDATIVE STRESS IN BLOOD

The neutrophil is an important cell in the pathogenesis of
COPD [21]. Previous epidemiological studies have shown an
inverse relationship between circulating neutrophil numbers
and the forced expiratory volume in one second (FEV1) [23, 24].
Moreover, a similar relationship has also been shown between
the change in peripheral blood neutrophil count and the
change in airflow limitation over time [25]. Similarly, an
association between O, release by peripheral blood neutro-
phils and bronchial hyperresponsiveness in patients with
COPD has been shown, suggesting a role for systemic ROS
in the pathogenesis of the airway abnormalities in COPD [26].
Another study has shown a negative relationship between
peripheral blood neutrophil luminol-enhanced chemilumines-
cence, as a measure of the release of ROS and measurements of
airflow limitation in young cigarette smokers [27].

Various studies have demonstrated increased production of
O, from peripheral blood neutrophils obtained from patients
during acute exacerbations of COPD, which returned to
normal when the patients were clinically stable [6, 28, 29].
Other studies have shown that circulating neutrophils from
patients with COPD show upregulation of their surface
adhesion molecules, which may also be an oxidant-mediated
effect [6, 30]. Activation may be even more pronounced in
neutrophils which are sequestered in the pulmonary micro-
circulation in smokers and in patients with COPD, since these
cells release more ROS than circulating neutrophils in animal
models of lung inflammation [31]. Thus, sequestered neutro-
phils may be a source of ROS, and may have a role in inducing
endothelial adhesion molecule expression in COPD.

Superoxide anion and hydrogen peroxide can be generated by
the xanthine/xanthine oxidase reaction. Interestingly, xanthine
oxidase activity has been shown to be increased in cell-free
BAL fluid and plasma from COPD patients, compared with
normal subjects, and this has been associated with increased
O,” and lipid peroxide levels [32-34]. Cigarette smoking
increases the formation of reactive nitrogen species (RNS)
and results in nitration and oxidation of plasma proteins. The
levels of nitrated proteins (fibrinogen, transferrin, plasminogen
and ceruloplasmin) were higher in smokers [35] compared
with nonsmokers. Evidence of nitric oxide (NO)/peroxynitrite
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(ONOQ), activity in plasma has been shown in cigarette
smokers [35]. In vitro, exposure to gas-phase cigarette smoke
caused increased lipid peroxidation and protein carbonyl
formation in plasma [36]. It is likely that o, B-unsaturated
aldehydes (acrolein, acetaldehyde and crotonaldehyde), which
are abundantly present in cigarette smoke, may react with
protein-sulphydryl (SH) and -NH, groups leading to the
formation of a protein-bound aldehyde functional group
capable of converting tyrosine to 3-nitrotyrosine and dityrosine
[37]. NO and ONOO-mediated formation of 3-nitrotyrosine in
plasma and free catalytic iron (Fe*") levels in epithelial lining
fluid are elevated in chronic smokers [35, 38, 39]. Furthermore,
levels of nitrotyrosine and inducible NO synthase (iNOS) were
higher in airway inflammatory cells obtained by induced
sputum from patients with COPD compared with those with
asthma [35] and the levels of nitrotyrosine were negatively
correlated with the FEV1 per cent predicted.

A recent study by KANAZAWA et al. [40] has shown that
increased levels of NO and reduced peroxynitrite inhibitory
activity were present in induced sputum from patients with
COPD. The increased level of RNS was inhibited following
steroid therapy in patients with COPD, and the reduction in
nitrotyrosine and iNOS immunoreactivity in sputum cells was
correlated with the improvement in FEV1 and airway respon-
siveness to histamine [41]. These direct and indirect studies
indicate that an increased RNS- and ROS-mediated protein
nitration and lipid peroxidation, respectively, may play a role
in the inflammatory response which occurs in these patients.
However, the sensitivity to steroid therapy and to histamine
hyperresponsiveness suggests that these subjects may also
have asthma as a confounding diagnosis.

ROS-MEDIATED LIPID PEROXIDATION PRODUCTS AND
THEIR ROLE IN LUNG INFLAMMATION

The environment, in particular ozone, cigarette smoke and
inflammatory cells, is a major source of ROS. O,” and "OH, can
be generated and released by activated inflammatory cells.
Although several mechanisms, such as mitochondrial respir-
ation and xanthine oxidase, may be involved in the intracel-
lular production, the primary source is through the action of
NADPH. ROS are highly reactive and, when generated close to
cell membranes, can induce lipid peroxidation (oxidation of
membrane phospholipids) and the accumulation of their
products including malondialdehyde, 4-hydroxy-2-nonenal,
acrolein and F,-isoprostanes (fig. 2). The pathogenesis of many
forms of lung injury has implicated peroxidative breakdown of
polyunsaturated fatty acids due to the effects on membrane
function, inactivation of membrane-bound receptors and
enzymes, and increased tissue permeability [42]. There is
increasing evidence that aldehydes, generated endogenously
during the process of lipid peroxidation, are involved in many
of the pathophysiological events associated with oxidative
stress in cells and tissues [43]. In addition to their cytotoxic
properties, lipid peroxides are increasingly recognised as being
important in signal transduction for a number of important
events in the inflammatory response in the lungs [44].

F>-ISOPROSTANES

F>-isoprostanes are produced by nonenzymatic lipid peroxida-
tion of arachidonic acid in the absence of cyclooxygenase [45, 46].
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FIGURE 2. Mechanism of membrane lipid peroxidation of polyunsaturated fatty acids by cigarette smoke leading to the generation of various reactive aldehydes. The

reactive aldehydes trigger several redox signalling events.

F,-isoprostanes are initially formed in situ by oxidation of
phospholipids and then released by the action of phospho-
lipases. Acting through specific prostaglandin receptors, Fp-
isoprostane is a potent smooth muscle constrictor and mitogen,
and modulates platelet activity, as well as other cell functions
in vitro [45, 46].

4-HYDROXY-2-NONENAL

4-hydroxy-2-nonenal is a diffusible and highly reactive lipid
peroxidation end-product, which acts as a chemoattractant for
neutrophils in vitro and in vivo [47]. The levels of 4-hydroxy-2-
nonenal-modified proteins are increased in airway and
alveolar epithelial cells, endothelial cells and neutrophils in
subjects with airway obstruction compared with subjects
without airway obstruction [48]. Numerous cellular functions,
such as cell proliferation and inhibition [49], T-cell apoptosis
[50] and activation of various signalling pathways [44, 51], are
abnormally regulated as a result of 4-hydroxy-2-nonenal
modification. Mechanistically, 4-hydroxy-2-nonenal has a high
affinity towards cysteine, histidine and lysine residues forming
direct protein-adducts. Moreover, 4-hydroxy-2-nonenal has
also been reported to activate glutathione (GSH) synthesis via
induction of the glutamate cysteine ligase gene (a key enzyme
for GSH synthesis) and a variety of pro-inflammatory genes,
such as interleukin (IL)-8, monocyte chemoattractant protein
(MCP)-1, cyclooxygenase-2, epidermal growth factor receptor,
and of mucin 5AC. This suggests that 4-hydroxy-2-nonenal
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may also act on signalling molecules involved in gene
transcription [2, 44, 47, 49-51].

ACROLEIN

Acrolein is a thiol reactive, a-p-unsaturated aldehyde, which is
present in various environmental sources, particularly cigar-
ette smoke [52]. Inhalation of acrolein is known to induce
changes in airway structure and function in rats, possibly
through depletion of GSH and inhibition of the various GSH
redox enzymes in the rat nasal mucosa [53, 54] and in alveolar
Ab49 epithelial cells in vitro [55]. Acrolein (2 ppm) exposure to
rats causes bronchioles to be filled with desquamised cells
along with isolated peribronchial monocytes [56]. In addition,
macrophage activation is enhanced as a result of increased
adhesion to acrolein-modified ECM proteins [6]. Exposure to
acrolein has also been shown to reduce ciliary beat frequency
in bovine-cultured bronchial epithelial cells and to increase the
release of a series of eicosonoids, such as prostaglandin (PG)E,
and PGF,, [54, 55]. Alkylating agents, including acrolein, are
versatile mutagens and/or carcinogens since they can react
with a variety of nucleophilic sites in DNA, forming adducts
with DNA bases [56]. In general, acrolein activates phase II
gene transcription as evident by an increase in mRNA for
nicotinamide adenine dinucleotide phosphate H:quinone
oxidoreductase (NQO1). Western blot analysis has revealed
an increased level of the transcription factor, Nrf2, in nuclear
extracts from acrolein-treated cells, and a human NQO1
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antioxidant response element (ARE) reporter assay has
confirmed the involvement of Nrf2 in ARE-mediated trans-
criptional activation in response to acrolein. Furthermore,
increased binding of nuclear proteins to a human ARE
consensus sequence has been reported in cells treated with
acrolein. Enhanced phase II enzyme gene expression by
acrolein may form the basis of resistance against cell death
and can have implications in cigarette smoke-related lung
carcinogenesis. In human lung type II epithelial (A549) cells,
acrolein has been shown to induce transcriptional induction of
phase II genes by activation of Nrf2. The importance of Nrf2
can be gauged from a recent report by RANGASAMY et al. [57],
who showed that disruption of the Nrf2 gene in mice led to an
early and a more intense emphysema in response to cigarette
smoke. The same study showed that the expression of nearly
50 antioxidant and cytoprotective genes in the lungs may be
transcriptionally controlled by Nrf2 and all these genes may
work in concert to overcome the effects of cigarette smoke. In
contrast, VALACCHI et al. [58] have reported recently that
acrolein could inhibit inflammatory responses in the human
bronchial epithelial cell line (HBE)-1 by decreasing IL-8
generation via direct or indirect modulation of NF-kB activity.

GLUTATHIONE AND CELLULAR REDOX REGULATION

Glutathione metabolism

Evidence is rapidly accumulating as to the importance of
intracellular redox environment in maintaining proper cellular
homeostasis and function. Cells, in particular within the lungs,
have evolved elaborate mechanisms that ensure proper
balance between the pro-oxidant and antioxidant molecules
as defence against constant oxidative challenge. GSH is the
most important nonprotein sulphydryl in the cells and plays a
key role in the maintenance of the cellular redox status. The
redox potential is defined as the ratio of the concentration of
oxidising equivalents to that of reducing equivalents [59]. Two
major redox forms of GSH have been identified in the cells, i.e.
reduced glutathione and glutathione disulphide (GSSG).
Recently, the role of the two forms (ratio of cytoplasmic
GSH/GSSG) has been implicated in a range of cellular
processes, such as cellular signalling, gene expression and
apoptosis [60]. GSSG represents a negligible fraction (1/100th)
of the total GSH pool. The normal GSH content of a cell ranges
1-10 mM and is the function of the balance between its
depletion and synthesis. It is imperative for a cell to maintain
this level of GSH for normal functioning. Cells can either
excrete GSSG or reduce it back to GSH in the cytoplasm at the
expense of NADPH, the reaction being catalysed by glu-
tathione reductase. However, de novo synthesis of GSH from its
amino acid constituents is essential for the elevation of GSH
that occurs as an adaptive response to oxidative stress. GSH
synthesis involves two enzymatic steps catalysed by glutamate
cysteine ligase (formerly called y-glutamylcysteine synthetase)
and glutathione synthetase [61]. The enzyme glutamate
cysteine ligase is the rate-limiting component of GSH synthesis
[61]. The de novo rate modulation of GSH synthesis is also
determined by the cellular levels of the amino acid cysteine.

The plasma membrane ectoenzyme y-glutamyl transpeptidase
plays an important role in the supply of cysteine by hydrolytic
release of this amino acid from cysteine-linked sources. -
Glutamyl transpeptidase is the only enzyme that can break the
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y-linkage found in GSH and GSH-conjugates, and thus release
cysteine. It metabolises the extracellular GSH and preferen-
tially forms y-glutamylcysteine, which is taken up by cells and
subsequently reduced to form y-glutamylcysteine bypassing its
production by glutamate cysteine ligase. This enzyme is
composed of a heterodimer containing a 73-kDa heavy
catalytic subunit and a 30-kDa light modifying subunit [61].
Although the heavy subunit contains all of the catalytic
activity, the association of the heavy subunit with the
regulatory light subunit can modulate glutamate cysteine
ligase 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 the ratio of glutamate
cysteine ligase catalytic subunit to glutamate cysteine ligase
modifying subunit is significantly greater than 1 [62].
Glutamate cysteine ligase is regulated by GSH through
feedback inhibition and as 4-hydroxy-2-nonenal can conjugate
with GSH [63]; this might be an important mechanism
whereby GSH depletion may occur during oxidative stress.
Interestingly, increased formation of 4-hydroxy-2-nonenal has
also been reported to induce expression of glutamate cystine
ligase, which will in turn increase synthesis of GSH [64]. This
might be an important cellular antioxidant adaptation during
oxidative stress.

GSH and oxidative stress

The GSSG/2GSH ratio can serve as a good indicator of the
cellular redox state [65]. This ratio in GSH parlance may be
determined by the rates of H,O, reduction by glutathione
peroxidase and GSSG reduction by glutathione reductase.
Thus, antioxidant enzymes play a critical role in the main-
tenance of the cellular reductive potential. Several enzymes/
proteins involved in the redox system of the cell and their
genes, such as manganese superxide dismutase (MnSOD),
glutamate cysteine ligase, glutathione peroxidase, thioredoxin
reductase, and metallothionein, are induced by modulation of
cellular GSH/GSSG levels in response to various oxidative
stresses, including hyperoxia and inflammatory mediators,
such as tumour necrosis factor (TNF)-a and lipopolysaccharide
(LPS), in lung cells [66-68]. Intracellular redox status of lung
epithelial cells has been shown to be a critical factor in
determining cell susceptibility or tolerance to oxidative insults.
It has been shown that GSH depletion due to glutamate
cysteine ligase inhibition by buthionine sulphoximine sensi-
tises both alveolar epithelial A549 and bronchial epithelial 16-
HBE cells to the injurious effects of hyperoxia and H,O,,
resulting in an increased membrane permeability and activa-
tion of NF-xB [69]. In contrast, pre-treatment of these cell lines
with hyperoxia prior to H,O, exposure protects against the
cytotoxic effects of HyO,, as well as preventing NF-xB
activation. These protective effects were due to an adaptive
increase in GSH in response to pre-treatment with hyperoxia.
Therefore, modulation of intracellular GSH can determine the
course of tolerance to subsequent oxidant exposure.

The relationship to redox signalling is provided by the
production of GSSG during the enzymatic reduction of
hydroperoxides or ONOO™ by glutathione peroxidase.
Normally, GSSG represents <1% of total cytoplasmic glu-
tathione pool. When H,O, or ONOQO' is transiently elevated, a
similar transient elevation in GSSG can occur, providing a
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possible mechanism for signalling by means of thiol-disul-
phide exchange. In this scenario, signalling is indirectly
dependent upon ROS generation. Nonetheless, as this mechan-
ism requires a change in GSSG that is usually only observed
during oxidative stress, such signalling is more likely to be an
oxidative stress response rather than a physiological redox
signal. Interestingly, the elevated sputum levels of GSSG and
nitrosothiols seen in COPD subjects were associated with
neutrophilic inflammation [70]. Therefore, the presence of
GSSG in the sputum may serve as a marker of oxidative stress
in lung diseases.

Glutathione peroxidase

Glutathione peroxidases are a family of selenium-dependent
and -independent antioxidant enzymes and can be divided
into two groups: cellular and extracellular. Glutathione
peroxidase reduces H,O, to H,O by oxidising glutathione as
shown in equation 1. Re-reduction of the oxidised form of
GSSG is then catalysed by glutathione reductase through
glutathione cycle (equation 2). The capacity to recycle GSH
(equation 2) makes the GSH cycle pivotal to the antioxidant
defence mechanism of a cell and prevents the depletion of
cellular thiols.

H,0, + 2GSH — GSSG + 2H,0 1)
GSSG + NADPH + H* — 2GSH + NADP* @)

An extracellular form of selenium-dependent glutathione
peroxidase has also been reported in epithelial lining fluid
and other lung cells. The alveolar epithelial lining fluid
contains very high amounts of both extracellular glutathione
peroxidase and classical glutathione peroxidase in consonance
with a very high amount of GSH [60]. Primary bronchial
epithelial cells, alveolar macrophages and other lung cell lines
can synthesise classical glutathione peroxidase and extracel-
lular glutathione peroxidase and also secrete extracellular
glutathione peroxidase [60]. Classical glutathione peroxidase is
induced by hyperoxia and by the combination of hyperoxia
and TNF-o. The alveolar epithelial lining fluid of normal
individuals contains high levels of GSH, and the levels of both
classical glutathione peroxidase and extracellular glutathione
peroxidase are decreased after exposure to ozone, but not to
NO,. Also, glutathione reductase and reduced nicotinamide
adenine dinucleotide phosphate, which are important for
maintenance of GSH in its active (reduced) form, are found
in alveolar epithelial lining fluid.

PROTEIN-THIOL (SH) ALTERATIONS: A NOVEL REDOX
SIGNALLING MECHANISM AND ADAPTIVE STRESS
RESPONSE

Protein-thiol oxidation

Convincing evidence that cells may resist oxidative stress via
protein thiolation was provided by DOMINICI ef al. [71]. They
showed S-glutathiolation of y-glutamyl transpeptidase on the
surface of U937 lymphoma cells in response to oxidative stress.
Initially, an S-glutathiolation-dependent loss of activity was
observed for the enzyme wherein the free surface thiols of the
enzyme were S-glutathiolated and may be correlated with a
concurrent generation of H,O,, which is a byproduct of -
glutamyl transpeptidase function. Reversible post-translational
modification of specific amino acid residues on proteins has
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now been identified as one of the important regulatory
mechanisms of protein function.

Proteins bearing cysteine-SH (Cys-SH) residues in the thiolate
form (S) are considered prone to oxidative modification.
Oxidation of protein-Cys-SH may interfere with biological
functions either as ““damage’” or, in context of the present
review, to oxidant-dependent signal transduction. Although
protein-Cys-SH behave like nonprotein thiols, their biochem-
istry is complicated by their accessibility, steric interference
and charge distribution [72]. The response of protein-Cys-SH and
their reaction mechanisms vary depending upon the source of
the protein-Cys-SH and are influenced by the existing pKa,
disulphide susceptibility /accessibility to oxidants and the
conformation of the protein at a given time (fig. 3).

Oxidative/nitrosative stress can be generated as a result of
excessive ROS and/or RNS production. It is to be noted that
NO may be scavenged with a variety of ROS species to form a
range of RNS, which may lead to enhanced nitration of
protein-tyrosine in the lungs and hence may play a role in
airway inflammation [73]. Initially, oxidative thiolation of
protein-Cys-SH was recognised as an aftermath of oxidative
stress, but recent evidence suggests that such transformations
may be of greater biochemical consequence, both as a
protective and a signalling mechanism. Therefore, protein-S-
thiolation (S-thiolation) and protein-S-nitrosation (S-nitrosa-
tion) have emerged as a novel area of oxidative biochemistry.
A great number of cells have now been recognised to respond
to oxidative stress by S-thiolation and S-nitrosation. Although
the major mediator of protein thiolation is the thiol antioxidant
GSH (which promotes S-glutathiolation), its catabolite-depen-
dent metal reduction has recently been identified to act as a
pro-oxidant capable of modulating redox balance, signal
transduction pathways and transcription factors [74].

It has been hypothesised that GSH may also be involved as a
physiological buffer for controlling cellular oxygen tension
[75]. In a community-based study, cigarette smokers were
found to have ~20% more glutathiolated proteins in their
plasma compared with nonsmokers [76]. Therefore, S-thiola-
tion measurement has been hypothesised to be a prognostic
marker for cigarette smoke-dependent oxidative stress.
Similarly, cigarette smoking was associated with oxidation of
glutathione and cysteine in human plasma in smokers aged
40-85 yrs compared with nonsmokers [77]. Cigarette smoke
extract causes increased formation of S-adenosylmethionine
and cystathionine by transulphuration pathway in A549 lung
epithelial cells [78]. Hence, excessive production of ROS or
RNS or the failure of a cell’s defence and repair mechanisms
lead to a condition known as oxidative or nitrostative stress
[79]. Such a situation may lead to an irreversible loss or a
reversible modulation of protein function.

Cysteine sulphoxidation as protein function modulator

Cysteine thiolates (Cys-S’), but not cysteine thiol (Cys-SH), can
be readily oxidised to a sulphenic acid (-SOH), which is a
relatively reactive form that can quickly form a disulphide
with a nearby thiol. Strong oxidants will oxidise either Cys-S
or Cys-SH to sulphinic (Cys-SO,H) and/or sulphonic (Cys-
SO;H) acid derivatives [80]. This difference in the generation of
a particular cysteine thiol species provides a basis for
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FIGURE 3. Schematic summary of protein thiolation. Oxidative or nitrosative
stress oxidise thiols of various proteins (Pro-SH) and glutathiones (GSH). Two
series of oxidised species arise depending on the starting target. Oxidation/
nitrosation of Pro-SH leads to the formation of protein thiyl (Prot-S), Prot-sulphenic
(Prot-SOH), S-nitroso protein (Prot-SNO) and that of GSH vyields S-nitrosoglu-
tathione (GSNO), glutathione sulphrenic (G-SOH) and glutathione reductase (GSR).
All these oxidised species may be: 1) further oxidised irreversibly to sulphinic
(RSO,H) and then sulphonic (RSOzH) derivatives; 2) undergo trans-thiolation/
reduction (----) either by GSH or other thiol species (RSH) to form a radical mixed
disulphide (RSSG); and 3) the RSSG formed may be reduced by various agents
such as peroxiredoxin, thioredoxins, sulphiredoxins or glutaredoxins to form active
thiols (Pro-SH/GSH). The RSO,H species, earlier thought to be irreversibly
damaged are now known to be reversibly modified by sulphiredoxins to form the
unstable sulphenic species, which may then be reduced back to their respective
active forms. Formation of RSSG appears to be a protective mechanism during an
oxidative/nitrosative stress and may be an important mechanism for preventing loss
of important proteins due to oxidative damage. SRx: sulphiredoxin; TRx: thioredoxin
reductase; GRx: glutathione reductase.

distinguishing redox signalling from oxidative stress. While
oxidative stress generally involves nonspecific oxidation of a
wide variety of molecules, redox signalling is gradually being
recognised to involve oxidation of those cysteines which are
located in an environment promoting dissociation of thiols.
The higher oxidation states in the form of sulphinic and
sulphonic derivatives have essentially been considered as
irreversible modifications under biologically relevant condi-
tions and associated with oxidative injury. However, protein-
cysteine-sulphenic acid is unstable and may be further
oxidised to sulphinic acid or sulphinic species or scavenged
by GSH or vicinal thiols to form intramolecular disulphides or
mixed disulphides [81]. Therefore, it is evident that cysteine
may be recycled between a reduced form (Cys-SH) and its
oxidised forms (sulphinate, sulphinic or sulphinic derivatives).

This transition between the reduced and oxidised forms may,
by itself, represent a regulatory mechanism of protein function.
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Most noteworthy examples of such a regulation are the ROS-
dependent sulphinic acid formation dependent inhibition of
tyrosine phosphatase-IB and modulation of insulin receptor
kinase activity [82, 83]. GSH reductase, cathepsin K,
S-nitrosoglutathione, other NO donors and glyceraldehyde-3-
phosphate-dehydrogenase have been identified as potential
inducers of sulphinate species formation. Recently, POOLE et al.
[84] have considered the idea that Cys-sulphenic acid might
have an important role in the catalytic centres of the respective
enzymes. This study further suggests that Cys-sulphenates
might be useful as a sensor of both oxidative and nitrosative
stress which affect enzymes and transcriptional regulators.
Since the formation of sulphenic, sulphinic or sulphonic
species depend upon the degree of oxidative stress, the
presence and stoichiometry of these species may yield useful
information regarding the exact status of the prevailing
oxidative stress. However, much work is needed to emphatic-
ally establish protein function modulation viaz cysteine-
sulphoxidation pathways.

S-glutathiolation modulation of transcription factors

The evidence of S-glutathiolation involvement in transcription
was first obtained from the study wherein it was shown that
binding of the NF-1 to DNA required a particular ratio of
GSH/GSSG and that oxidative inactivation of NF-1 due to
mixed disulphide formation was reversed by glutaredoxin
[85]. More information was provided by KLATT et al. [86] who
have showed that binding of the AP-1-c-Jun subunit to DNA
depended on the cellular GSH/GSSG ratio. The GSH/GSSG
ratio provided a redox potential which determined the
oxidation of c-Jun via the formation of a mixed disulphide, as
well as its S-glutathiolation, at conserved cysteines within the
DNA binding site. Mixed disulphide formation leads to the
inhibition DNA binding by c-Jun. Molecular characterisations
have further revealed that the susceptibility of the c-Jun to
form a mixed disulphide under mild oxidising conditions
depends on the structural environment of the target cysteine
residue [86]. Interestingly, since various transcription factors,
such as NF-kB, members of Jun/Fos, activating transcription
factor/cyclic adenosine monophosphate response element
binding protein (ATF/CREB) and c-Myb exhibit a common
putative GSH (sulphydryl) binding domain, it appears that S-
glutathiolation may represent a general mechanism of redox-
signal transduction leading to suppression of gene expression
[87]. Furthermore, the NF-kB subunit-p50 has been shown to
be modulated by the GSH/GSSG ratio by a mixed disulphide
formation at the cysteine residue of the DNA binding domain.
This observation was found to be in agreement with an in vitro
finding of an inhibition of AP-1 activation due to decrease in the
GSH/GSSG ratio [87]. Hence, the fine tuning of GSH and GSSG
ratio is very important in redox signalling. It may be highlighted
here that the measurement of GSSG is difficult due to its
presence in low concentration (1% of the total GSH); however,
when the ratio switches in favour of GSSG, it is then possible to
measure GSSG levels by enzymatic or HPLC methods. The
finding of a nuclear glutaredoxin has further emphasised the
importance of a reversible and enzymatic modulation of
mixed disulphide-dependent alterations of nuclear protein-
thiols. Thus, protein function modulation by S-glutathiolation
spans a wide variety of cellular functions ranging from
resistance to oxidative stress, phosphorylation-dependent
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signal transduction, and post-translational protein modifica-
tion to transcriptional activation and inhibition.

Involvement of oxidative stress and lipid peroxidation
products in cell signalling and pro-inflammatory gene
transcription

ROS can lead to the activation of various other cell signalling
pathway components. Examples include the extracellular
signal regulated kinase, c-Jun N-terminal kinase (JNK), p38
kinase, and PI-3K/Akt via sensitive cysteine rich domains and
the sphingomyelinase-ceramide pathway, all of which lead to
increased gene transcription [5, 88, 89]. Indeed, activation of
members of the MAP kinase (MAPK) family triggers the
transactivation of transcription factors, such as c-Jun, ATF-2,
CREB-binding protein (CBP) and Elk-1 [88-90]. This eventually
results in the expression of a battery of distinct genes that can
regulate pro-inflammatory, pro-apoptotic and antiproliferative
responses. Likewise, lipid peroxidation products have also
been shown to act as a signal for activation of transcription
factors and gene expression, leading to both an inflammatory
[44, 51] as well as a protective/stress response. The latter
response has been exemplified by several studies. The first
study showed that the induction of glutamate cysteine ligase
may be an important adaptive response of the alveolar
epithelium when under attack by oxidative stress and by lipid
peroxidation products such as 4-hydroxy-2-nonenal [91]. A
second study has shown that another antioxidant, the
thioredoxin gene, is induced by 4-hydroxy-2-nonenal in
response to LPS challenge in mice, thereby providing
endotoxin tolerance [92].

Oxidative stress and redox regulation of NF-xB

Although numerous different pathways are activated during
the inflammatory response, NF-«kB is thought to be of
paramount importance in COPD inflammation because it is
activated by all the potentially pathogenic stimuli [5]. NF-kB is
activated by numerous extracellular stimuli, including cyto-
kines such as TNF-a and IL-1pB, viruses and environmental
particulates (PM10s) and oxidative stress [5, 12]. NF-kB is
ubiquitously expressed within cells, and not only controls
induction of inflammatory genes in its own right but also
enhances the activity of other cell- and signal-specific
transcription factors [5, 47, 93]. The NF-kB/Rel complex is a
family of redox-sensitive transcription factors composed of
several key regulatory molecules controlling the expression of
many inflammatory and protective/stress response genes. NF-
kB exists as a heterodimeric complex usually of p50 and p65/
RelA subunits. In unstimulated cells, NF-xB is found in the
cytoplasm as an inactive non-DNA binding form, associated
with an inhibitor protein called inhibitor of kB (IxB), which
masks the nuclear translocation signal, thus preventing NF-kB
from entering the nucleus. Upon cell stimulation with various
NF-xB inducers, IkB-a is rapidly phosphorylated on two serine
residues (Ser32 and Ser36) [90, 94], which target the inhibitor
protein for ubiquination by the E3 ubiquitin-ligases (E3RSIxB)
and subsequent degradation by the 26S proteasome. The
released NF-«kB dimer can then be translocated into the nucleus
and activate target genes by binding with high affinity to kB
elements in their promoters [3, 95].

Activation of cell-surface receptors leads to phosphorylation of
receptor-associated kinases [96], which in turn phosphorylate
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the inhibitors of NF-kB kinase (IKKs). Two isoforms of IKK
exist, IKK1/IKKa and IKK2/IKKB, held together in a complex
by the scaffolding protein NF-xB essential modulator
(NEMO)/IKKYy [96]. IKK2 is the most important isoform for
the activation of NF-kB and inflammatory gene transcription
involved in the innate immune response. Phosphorylation of
IKKs results in phosphorylation of IkBoa. Recently, an
alternative activation pathway for NF-kB has emerged, which
proposes that IKK1 can activate the p100/RelB dimer by
inducing p100 processing to form the transcriptionally active
p52/RelB complex [97]. This p52/RelB complex activates a
distinct set of gene products compared with those activated by
p50/p65 and are related the adaptive immune system and
activation of B-cell function. This later effect may be important
in the development of B-cell follicles seen in the advanced
stages of COPD [98].

IKK1 is generally thought to be predominantly involved in
adaptive immune responses rather than cytokine-induced NF-
kB function. However, two recent articles suggest that IKK1
can modulate NF-kB-dependent gene expression in response
to TNF-a treatment [99, 100]. Based on chromatin immuno-
precipitation assays, it was reported that IKK1 is recruited to
the promoters of NF-kB regulated genes in association with
CBP and p65 following stimulation with TNF-o. This resulted
in gene-specific phosphorylation of histone H3 on serine 10
and subsequent increased gene expression. Recently, a novel
isoform of IKK, IKKi, has been isolated which activates a
distinct set of inflammatory genes under the coordinated
action of CCAAT/enhancer-binding protein. Many of these
genes, such as interferon-y inducible 10 kD protein (IP-10),
TNF-o and MCP-1, may play an important role in COPD.

The mechanism of activation of NF-kB under oxidative stress
and in altered redox GSH status may be cell specific and
distinct from physiological activators such as TNF-o and IL-1f,
since diamide, which oxidises GSH to GSSG and H,O, is
unable to activate NF-xB in certain cell types [12]. Several
mechanisms have been proposed for H,O»-induced activation.
Redox stress (H>O,) has been proposed to directly enhance the
activity of IKKs through an effect on phosphorylation of Ser180
of IKK1 and/or Ser 181 of IKK2 in HeLa cells [101, 102] Oxid-
ative stress can cause rapid ubiquitination and phosphory-
lation of the IkB complex with subsequent degradation in some
cell types [103, 104]. Furthermore, treatment of TNF-o-
stimulated cells with antioxidants such as N-acetyl-L-cysteine
(NAC) and pyrolidine dithiocarbamate reduces Ser32 phos-
phorylation leading to a reduction in NF-xB activity in
endothelial cells [105]. Therefore, it is possible that oxidative
stress and/or an imbalance in GSH redox status may directly
stimulate the activity of IKK. Alternatively, oxidative stress
may affect the proteosome enzymatic activity that leads to the
activation of NF-«B [102, 106]. Overall, oxidative stress favours
the activation and translocation of NF-kB to the nucleus, and
nuclear GSH (reducing environment) facilitates the binding of
NF-xB to DNA. New data also reported IxB-independent
mechanisms of activation of NF-kB where phosphorylation of
p65 NF-«B by various kinases had an effect on the transactiva-
tion activity of NF-kB, independently of nuclear translocation
possibly through activation of co-activator activity. Although
not explored yet, these new pathways may be critical to the
H,0,-induced activation of NF-xB.
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The profound effect of antioxidants on NF-kB activity resulted
in the adoption of a model of NF-kB as a redox-sensitive
transcription factor and that its activation was due to the
production of ROS by oxidants [4, 107]. This results in the
induction of pro-inflammatory genes, which in turn can
further stimulate changes in the oxidant/antioxidant balance
resulting in further inflammatory gene expression.

Histone acetylation and NF-xB

Many factors, including specific DNA sequences, histones,
nonhistone chromosomal proteins, transcriptional activators/
repressors and the transcriptional machinery, are all necessary
for the establishment of an active transcription complex [108].
Condensation of eukaryotic DNA in chromatin suppresses
gene activity through the coiling of DNA on the surface of the
nucleosome core and the folding of nucleosome assemblies,
thus decreasing the accessibility of transcriptional factors to the
transcriptional apparatus [94]. For example, the presence of
DNA wrapped around a nucleosome core (comprising the
histone proteins H2A, H2B, H3 and H4), suppresses gene
transcription by decreasing the accessibility of transcription
factors, such as NF-«kB and AP-1, to the transcriptional
complex. Acetylation of lysine residues on the N-terminal tails
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Core histone
proteins

Class IHDACs 1, 2, 3, 8
Class Il HDACs 4-7, 9-11
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of the core histone proteins results in the loss of the e-NH3"
group and reduction in the electrostatic attraction between
highly charged amino acids and DNA. This, in conjunction
with marking histones allows recruitment of SWI/SNF
remodelling factors, results in uncoiling of the DNA /histone
complex (chromatin remodeling), allowing increased accessi-
bility for larger protein complexes, such as transcription
factors, basal factors and RNA polymerase II [109].

Acetylation of lysine (K) residues on histone 3 and 4 is thought
to be directly related to the regulation of gene transcription in
epithelial cells [109, 110]. However, selective recognition of
these acetylated lysines by co-activators/repressors and other
proteins containing bromodomains may add a further level of
transcriptional regulation [111]. Histone acetylation is revers-
ible and is regulated by a group of histone acetyltransferases
(HATs) that promote acetylation, and histone deacetylases
(HDAC:S) that promote deacetylation.

The nuclear receptor co-activators, steroid receptor co-activator
(SRC)-1, CBP/adenoviral protein E1A (p300) protein, CBP/
p300 associated factor (P/CAF), and ATF-2, all possess
intrinsic HAT activity [112-114] (fig. 4). Of these, CBP/p300
and ATF-2, which are regulated by the p38 MAP kinase

N

NF-kB-CBP/p30
Co-activator complex

CBP
P300

Transcriptional activation
Gene transcription

Histone acetylation

P300/CBP, PCAF, SRC-1, ATF-2
ACTR, TAFII 250/230/145, TIP60, efc.

FIGURE 4. The process by which histone acetylation causes chromatin remodelling. Acetylation (Ac) causes the unwinding of DNA around the histone protein, making
the chromatin less condensed, hence increasing the accessibility of transcription factors. This leads to an increase in gene transcription. Deacetylation results in the
rewinding of the DNA around the histone proteins, decreasing gene transcription. Numerous histone acetyltransferases (HATSs) exist including cyclic adenosine
monophosphate response element binding proteins (CREB) binding protein (CRB), p300/CBP-associated factor (P/CAF), steroid receptor coactivator (SRC)-1, nuclear
receptor coactivator-3 and TAT interactive protein 60 (TIP60). Histone deacetylases (HDACs) are classified into two classes according to homology with yeast HDACs. There
are eight different HDACs presently known, and many co-activators of the HAT complex that contain intrinsic HAT activity, such as SCR-1 and p300/CBP. NF: nuclear factor;
PoL II: polymerase II; ATF: activating transcription factor; ACTR: activator of thyroid hormone and retinoic acid receptors.
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pathway, are vital for the activation of several transcription
factors, including NF-«B and AP-1 in the transcription
machinery [112-115]. These activation complexes act in
conjunction with basal transcription factors and RNA poly-
merase II to initiate transcription [116-118] (fig. 5). Thus, it is
likely that histone acetylation of H3 and H4 wia CBP/p300
and/or ATF-2 has a significant role in the activation of NF-xB/
AP-1-mediated gene expression for pro-inflammatory medi-
ators [112, 116, 117], although the precise molecular mechan-
isms are still not fully understood.

The family of HDAC enzymes consists of 17 isoforms grouped
into three families [119]. Class | HDACs (HDAC 1, 2, 3, 8 and
11) reside almost exclusively in the nucleus, whereas class II
HDACs (HDAC 4-7, 9 and 10) are able to shuttle between the
nucleus and cytoplasm in response to certain cellular signals.
The third HDAC family are niotinamide adenine dinucleotide
(NAD") dependent and consist of sirtuins 1-7 and although
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their function is not yet fully understood they are important in
ageing/senescence and often prefer nonhistone proteins as
substrates. Various members of the class I and II HDAC
families have been shown to play a role in the regulation of cell
proliferation and differentiation [119, 120]. More recently,
however, HDAC2 has been reported to function in
corticosteroid-mediated anti-inflammatory mechanisms [121].
Furthermore, there is increasing evidence to suggest that
HDACS play an important role in regulating pro-inflammatory
responses. Many of these HDACs are differentially expressed
and regulated in different cell types. Therefore, it is highly
likely that this differential expression and interaction between
the various HDAC isoforms could fine-tune the repression of
gene expression these HDACs are able to exert.

HDACsSs not only cause the inhibition of gene transcription, but
also directly affect the nuclear activity of transcription factors
such as NF-kB. The HDAC inhibitor, trichostatin A, has been
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FIGURE 5. Schematic representation of histone acetylation and deacetylation. Oxidative stress and other stimuli, such as cytokines, activate various signal transduction
pathways (janus-activated kinase (JAK), c-Jun activated kinase (JNK) and inhibitor of kB activated kinase (IKK)) leading to activation of transcription factors, such as nuclear
factor (NF)-xB, activator protein (AP)-1, cyclic adenosine monophosphate response element binding proteins (CREB) and signal transducer and activator of transcription
proteins (STATs). Binding of these transcription factors leads to recruitment of CREB-binding protein (CBP) and/or other co-activators to the transcriptional initiation complex on the
promoter region of various genes. Activation of CBP leads to acetylation (Ac) of specific core histone lysine residues by an intrinsic histone acetyltransferase (HAT) activity. Histone
acetylation (active chromatin) leads to loosening of nucleosome, which enables access to basal factors and RNA polymerase Il for gene transcription to occur.
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reported to enhance NF-kB-driven inflammatory gene trans-
cription in a number of cell lines [4,121, 122, 123]. Two major
mechanisms for this effect have been proposed. In the first
case, it has been reported that NF-kB has an associated HDAC
when bound to DNA that acts as a break on the ability of NF-
kB to activate local HAT activity. Inhibition of this associated
HDAC leads to increased local HAT activity and elevated
inflammatory gene transcription [4, 121, 123]. In contrast,
GREENE et al. [122] have proposed an alternative mechanism.
The duration of the NF-«xB nuclear activation has been shown
to be dependent upon IxBa association, which in turn is
dependent upon HDAC3 activity [124]. The p65 subunit of NF-
kB when acetylated by CBP/p300 is unable to bind to IxBa
and, thus, is able to remain in the nucleus attached to DNA and
stimulate gene expression. Removal of the acetylated K63
lysine moiety by HDAC3 allows NF-xB/IxBa association and
suppression of NF-kB activity. The amplitude and duration of
the cycles of NF-kB/IxBa association and dissociation that
result from this model appear to be critical for the induction of
gene expression in individual cells as measured by real-time
confocal microscopy [125]. These data suggest that HDAC
activity is important in the regulation of inflammatory gene
expression and further evidence for this is seen in human BAL
macrophages where TNF-a-induced granulocyte-macrophage
colony-stimulating factor (GM-CSF) release is inversely corre-
lated with HDAC activity [126].

Subtle changes in p65 phosphorylation are also influential; for
example, inactive p65 is nonphosphorylated and is associated
predominantly with HDAC1, whereas p65 is phosphorylated
following IKK-2 stimulation and is able to bind to co-activator
molecules, such as p300/CBP [123]. In addition, it is becoming
clear that not all activated NF-kB is the same. Thus, IL-1f and
TNF-a can both activate NF-kB, but the resultant co-activator
complex is distinct since TNF-o-stimulated NF-«xB can recruit
the novel co-activator SIMPL to the NF-kB-coactivator com-
plex, whereas this does not occur with IL-1p [127].

Cytokines such as TNF-o and IL-1B, acting via NF-«xB, can
induce histone acetylation in both a time- and concentration-
dependent manner [121]. This NF-«xB-induced acetylation
occurs preferentially on histone H4, rather than histones
H2A, H2B, or H3 in human epithelial cell lines, and it is
primarily directed toward lysine residues 8 and 12 at NF-«xB-
responsive regulatory elements [121]. On DNA binding, NF-kB
recruits a large co-activator complex that contains the HAT
proteins CBP and P/CAF, although neither of these are the
major HAT activated by NF-«xB [119]. IL-1B can also activate
other pathways, distinct from NF-«B, which can impinge on
NF-kB activation [128]. These additional pathways, such as
protein kinase C and nonreceptor tyrosine kinases, may
enhance NF-«B activity, either by phosphorylating p65 and
thereby enhancing co-factor recruitment [121] or by phosphory-
lating NF-«B associated co-factors. Importantly, PM10s, acting
through NF-«B, have also been reported to enhance histone
acetylation in A549 cells [129].

SACCANI ef al. [130] have shown that this model needs further
modification. Immediate early genes such as IxBo do indeed
display binding of NF-«B to their promoters rapidly after LPS
stimulation, but within 10 min NF-«xB dissociates from the IxBa
promoter site and never re-associates. In contrast, NF-«xB binds
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to its promoter sites in DNA for up to 2 h before dissociation in
distinct sets of genes (MnSOD and macrophage inflammatory
protein (MIP)-2), in spite of stimulation by LPS at the same
time. However, other NF-«B regulated genes, such as RANTES
(regulated on activation, normal T-cell expressed and
secreted), MCP-1 and IL-6, do not show NF-«B binding to
their promoters until 2 h after activation. NF-kB sites in the
promoter regions of these genes are originally in a repressed
chromatin environment that prevents NF-xB DNA binding
and subsequent gene expression. These become accessible only
after AP-1 mediated histone acetylation and subsequent
alteration in the local nucleosomal structure [130, 131].
SACCANI et al. [130] went on to describe the important role of
p38 MAPK-mediated histone H3 serine 10 phosphorylation in
the control of NF-kB-mediated gene expression.

Role of ROS in epigenetics: histone modifications and pro-
inflammatory gene transcription

Epigenetics is defined as the inheritance of information on the
basis of gene expression in contrast to “genetics”, which is
described as the inheritance of information on the basis of
DNA sequence. Histone modifications including acetylation,
methylation and phosphorylation along with DNA methyla-
tion are important epigenetic events that may play a role in
inflammatory lung responses. The importance of these
epigenetic changes in histone marking/tagging lies in the fact
that, like DNA, histone modifications are conserved during
replication marking genes for activation and/or repression
through many generations.

DNA/histone methylation and gene expression

During the last few years, it has become clear that DNA
methylation is an essential component of epigenetic phenom-
ena, such as genomic imprinting. Evidence suggests that
modifications, such as DNA and histone methylation, are
dynamically and physically linked and are involved in
regulating imprinted genes, a subset of genes whose expres-
sion depends on their parental origin. Aberrant methylation of
cytosine residues in the cytosine/guanosine dinucleotide
patterns plays a critical role in certain human diseases [93].
Thus, certain genes related to specific disease phenotypes may
be inappropriately switched off in inflammation, due to
inappropriate DNA methylation, which may be passed on
through cell generations.

This epigenetic phenomenon is also demonstrated by showing
an aberrant promoter DNA methylation of multiple genes,
including GSTP1, p16 (INK4a) tumour suppressor gene, O(6)-
methylguanine-DNA methyltransferase DNA repair gene and
death-associated protein (DAP) kinase in sputum and bron-
chial epithelium and brush biopsy samples of current/ex-
smokers and subjects at high risk for developing lung cancer
[132, 133]. Similarly, SORIA et al. [134] have demonstrated
promoter hypermethylation of various genes, including p16,
DAP kinase and GSTP1, in bronchial brush samples obtained
from ex-smokers. The status of DNA methylation on a
susceptible gene may, therefore, be used to identify smokers
who are at risk for the development of COPD. Furthermore,
this suggests a central role of DNA methylation in the
regulation of inflammatory responses in smokers and in the
pathogenesis of COPD.
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Cross-talk exists between various epigenetic markers on
histones and DNA. Thus, the methyl-cytosine binding protein,
MeCP2, recruits HDAC to methylated DNA as well as to
methylated histone, resulting in histone deacetylation, chro-
matin condensation and transcription silencing [132, 135].
Recently, KAGOSHIMA et al. [136] have demonstrated that
inhibition of HDACs and histone and/or DNA methylases
leads to upregulation of pro-inflammatory mediator GM-CSF
by IL-1p in lung epithelial cells. Histone methylation can affect
specific gene expression, thus, histone H3-K4 tri-methylation is
linked to transcriptional activation, whilst that at H3-K9 is
associated with transcriptional repression [137, 138]. This
association of histone lysine methylation patterns with
transcriptional activity is maintained in the wide range of
biological species from yeast and chicken to humans [137].
Despite H3-K4 tri-methylation being reported to play a role in
oncogenesis, X-chromatin inactivation and development in
human cells [138], little evidence is available for a role in
inflammatory responses.

Although histone H3-K4 tri-methylation was observed to
distribute over hetero-chromatin [138], no association was
detected in the process of transcriptional repression between
histone H3-K4 hypermethylation and RNA polymerase II
recruitment on genes in yeast and in chicken embryo-
erythrocytes [139]. Furthermore, it was shown that H3-K4
hypermethylation was not related to acute TNF-o-induced
gene expression [140]. However, the involvement of H3-K4 tri-
methylation in IL-1B-induced gene expression has recently
been described [141]. Here, in addition to epigenetic regulation
of constitutive secretory leukocyte protease inhibitor (SLPI)
expression, H3-K4 tri-methylation plays a critical role in IL-1p-
stimulated SLPI expression by modulating RNA polymerase II
recruitment and subsequent engagement of Setl resulting in
H3-K4 tri-methylation.

Pro-inflammatory gene transcription

Inflammatory mediators play a crucial role in chronic
inflammatory processes and appear to determine the nature
of the inflammatory response by directing the selective
recruitment and activation of inflammatory cells and their
perpetuation within the lungs. In in vitro studies, using
macrophage (U937 and MonoMacé6), alveolar (A549), and
bronchial epithelial (BEAS-2B, 16-HBE) cells, ROS have been
shown to cause increased gene expression of inflammatory
mediators, such as IL-1 and TNF-a [4, 69, 95]. Direct or indirect
oxidant stress to the airway epithelium and alveolar macro-
phages may also generate cytokines, such as TNF-o, which in
turn can activate airway epithelial cells to induce pro-
inflammatory genes, such as TNF-o, IL-8, IL-1, iNOS,
cyclooxygenase-2, intracellular adhesion molecule-1, IL-6,
MIP-10, GM-CSF, stress response genes (heat shock protein
(hsp)-27, 70, 90, HO-1) and antioxidant enzymes (glutamate
cysteine ligase, MnSOD and thioredoxin) [1,4]. Indeed, such
responses have been observed in the BAL fluid of smokers
[142, 143], and in epithelial cells in response to cigarette smoke
treatment [144, 145]. The genes for these inflammatory
mediators are regulated by redox-sensitive transcription
factors, such as NF-«kB and AP-1. Acetylation of histones has
been associated with the transcription of a range of inflam-
matory mediators including IL-8 [146], eotaxin, IL-1B and
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GM-CSF [147], MIP-2 [148] and IL-6 [149]. Acetylation can
occur specifically at the promoter sites of these genes as shown
by chromatin immunoprecipitation assays for IL-8 [150],
cytochrome P450 1A1 [151], MPO [152], cyclooxygenase-2
[153] and 15-lipooxygenase-1 [154] gene promoters, indicating
acetylation specificity.

Effects of oxidative stress on HDAC and glucocorticocid
receptor function

An important characteristic of the inflammation in COPD is the
lack of response to glucocorticoids, which has been linked to
oxidative stress [155, 156]. Cigarette smoking is the primary
cause of COPD, and smoke contains >10" oxidant
molecules-puff’ including 300 ppm NO/puff [5]. This sug-
gests that oxidative stress may be an important factor in
inducing glucocorticoid resistance in COPD. The resistance
may be due to cigarette smoking itself, since glucocorticoids
are much less effective in reducing inflammatory cells in BAL
fluid and sputum from smoking asthmatic patients compared
with nonsmoking patients [157].

ROS may impinge upon several steps in the glucocorticoid
receptor activation pathway. For example, in COS7 and
Chinese hamster ovary (CHO) cells, oxidative stress (100 uM
H,0,) reduced nuclear transport [158] and similar results are
seen in pituitary cells [3]. Nitrosyl stress induced by the NO
donor S-nitroso-DL-penicillamine has also been shown to
prevent glucocorticoid receptor dissociation from the hsp 90
complex and a reduction in ligand binding [159]. Since HDAC2
is important in glucocorticoid receptor function the current
authors have investigated HDAC2 expression and activity in
the presence of oxidative stress. HAT activity is unchanged,
whereas HDAC2 activity is decreased in BAL macrophages
and biopsies of smokers and patients with COPD; this
correlates with increased inflammatory gene expression and
reduced steroid-responsiveness to LPS-induced IL-8 and TNF-
o production [4, 126]. This effect can also be mimicked in vitro
and ex vivo in epithelial cells and macrophages with H,O, or
the NO-donor SIN-1 and parallels the effects seen with the
HDAC inhibitor trichostatin A [126]. Furthermore, the anti-
oxidant NAC was able to prevent the enhanced cytokine
release and partially restore dexamethasone sensitivity to these
cells [160]. This suggests that oxidative stress by repression of
HDAC activity can modulate glucocorticoid receptor function
in BAL macrophages and U937 cells.

This effect is specific to certain HDACs since there is a specific
reduction in HDAC2 and HDACS expression and activity in
peripheral lung and BAL macrophages from smokers and
COPD patients compared with nonsmokers [126, 161].
Furthermore, the loss in enzymic activity is associated with
tyrosine nitration of HDAC2 [126]. Tyrosine nitration is also
inversely correlated with HDAC2 activity in immunoprecipi-
tated HDAC2 isolated from the peripheral lung of aged-
matched healthy smokers and COPD patients [126]. Tyrosine
nitration overcomes the effects of phosphorylation on distinct
residues and suggests a novel mechanism whereby oxidative
stress may reduce steroid responsiveness in severe airway
disease (fig. 6). The mechanism for this action is not known but
may involve steric hindrance or nitration of a tyrosine residue
(Y146) controlling access to the active site of HDAC2. HDAC
phosphorylation can either enhance or decrease HDAC
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enzymic activity depending upon the target HDAC [162].
Increased phosphorylation of HDAC2 following an inflamma-
tory insult results in increased HDAC activity, which may be
associated with resolution of ongoing inflammatory gene
transcription. In contrast, tyrosine nitration can reduce
HDAC2 activity and thereby enhance inflammatory gene
transcription. Furthermore, this will result in reduced steroid
sensitivity, as HDAC2 recruited to the NF-xB activation
complex will also have reduced activity. This suggests that
induction or repair of HDAC2 activity would be useful in
COPD. Furthermore, in a recent in vivo study looking at a rat
model of cigarette smoking-induced lung inflammation,
MARWICK et al. [163] showed an influx of inflammatory cells
and induction of histone modifications in rat lungs. This was
associated with increased NF-xB, AP-1 and p38 MAPK
activation and was associated with increased histone 3
phospho-acetylation and histone 4 acetylation. Decreased
HDAC?2 activity, related to protein modification by aldehydes
and NO products, was also observed and correlated with a
lack of corticosteroid suppression of smoke-induced pro-
inflammatory mediator release.

MODULATION OF PRO-INFLAMMATORY GENE
TRANSCRIPTION BY REDOX ANTIOXIDANTS

Thiol compounds

Glutathione and its biosynthesis

GSH is concentrated in epithelial lining fluid compared with
plasma [164, 165] and has an important protective role in the
airspaces and intracellularly in epithelial cells. Several studies
have suggested that GSH homeostasis may play a central role
in the maintenance of the integrity of the lung airspace
epithelial barrier. Decreasing the levels of GSH in alveolar
epithelial cells leads to loss of barrier function and increased
permeability [42, 166]. Human studies have shown elevated
levels of glutathione in alveolar epithelial lining fluid in
chronic cigarette smokers compared with nonsmokers [42,
165]. However, this increase is not present immediately after
acute cigarette smoking [42]. Furthermore, the two-fold
increase in alveolar epithelial lining fluid GSH in chronic
smokers may not be sufficient to deal with the excessive
oxidant burden during smoking, when acute depletion of GSH
may occur [167]. HARJU et al. [168] have found that glutamate
cysteine ligase immunoreactivity was decreased (possibly
leading to decreased GSH levels) in the airways of smokers
compared with nonsmokers, suggesting that cigarette smoke
predisposes lung cells to ongoing oxidant stress. In addition,
NEUROHR et al. [169] recently showed that decreased GSH levels
in BAL fluid cells of chronic smokers were associated with a
decreased expression of glutamate cysteine ligase-light subunit
without a change in glutamate cysteine ligase-heavy subunit
expression.

Thus, directly increasing lung cellular levels of GSH and
restoring the activity of glutamate cysteine ligase would be a
logical approach to the treatment of COPD [168, 170]. In fact,
extracellular augmentation of GSH has been tried through
intravenous administration of GSH, oral ingestion of GSH, and
aerosol inhalation of nebulised GSH in an attempt to reduce
inflammation in various lung diseases [1, 170]. However, all
these routes of administration led to undesirable effects
suggesting that direct GSH therapy may not be an appropriate
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FIGURE 6. Pro-inflammatory cytokine production is induced by inflammatory
stimuli following activation of kinase cascades. These same cascades act in a
negative feedback manner to switch off cytokine mMRNA production after an initial
burst of production. This is due, at least in part, to phosphorylation of histone
deacetylases (HDAC) increasing their activity and thus inducing a silenced
chromatin structure. Oxidative stress overcomes this feedback activity of HDAC
activity by inducing nitration of distinct tyrosine residues and repressing HDAC
activity. Similar effects may occur on the glucocorticoid receptor (GR) itself to
modify its actions in response to oxidative stress.

way of increasing GSH levels in lung epithelial lining fluid and
cells in COPD. The bioavailability of GSH, pH, osmolality in
the inflammatory micro-environment, and the resultant for-
mation of toxic products (GSSG and GSH-adducts) are further
challenges for direct GSH administration. Alternative formula-
tions may address bioavailability, such as liposomal delivery,
but at present it seems that direct administration of GSH will
not be successful in treating COPD. Increasing the activity of
glutamate cysteine ligase would also be expected to increase
cellular GSH levels, and induction of glutatmate cysteine ligase
by pharmacological agents also holds great promise in
protection against chronic inflammation and oxidant-mediated
injury in COPD.

N-acetyl-L-cysteine

The free thiol group of NAC is capable of interacting with the
electrophilic group of free radicals thereby forming NAC thiol,
with NAC disulphide or NAC conjugates as a major end
product [171]. The availability of cysteine for GSH is a
fundamental factor in the regulation of GSH production.
NAC, a cysteine-donating reducing compound, acts as a
cellular precursor of GSH and becomes de-acetylated in the
gut to cysteine following oral administration. NAC may also
reduce cystine to cysteine, which is an important mechanism
for intracellular GSH elevation in vivo in lungs. It not only
reduces disulphide bonds (a property of a good reducing
agent), but also has the potential to interact directly with
oxidants. NAC is also used as a mucolytic agent, to reduce
mucus viscosity and to improve mucociliary clearance. A
number of systematic reviews have evaluated the effects of
treatment with mucolytic agents in patients with COPD [172,
173]. Mucolytic treatment was associated with a significant
reduction of 0.79 exacerbations per patient per year compared
with placebo, a 29% decrease (table 1) [172-183]. How
mucolytic agents work is unknown, although they may reduce
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TABLE 1
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Clinical trials conducted for the efficacy of antioxidants in smokers and chronic obstructive pulmonary disease (COPD)

Trial name Antioxidant used Aim of study Disease Outcome First author [ref.]
BRONCUS NAC Effect of NAC on FEV1 COPD No effect on decline in FEV1. A reduction in  DECRAMER [174],
lung over inflation was observed in patients ~ DECRAMER [175]
with severe COPD and exacerbation rate in
patients who are not treated with inhaled
glucocorticoids
Systematic Cochrane 2 months of oral NAC Effect of NAC and COPD Significant reduction in days of disability (0.65 PooLE [176],
review of 23 random- therapy antibiotics on number of day-patient '-month™) and 29% reduction in PooLE [177]
ised controlled trails days of disability exacerbations. No difference in lung function
Systematic Cochrane NAC Used a validated score to COPD Nine trials showed prevention of exacerbation STEY [178]
review of randomised, evaluate the quality of each and five addressed improvement of
controlled trials of 11 study symptoms compared with 34.6% of
out of 39 retrieved trials patients receiving placebo
A meta-analysis of NAC To assess the possible COPD 23% decrease in number of acute GRANDJEAN [172]
published trials prophylactic benefit of exacerbations
prolonged treatment
NAC, 600 mg b.i.d for  Effect of NAC on H,O, and COPD No change in TBARS reduce H,O, levels KasieLski [179],
12 months TBARS in EBC De BENEDETTO [180]
MORGEN study Diet rich in polyphenols/  Effect on FEV1, chronic COPD Positively associated with decline in FEV1 and TaBAK [181]
bioflavanoids i.e. cough, breathlessness inversely associated with chronic cough and
catechin, flavonol and and chronic phlegm breathlessness, but not chronic phlegm
flavone 58 mg-day’
European countries” Diet rich in fruits, Effect on 20-yr COPD COPD A 24% lower COPD mortality risk WALDA [182]
vegetables and fish mortality
EQUALIFE Study Vectrine-erdosteine, thiol  Effect exacerbation rate, COPD Fewer exacerbations and fewer days spent in MOoReTTI [183]

compound, 300 mg b.i.d.
for 8 months

hospitalisation, lung

in 124 patients

function and quality of life

hospital. No loss of lung function and
significant improvement in health-related
quality of life

#: Finnish, Italian and Dutch cohorts. Ref.: reference; BRONCUS: Bronchitis Randomised On N-acetyl-L-cysteine Cost-Utility Study; NAC: N-acetyl-L-cysteine; FEV1:
forced expiratory volume in one second; H,O,: hydrogen peroxide; TBARS: thiobarbituric acid reactive substances; EBC: exhaled breath condensate.

exacerbations by altering mucus production, by breakdown of
sulphydryl group, or through antibacterial or immunostimu-
latory effects [176, 177]. Although small-scale trials failed to
demonstrate any clear clinical benefits, a few meta-analyses
have shown a small but significant clinical benefit in COPD
[172, 173].

Pharmacological administration of NAC has been used in an
attempt to enhance lung GSH in patients with COPD with
varying success [184, 185]. VAN SCHOOTEN et al. [186] reported
in a randomised, double-blind, placebo-controlled phase II
trial that a 6-month oral dose of 600 mg b.i.d. reduced various
plasma and BAL fluid oxidative biomarkers in smokers.
Similarly, it has been shown that treatment with NAC 600
mg once daily for 12 months also reduced the concentration of
H,0; in exhaled breath condensate compared with placebo in
stable COPD patients [179]. A recent clinical trial also proved
that oral administration of NAC 600 mg b.i.d. for 2 months
rapidly reduces the oxidant burden in airways of stable COPD
patients [180]. This reduction in oxidative biomarkers results in
clinical benefit, such as reduction in bronchial hypersecretion
[187], in addition to a decline in FEV1 and in exacerbations
[178]. Orally dosed NAC has been shown to increase
phagocytic activity of BAL macrophages from healthy smokers
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[188], but similar results were not seen in COPD patients,
possibly due to active concentrations of NAC not reaching the
lung [189]. It has also been reported recently that orally dosed
NAC increased the quadricep endurance time of severe COPD
patients [190], thus suggesting that NAC administration may
have beneficial effects on the systemic oxidative stress
associated with COPD. The reason for this effect is not known
but presumably NAC acts as a sink for ROS, which are
increased in these patients [1]. However, a multicentre study
using NAC delivered by metered dose inhalers in patients
with chronic cough failed to show a positive effect on well-
being, sensation of dyspnoea, cough or lung function [191].

Whilst there is some evidence that the administration of NAC
provides benefit for some COPD patients, it is not clear
whether this could be used as maintenance therapy [174]. A
phase III multicentre Bronchitis Randomized on NAC Cost-
Utility Study (BRONCUS) has recently been completed, with
the aim of addressing this question and determining whether
the effectiveness of NAC as an ““antioxidant’” results in an
alteration in the rate of decline in FEV1, exacerbation rate and
quality of life (QoL) in patients with moderate-to-severe COPD
[192] (table 1). The results of this trial showed no effect on
decline in FEV1, but a reduction in lung overinflation in
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patients with severe COPD and in exacerbation rate in patients
who were not treated with inhaled glucocorticoids [175]. The
variability in all the current studies using NAC (600 mg p.o.
g.d.) may simply reflect the fact that the dose is not high
enough. Thus, further studies are required at higher doses
(1,200 or 1,800 mg-day'l) or using other thiol agents with
greater bioavailability in order to observe any clinical benefit
on lung function, reduced exacerbation rate and improved
health status. Idiopathic pulmonary fibrosis is associated with
reduced pulmonary GSH and oxidative stress [193, 194].
Ongoing clinical trials with NAC in these patients suggest
that this thiol compound is well tolerated and may increase
pulmonary levels of GSH. It remains to be seen whether this
resultant increase in antioxidant capacity of lungs would
improve prognosis of these patients.

N-acystelyn

N-acystelyn (NAL), a lysine salt of NAC, has a neutral pH in
solution, whereas NAC is acidic but retains the mucolytic
and antioxidant (reducing) actions of NAC. NAL can be
aerosolised into the lung without causing significant side-
effects [195]. ANTONICELLI et al. [196] compared the effect of
NAL and NAC in vitro and found that both drugs enhance
intracellular glutathione in alveolar epithelial cells and
inhibited hydrogen peroxide and O, released from human
blood-derived neutrophils from smokers with COPD. NAL
also inhibited ROS generation induced by serum-opsonised
zymosan by human polymorphonuclear neutrophils. This in
vitro inhibitory response was comparable to the effects of NAC
[197]. ANTONICELLI ef al. [196] have shown that NAL inhibited
oxidant-mediated IL-8 release in alveolar epithelial A549 cells
suggesting an anti-inflammatory effect of NAL. Therefore,
NAL may represent an interesting alternative approach to
augment the antioxidant screen and thereby inhibiting
inflammatory responses in the lungs and can be administered
by inhalation.

N-isobutyrylcysteine

Since NAC becomes hydrolysed in biological systems, the
measured bioavailability of the drug is low. Thus, it was
speculated that a drug might be synthesised that possessed
greater bioavailability than NAC, and could be used as a more
effective treatment for COPD. N-isobutyrylcysteine (NIC) is a
NAC-like thiol compound that does not undergo effective first-
pass hydrolysis and hence has a higher oral bioavailability
than NAC [197]. The oral bioavailability can be as high as 80%,
dependent on food intake. However, when evaluated as a
therapy for exacerbations of chronic bronchitis, NIC performed
no better than placebo, and not as well as NAC [195]. Recently,
a study of NIC also failed to reduce exacerbation rates in
patients with COPD [197].

Erdosteine

Erdosteine is a new thiol compound that also acts as an
antioxidant, but in addition has mucoactive properties and
reduces bacterial adhesiveness. In the “EQUALIFE” random-
ised placebo-controlled clinical study, erdosteine was dosed
orally 300 mg b.id. for 8 months [183]. Patients receiving
erdosteine had significantly fewer exacerbations and spent less
days in hospital than the placebo group [183]. Moreover,
patients receiving erdosteine showed no reduction in lung
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function over this period and a significant improvement in
health-related QoL [183]. It is not clear whether clinical benefit
is due to its antioxidant or mucolytic actions since the findings
are consistent with the Cochrane review meta-analysis on
mucolytic reagents in chronic bronchitis [178]. It is possible
that erdosteine may reduce bacterial colonisation through a
direct effect on adhesion [183]. A clinical trial on the
combination of steroids and erdosteine in patients with
COPD is awaited.

Procysteine (L-2-oxothiazolidine-4-carboxylate), is a cysteine-
donating compound that increases the cysteine levels of the
cells and has a greater bioavailability than NAC. This thiol
compound is well tolerated and has been shown to increase
mitochondrial levels of GSH in alveolar type II cells [198].
Glutathione esters, particularly GSH monoethyl esters can
increase the GSH levels of these cells by cleavage of an ester
bond (an ethyl group esterified to glycine). GSH esters have
been shown to increase GSH levels in the lungs of rats;
however, this compound can be cytotoxic and variation in the
uptake levels of GSH has been shown in various cellular
models [199]. Similarly, carbocysteine lysine salt monohydrate
may be beneficial in reducing the oxidative stress and
inflammation in COPD.

Glutathione peroxidase mimic

Small molecules with enzymatic activity similar to glutathione
peroxidase have been developed, such as the seleno-organic
compound ebselen. Selenium is an important element in the
glutathione peroxidase catalysis of the reaction between GSH
and ROS. Consequently, ebselen increases the efficiency of
GSH as an antioxidant, and thus may be used as a therapy
against oxidative stress and inflammation. Recent studies have
shown that ebselen inhibits airway inflammation (neutrophil
recruitment and chemokine expression) in response to LPS in
various animal models [200, 201]. It would be interesting to see
whether similar results can be obtained by ebselen in inhibiting
the airway inflammation of cigarette smokers.

Redox sensor molecules

There are other small redox molecules, such as B-strand
mimetic template MOL 294 and PNRI-299, which have been
shown to inhibit NF-kB- and AP-1-mediated transcription and
block allergic airway inflammation in a mouse asthma model
[202]. The mechanism of inhibition is based on the reversible
inhibition of redox sensor proteins (similar to redox effector
factor-1). These redox compounds are novel and have been
shown to reduce airway eosinophil infiltration, mucus hyper-
secretion, oedema and cytokine release in this murine model.
Similarly, a small molecular weight SOD mimetic
(AEOL10150) has been shown to inhibit cigarette smoke-
mediated inflammatory effects in vivo in a smoking rat model
[203]. However, this group did not show whether this
treatment also restored steroid sensitivity, which is lost in this
smoking model [163]. Thioredoxin can be potentially useful as
a mucolytic agent in COPD. There is also initial evidence on
the exogenic protective role of SOD-mimics, such as manganic
salen compound, eukarion (EUK)-8 (new generation of salen
compounds are EUK-134, EUK-178, and EUK-189). EUK-8
improves pulmonary function in a porcine model of LPS-
induced acute respiratory distress syndrome [204] and tracheal
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administration of catalytic antioxidant metalloporphyrin
attenuates bleomycin-induced pulmonary fibrosis of mice lung
[205]. Glutathione peroxidase mimetic BXT-51072 (Oxis Inter-
national Inc., Foster City, CA, USA), lipid peroxidation inhibi-
tor BO-653 (Chugai Pharma, New York, NY, USA), and 5-
lipooxygenase inhibitor ZD4407 (AstraZeneca, Loughborough,
UK) are currently in phase I trials in patients with COPD.

Modulation of redox-sensitive transcription factors and
inflammatory pathways

A number of transcription factors involved in the regulation of
a variety of inflammatory genes, such as NF-xB and AP-1, are
activated by oxidative stress, as are stress-response kinases,
such as the mitogen-activated kinases p38 and JNK [206]. D1
STEFANO et al. [107] have demonstrated increased expression of
the p65 protein of NF-kB in bronchial epithelium of smokers
and patients with COPD. The increased expression of p65 in
epithelial cells was correlated with the degree of airflow
limitation in patients with COPD. Similarly, various investi-
gators have shown the p65 subunit of NF-kB was increased in
bronchial biopsies and sputum macrophages, but not in
sputum neutrophils during exacerbations of COPD suggesting
cell-specific activation [107, 207]. Activation of NF-xB by
oxidative stress is inhibited by co-incubation with NAC in
vitro, providing evidence for activation of this transcription
factor in these patients being due to oxidative stress [208].
Small molecule inhibition of this pathway is currently of great
interest as a potential means to downregulate the inflammation
of COPD. Small molecule inhibitors of IKK2 would be
expected to block the nuclear translocation of NF-kB particu-
larly in response to cigarette smoke. A variety of compounds
are in preclinical development for this target from
GlaxoSmithKline (Greenford, UK), AstraZeneca, Pfizer
(Sandwich, UK) and Tularik Inc. (San Francisco, CA, USA),
but as yet no compound suitable for clinical studies has been
reported in the literature. It is worthwhile to study the effect of
IKK2 inhibitors in animal models of cigarette smoke exposure.
Alternative means to inhibit NF-xB activation, such as
inhibitors of ubiquitin ligase [209], peptide inhibitors of
NEMO/IKKy [210] and direct inhibition of NF-«xB transport
through nuclear pores, are being investigated in pre-clinical
studies. A recent study reported on the potential therapeutic
effect of an small interfering RNA against NF-xB subunit p65
in airway epithelial cell lines [211]. In this in vitro study
demonstrated cells treated with TNF-o showed a reduced NF-
kB p65 expression and concomitant IL-6 and CXCL8 expres-
sion. An antisense antagonist for NF-kB p65 is now in clinical
trial phase I for Crohn’s disease [4, 212].

An interesting alternative route to modulate the transcriptional
activity of NF-xB may be through inhibition of thioredoxin
reductase. Thioredoxin catalyses the reduction of protein
disulphides and other oxidised biomolecules when it is in a
reduced state. The oxidised form of thioredoxin is inactive, but
recycled to the active enzyme by thioredoxin reductase.
Reduction of cysteine residues in NF-«B appears to be required
for the binding of the transcription factor to its promoter region
and hence induction of gene expression [213]. Overexpression
of reduced thioredoxin or thioredoxin reductase has been
shown to increase DNA binding of NF-xB in human
endothelial cells. Importantly, TNF-o. induced NF-xB DNA
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binding is specifically inhibited by inhibitors of thioredoxin-
reductase [214]. Currently there is a thioredoxin-reductase
inhibitor, fotemustine, in phase III trials for the treatment of
various cancers that may potentially have some utility in
COPD.

Polyphenols

Polyphenols in food plants are a versatile group of phyto-
chemicals with many potentially beneficial activities in terms
of disease prevention. Dietary polyphenols have antioxidant
and anti-inflammatory properties that might explain their
beneficial effects [215]. Curcumin is an active principle of the
perennial herb Curcuma longa (commonly known as tur-
meric). Turmeric has historically been used in the orient for the
treatment of many ailments, particularly for inflammatory
diseases. Recent studies have reported that curcumin inhibits
NF-«kB expression/activation, IL-8 release, cycloxygenase-2
and heme oxygenase (HO)-1 expression in vitro in lung cells
[216, 217]. Curcumin has multiple properties to protect against
cigarette smoke-mediated oxidative stress [216]. It acts as
oxygen radical and hydroxyl radical scavenger, increases
antioxidant glutathione levels by induction of glutamate
cysteine ligase and as an anti-inflammatory agent through
inhibition of NF-kB and IL-8 release in lung cells. Resveratrol, a
flavanoid found in red wine, is an effective inhibitor of
inflammatory cytokine release from macrophages in COPD
patients [218], and in alveolar epithelial cells [219]. This anti-
inflammatory property of resveratrol may be due either to its
ability to induce sirtuin and perhaps deacetylase activity [220],
or via induction of phase II detoxifying genes by an NF-E2-
related factor (Nrf)-2-dependent process. A recent in vivo study
has shown that resveratrol inhibits inflammatory cytokine
expression in response to LPS in rat lungs [221].

The current authors have shown that these dietary polyphe-
nols can restore glucocorticoid functions in response to
oxidative stress imposed by cigarette smoke by upregulation
of HDAC activity in the monocyte/macrophage (U937) and
MonoMacé6 cell lines [222]. This was associated with restora-
tion of HDAC1, HDAC2 and HDACS3 levels suggesting that
dietary polyphenols-mediated inhibition of pro-inflammatory
cytokines increases formation of HDAC-p65 complex with
glucocorticoid receptor, hence rendering NF-kB ineffective.
The other possible mechanism of polyphenol-mediated inhibi-
tion of inflammatory response is by quenching oxidants and
aldehydes (inducing aldo/aldehyde reductases and deni-
trases), and inhibiting histone acetyltransferase activity.
Catechins present in green tea (epigallocatechin-3-gallate), in
addition to theophylline, may be effective in cigarette smoke-
mediated oxidative stress and inflammatory response [223].
However, this compound has not been tested in vitro or in vivo
smoking models. Overall, these dietary polyphenols and
flavonols may not only act as antioxidant/anti-inflammatory
agents, but it is also possible that they may increase the efficacy
of glucocorticosteroids in COPD.

Bioflavanoids possess both antioxidant and anti-inflammatory
properties and hence may influence chronic inflammatory
diseases, such as COPD. TABAK et al. [181] have studied the
intake of catechins, flavonols and flavones in relation to
pulmonary function and COPD symptoms in 13,651 adults
from three Dutch cities. Dietary intake of catechin (e.g. green
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tea polyphenols, epigallocatechin gallate), flavonol (e.g. quer-
cetin and kaempferol), and flavone (such as apigenin and
luteolin) was positively associated with FEV1 and inversely
associated with chronic cough and breathlessness, but not with
chronic sputum production. More importantly, single compon-
ents, such as catechin intake, were independently associated
with FEV1 and all three COPD symptoms, whereas flavonol
and flavone intake was independently associated with chronic
cough only. The importance of this study was further
substantiated by the study of WALDA et al. [182] who showed
the beneficial protective effect of fruit containing polyphenols
and vitamin E intake against COPD symptoms in 20-yr COPD
mortality from Finnish, Italian and Dutch cohorts. These
important studies certainly encourage carrying out further
multinational studies to demonstrate the beneficial effects of a
high intake of nutraceuticals (polyphenols/bioflavanoids) in
COPD.

CONCLUSIONS

There is now considerable evidence for the increased gener-
ation of ROS in COPD, which may be important in the
pathogenesis of this condition. ROS are thought to be critical in
amplifying the normal inflammatory response to cigarette
smoke/environmental oxidants (noxious agents), through the
upregulation of redox-sensitive transcription factors, and
hence pro-inflammatory gene expression. There are several
small molecule compounds in clinical trials that target oxidant
signalling or quench oxidants derived from cigarette smoke.
Antioxidant and/or anti-inflammatory agents, such as thiol
molecules, spin traps, dietary polyphenols, antioxidant
mimetics and inhibitors of oxidative stress-induced signalling
pathways, present potential means by which to treat this
element of COPD. Antioxidant compounds may also enhance
the efficacy of glucocorticoids by quenching oxidants and
aldehydes, increasing histone deacetylase activity in COPD
patients. In vitro studies have shown that dietary polyphenols,
such as resveratrol and curcumin, inhibit cigarette smoke/
oxidant-induced NF-kB activation, histone acetylation, pro-
inflammatory cytokine release and restore glucocorticoid
functions viz a mechanism involving upregulation of HDAC
activity. Thus dietary polyphenols regulate inflammatory
response at the molecular level and is possibly a way forward
to restore the glucocorticoid efficacy in the treatment of
smoking-induced chronic inflammatory diseases.

An effective wide spectrum antioxidant therapy that has good
bioavailability and potency is urgently needed to control the
localised oxidative and inflammatory processes that occur in
the pathogenesis of chronic obstructive pulmonary disease.
Although thiol antioxidant treatments have shown promising
effects in targeting reactive oxygen species and oxidant-mediated
cellular alterations, in vivo cigarette smoke studies and human
clinical trials of other small molecular antioxidants with dual
activities (antioxidant/anti-inflammatory) are urgently needed to
validate these compounds as clinical therapies.

REFERENCES
1 Rahman I. The role of oxidative stress in the pathogenesis
of COPD: implications for therapy. Treat Respir Med 2005;

4: 175-200.

EUROPEAN RESPIRATORY JOURNAL

10

11

12

13

14

15

16

17

18

VOLUME 28 NUMBER 1

REDOX MODULATION OF LUNG INFLAMMATION

Rahman I, MacNee W. Role of transcription factors in
inflammatory lung diseases. Thorax 1998; 53: 601-612.
Kamata H, Honda S, Maeda S, Chang L, Hirata H,
Karin M. Reactive oxygen species promote TNFalpha-
induced death and sustained JNK activiation by inhibit-
ing MAP kinase phosphatases. Cell 2005; 120: 649-661.
Barnes P], Adcock IM, Ito K. Histone acetylation and
deacetylation: importance in inflammatory lung diseases.
Eur Respir | 2005; 25: 552-563.

Rahman I, MacNee W. Role of oxidants/antioxidants in
smoking-induced airways diseases. Free Rad Biol Med
1996; 21: 669-681.

Rahman I, Morrison D, Donaldson K MacNee W.
Systemic oxidative stress in asthma, COPD, and smokers.
Am | Respir Crit Care Med 1996, 154: 1055-1060.

Aaron SD, Angel JB, Lunau M, et al. Granulocyte
inflammatory markers and airway infection during acute
exacerbation of chronic obstructive pulmonary disease.
Am ] Respir Crit Care Med 2001; 163: 349-355.

Fiorini G, Crespi S, Rinaldi M, Oberti E, Vigorelli R,
Palmieri G. Serum ECP and MPO are increased during
exacerbations of chronic bronchitis with airway obstruc-
tion. Biomed Pharmacother 2000; 54: 274-278.

Gompertz S, Bayley DL, Hill SL, Stockley RA.
Relationship between airway inflammation and the
frequency of exacerbations in patients with smoking
related COPD. Thorax 2001; 56: 36-41.

Morrison D, Rahman I, Lannan S, MacNee W. Epithelial
permeability, inflammation and oxidant stress in the
airspaces of smokers. Am | Respir Crit Care Med 1999; 159:
473-479.

Nakashima H, Ando M, Sugimoto M, Suga M, Soda K,
Araki S. Receptor-mediated O, release by alveolar
macrophages and peripheral blood monocytes from
smokers and nonsmokers. Am Rev Respir Dis 1987; 136:
310-315.

Drath DB, Larnovsky ML, Huber GL. The effects of
experimental exposure to tobacco smoke on the oxidative
metabolism of alveolar macrophages. | Reticul Soc 1970;
25: 597-604.

Schaberg T, Klein U, Rau M, Eller ], Lode H.
Subpopulation of alveolar macrophages in smokers and
nonsmokers: relation to the expression of CD11/CD18
molecules and superoxide anion production. Am | Respir
Crit Care Med 1995; 151: 1551-1558.

Mateos F, Brock JF, Perez-Arellano JL. Iron metabolism in
the lower respiratory tract. Thorax 1998; 53: 594-600.
Lapenna D, Gioia SD, Mezzetti A, et al. Cigarette smoke,
ferritin, and lipid peroxidation. Am | Respir Crit Care Med
1995; 151: 431-435.

Thompson AB, Bohling T, Heires A, Linder J, Rennard SI.
Lower respiratory tract iron burden is increased in
association with cigarette smoking. | Lab Clin Med 1991;
117: 494-499.

Wesselius L], Nelson ME, Skikne BS. Increased release of
ferritin and iron by iron loaded alveolar macrophages in
cigarette smokers. Am | Respir Crit Care Med 1994; 150:
690-695.

Jeffery PK. Structural and inflammatory changes in
COPD; a comparison with asthma. Thorax 1998; 53:
129-136.

235



REDOX MODULATION OF LUNG INFLAMMATION

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

236

Saetta M. Airway inflammation in chronic obstructive
pulmonary disease. Am ] Respir Crit Care Med 1999; 160:
Suppl., 517-520.

Lacoste JY, Bousquet ], Chanez P, et al. Eosinophilic and
neutrophilic inflammation in asthma, chronic bronchitis,
and chronic obstructive pulmonary disease. | Allergy Clin
Immunol 1993; 149: 803-810.

Lebowitz MD, Postma DS. Adverse effects of smoking on
the natural history of newly diagnosed chronic bron-
chitis. Chest 1995; 108: 55-61.

Wu W, Samoszuk MK, Comhair SA, et al. Eosinophils
generate brominating oxidants in allergen-induced
asthma. | Clin Invest 2000; 105: 1455-1463.

Chan-Yeung M, Dybuncio A. Leucocyte count, smoking
and lung function. Am | Med 1984; 76: 31-37.

Van Antwerpen VL, Theron AJ, Richards GA, et al.
Vitamin E, pulmonary functions, and phagocyte-
mediated oxidative stress in smokers and nonsmokers.
Free Radic Biol Med 1995; 18: 935-943.

Chan-Yeung M, Abboud R, Dybuncio A, Vedal S.
Peripheral leucocyte count and longitudinal decline in
lung function. Thorax 1988; 43: 426-468.

Postma DS, Renkema TEJ, Noordhoek JA, Faber H,
Sluiter HJ, Kauffman H. Association between nonspecific
bronchial hyperreactivity and superoxide anion produc-
tion by polymorphonuclear leukocytes in chronic airflow
obstruction. Am Rev Respir Dis 1988; 137: 57-61.
Richards GA, Theron AJ, van der Merwe CA,
Anderson R. Spirometric abnormalities in young smokers
correlate with increased chemiluminescence responses of
activated blood phagocytes. Am Rev Respir Dis 1989; 139:
181-187.

Rahman I, Skwarska E, MacNee W. Attenuation of
oxidant/antioxidant imbalance during treatment of
exacerbations of chronic obstructive pulmonary disease.
Thorax 1997; 52: 565-568.

Muns G, Rubinstein I, Bergmann KC. Phagocytosis and
oxidative bursts of blood phagocytes in chronic obstruct-
ive airway disease. Scand | Infect Dis 1995; 27: 369-373.
Noguera A, Busquets X, Sauleda ], Villaverde JM,
MacNee W, Agusti AG. Expression of adhesion mol-
ecules and G-proteins in circulating neutrophils in
COPD. Am | Respir Crit Care Med 1998; 158: 1664-1668.
Brown DM, Drost E, Donaldson K, MacNee W.
Deformability and CD11/CD18 expression of seques-
tered neutrophils in normal and inflamed lungs. Am |
Respir Cell Mol Biol 1995; 13: 531-539.

Pinamonti S, Muzzuli M, Chicca C, et al. Xanthine oxidase
activity in bronchoalveolar lavage fluid from patients
with chronic obstructive lung disease. Free Radical Biol
Med 1996; 21: 147-155.

Heunks LM, Vina J, van Herwaarden CL, Folgering HT,
Gimeno A, Dekhuijzen PN. Xanthine oxidase is involved
in exercise-induced oxidative stress in chronic obstruct-
ive pulmonary disease. Am ] Physiol 1999; 277:
R1697-R1704.

Pinamonti S, Leis M, Barbieri A, et al. Detection of
xanthine oxidase activity products by EPR and HPLC in
bronchoalveolar lavage fluid from patients with chronic
obstructive pulmonary disease. Free Radic Biol Med 1998;
25: 771-779.

VOLUME 28 NUMBER 1

35

36

37

38

39

40

a1

42

43

44

45

46

47

48

49

50

I. RAHMAN AND .M. ADCOCK

Petruzzelli S, Puntoni R, Mimotti P, et al. Plasma 3-
nitrotyrosine in cigarette smokers. Am | Respir Crit Care
Med 1997; 156: 1902-1907.

Van der Vliet A, Smith D, O’Neill CA, et al. Interactions of
peroxynitrite and human plasma and its constituents:
oxidative damage and antioxidant depletion. Biochem |
1994; 303: 295-301.

Eiserich JP, van der Vliet A, Handelman GJ, Halliwell B,
Cross CE. Dietary antioxidants and cigarette smoke-
induced biomolecular damage: a complex interaction. Am
J Clin Nutr 1995; 62: Suppl. 6, 14905-1500S.

Ichinose M, Sugiura H, Yamagata S, Koarai A, Shirato K.
Increase in reactive nitrogen species production in
chronic obstructive pulmonary disease airways. Am |
Respir Crit Care Med 2000; 162: 701-706.

Pignatelli B, Li CG, Boffetta P, et al. Nitrated and oxidized
plasma proteins in smokers and lung cancer patients.
Cancer Res 2001; 61: 778-784.

Kanazawa H, Shiraishi S, Hirata K, Yoshikawa J.
Imbalance between levels of nitrogen oxides and peroxy-
nitrite inihibitory activity in chronic obstructive pulmon-
ary disease. Thorax 2003; 58: 106-109.

Sugiura H, Ichinose M, Yamagata S, Koarai A, Shirato K,
Hattori T. Correlation between change in pulmonary
function and suppression of reactive nitrogen species
production following steroid treatment in COPD. Thorax
2003; 58: 299-305.

Rahman I. Oxidative stress in pathogenesis of chronic
obstructive pulmonary disease: cellular and molecular
mechanisms. Cell Biochem Biophys 2005; 43: 167-188.
Gutteridge JMC. Lipid peroxidation and antioxidants as
biomarkers of tissue damage. Clin Chem 1995; 41:
1819-1828.

Uchida K, Shiraishi M, Naito Y, Torii N, Nakamura Y,
Osawa T. Activation of stress signaling pathways by the
end product of lipid peroxidation. | Biol Chem 1999; 274:
2234-2242.

Lawson JA, Rokach ], FitzGerald GA. Isoprostanes:
formation, analysis and use as indices of lipid peroxida-
tion in vivo. | Biol Chem 1999; 274: 24441-24444.

Morrow ]JD, Roberts LJ. The isoprostanes: unique
bioactive products of lipid peroxidation. Prog Lipid Res
1997; 36: 1-21.

Schaur R]J, Dussing G, Kink E, et al. The lipid peroxida-
tion product 4-hydroxynonenal is formed by-and is able
to attract-rat neutrophils in vivo. Free Rad Res 1994; 20:
365-373.

Rahman I, Van Schadewijk AA, Crowther A, et al. 4-
Hydroxy-2-nonenal, a specific lipid peroxidation product
is elevated in lungs of patients with chronic obstructive
pulmonary disease (COPD). Am | Respir Crit Care Med
2002; 166: 490-495.

Liu W, Akhand AA, Kato M, et al. 4-Hydroxynonenal
triggers an epidermal growth factor receptor-linked
signal pathway for growth inhibition. | Cell Sci 1999;
112: 2409-2417.

Liu W, Kato M, Akhand AA, et al. 4-Hydroxynonenal
induces a cellular redox status-related activation of the
caspase cascade for apoptotic cell death. | Cell Sci 2000;
113: 635-641.

EUROPEAN RESPIRATORY JOURNAL



I. RAHMAN AND .M. ADCOCK

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

Parola M, Bellomo G, Robino G, Barrera G, Dianzani MU.
4-Hydroxynonenal as a biological signal: molecular basis
and pathophysiological implications. Antioxidant Redox
Signal 1999; 1: 255-284.

Lagrue G, Branellec A, Lebargy F. Toxicology of tobacco.
Rev Prat 1993; 43: 1203-1207.

Lam CW, Casanova M, Heck HA. Depletion of nasal
mucosal glutathione by acrolein and enhancement of
formaldehyde-induced DNA-protein cross-linking by
simultaneous exposure to acrolein. Arch Toxicol 1985;
58: 67-71.

Cassee FR, Groten JP, Feron VJ. Changes in the nasal
epithelium of rats exposed by inhalation to mixtures of
formaldehyde, acetaldehyde, and acrolein. Fundam Appl
Toxicol 1996; 29: 208-218.

Kehrer JP, Biswal SS. The molecular effects of acrolein.
Toxicol Sci 2000; 57: 6-15.

Arumugam N, Sivakumar V, Thanislass J, Pillai KS,
Devaraj SN, Devaraj H. Acute pulmonary toxicity of
acrolein in rats—underlying mechanism. Toxicol Letts
1999; 104: 189-194.

Rangasamy T, Cho CY, Thimmulappa RK, et al. Genetic
ablation of Nrf2 enhances susceptibility to cigarette
smoke-induced emphysema in mice. | Clin Invest 2004;
114: 1248-1259.

Valacchi G, Pagnin E, Phung A, et al. Inhibition of
NFkappaB activation and IL-8 expression in human
bronchial epithelial cells by acrolein. Antioxid Redox
Signal 2005; 7: 25-31.

Forman HJ, Dickinson DA. Oxidative signaling and
glutathione synthesis. Biofactors 2003; 17: 1-12.

Rahman I, Biswas SK, Jimenez LA, Torres M, Forman ]J.
Glutathione, stress responses, and redox signaling in
lung inflammation. Antioxid Redox Signal 2005; 7: 42-59.
Huang CS, Chang LS, Anderson ME, Meister A. Catalytic
and regulatory properties of the heavy subunit of rat
kidney y-glutamylcysteine synthetase. | Biol Chem 1993;
268: 19675-19680.

Krzywanski DM, Dickinson DA, Iles KE, et al. Variable
regulation of glutamate cysteine ligase subunit proteins
affects glutathione biosynthesis in response to oxidative
stress. Arch Biochem Biophys 2004; 423: 116-125.

Tjalkens RB, Cook LW, Peterson DR. Formation and
export of glutathione conjugate of 4- hydroxy-2, 3-E-
nonenal (4-HNE) in hepatoma cells. Arch Biochem Biophys
1999; 361: 113-119.

Rui-Ming L, Gao L, Choi ], Forman H]J. y-
Glutamylcysteine synthetase: mRNA stabilization and
independent subunit transcription by 4-hydroxy-2-none-
nal. Am | Physiol Lung Cell Mol Physiol 1998; 275:
L861-L869.

Ghezzi P, Bonetto V, Fratelli M. Thiol-disulfide balance:
from the concept of oxidative stress to that of redox
regulation. Antioxid Redox Signal 2005; 7: 964-972.
Cotgreave IA, Cotgreave RG. Recent trends in glu-
tathione biochemistry: glutathione—protein interactions:
a molecular link between oxidative stress and cell
proliferation. Biochem Biophys Res Commun 1998; 242: 1-9.
Das KC. c-Jun NH2-terminal kinase-mediated redox
dependent degradation of IkB: role of thioredoxin in
NF-KB activation. | Biol Chem 2001; 276: 4662-4670.

EUROPEAN RESPIRATORY JOURNAL

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

VOLUME 28 NUMBER 1

REDOX MODULATION OF LUNG INFLAMMATION

Das KC, Lewis-Molock Y, White CW. Activation of NF-
kB and elevation of MnSOD gene expression by thiol
reducing agents in lung adenocarcinoma (A549) cells. Am
J Physiol 1995; 269: 1L588-L602.

Rahman I, Mulier B, Gilmour PS, et al. Oxidant-mediated
lung epithelial cell tolerance: the role of intracellular
glutathione and nuclear factor-xB. Biochem Pharmacol
2001; 62: 787-794.

Beeh KM, Beier ], Koppenhoefer N, Buhl R. Increased
glutathione disulfide and nitrosothiols in sputum of
patients with stable COPD. Chest 2004; 126: 1116-1122.
Dominici S, Valentini M, Maellaro E, et al. Redox
modulation of cell surface protein thiols in U937
lymphoma cells: the role of gamma-glutamyl
transpeptidase-dependent H202 production and S-thio-
lation. Free Radic Biol Med 1999; 27: 623-635.

Di Simplicio P, Franconi F, Frosali S, Giuseppe D.
Thiolation and nitrosation of cysteines in biological fluids
and cells. Amino Acids 2003; 25: 323-339.

Reynaert NL, Ckless K, Wouters EF, van der Vliet A,
Janssen-Heininger YM. Nitric oxide and redox signaling
in airway inflammation. Antioxid Redox Signal 2005; 7:
129-143.

Paolicchi A, Dominici S, Pieri L, Maellaro E, Pompella A.
Glutathione catabolism as signaling mechanism. Biochem
Pharmacol 2002; 64: 1027-1035.

Del Corso A, Vilardo PG, Cappiello M, et al. Physiological
thiols as promoters of glutathione oxidation and modify-
ing agents in protein S-thiolation. Arch Biochem Biophys
2002; 397: 392-398.

Muscat JE, Kleinman W, Colosimo S, et al. Enhanced
protein glutathiolation and oxidative stress in cigarette
smokers. Free Radic Biol Med 2004; 36: 464-470.

Moriarty SE, Shah JH, Lynn M, Jiang S, Openo K,
Jones DP, Sternberg P. Oxidation of glutathione and
cysteine in human plasma associated with smoking. Free
Radic Biol Med 2003; 35: 1582-1588.

Panayiotidis MI, Stabler SP, Allen RH, Ahmad A,
White CW. Cigarette smoke extract increases S-adeno-
sylmethionine and cystathionine in human lung
epithelial-like (A549) cells. Chem Biol Interact 2004; 147:
87-97.

Hausladen A, Stamler JS. Nitrosative stress. Methods
Enzymol 1999; 300: 389-395.

Claiborne A, Yeh JI, Mallett TC, et al. Protein-sulfenic
acids: diverse roles for an unlikely player in enzyme
catalysis and redox regulation. Biochemistry 1999; 38:
15407-15416.

Claiborne A, Miller H, Parsonage D, Ross PR. Protein
sulfenic acid stabilization and function in enzyme
catalysis and gene regulation. FASEB ] 1993; 7: 1483-1490.
Lee SR, Kwon KS, Kim SR, Rhee SG. Reversible
inactivation of protein-tyrosine phosphatase 1B in A431
cells stimulated with epidermal growth factor. | Biol Chem
1998; 273: 15366-15372.

Denu JM, Tanner KG. Specific and reversible inactivation
of protein tyrosine phosphatases by hydrogen peroxide:
evidence for a sulfenic acid intermediate and implica-
tions for redox regulation. Biochemistry 1998; 37:
5633-5642.

237



REDOX MODULATION OF LUNG INFLAMMATION

84

85

86

87

88

89

20

91

92

93

94

95

96

97

98

99

100

101

238

Poole LB, Karplus PA, Claiborne A. Protein sulfenic acids
in redox signaling. Annu Rev Phamacol Toxicol 2004; 44:
325-347.

Bandyopadhyay S, Starke DW, Mieyal ],
Gronostajski RM. Thioltransferase (glutaredoxin) reacti-
vates the DNA-binding activity of oxidation-inactivated
nuclear factor 1. ] Biol Chem 1998; 273: 392-397.

Klatt P, Molina EP, de Lacoba MG, et al. Redox regulation
of c-Jun DNA binding by reversible S-glutathiolation.
FASEB ] 1999; 13: 1481-1490.

Rokutan K, Teshima S, Miyoshi M, Kawai T, Nikawa T,
Kishi K. Glutathione depletion inhibits oxidant-induced
activation of nuclear factor-kappa B, AP-1, and c-Jun/
ATEF-2 in cultured guinea-pig gastric epithelial cells. |
Gastroenterol 1998; 33: 646—655.

Sen CK. Redox signaling and the emerging therapeutic
potential of thiol antioxidants. Biochem Pharmacol 1998;
55: 1747-1758.

Adler V, Yin Z, Tew KD, Ronai Z. Role of redox potential
and reactive oxygen species in stress signaling. Oncogene
1999; 18: 6104-6111.

Thannickal V], Fanburg BL. Reactive oxygen species in
cell signaling. Am ]| Physiol Lung Cell Mol Physiol 2000;
279: L1005-L1028.

Liu RM, Borok Z, Forman H]J. 4-Hydroxy-2-nonenal
increases y-glutamylcysteine synthetase gene expression
in alveolar epithelial cells. Am ] Respir Cell Mol Biol 2001;
24: 499-505.

Sano H, Sata T, Nanri H, Ikeda M, Shigematsu A.
Thioredoxin is associated with endotoxin tolerance in
mice. Crit Care Med 2002; 30: 190-194.

Saccani S, Pantano S, Natoli G. p38-dependent marking
of inflammatory genes for increased NF-«kB activation.
Nat Immunol 2002; 3: 69-75.

Wu C. Chromatin remodeling and the control of gene
expression. | Biol Chem 1997; 272: 28171-28174.

Rahman I, MacNee W. Regulation of redox glutathione
levels and gene transcription in lung inflammation:
therapeutic approaches. Free Radic Biol Med 2000; 28:
1405-1420.

Barnes PJ, Karin M. Nuclear factor-kappaB: a pivotal
transcription factor in chronic inflammatory diseases. N
Engl ] Med 1997; 336: 1066-1071.

DaiY, Guo Y, GuoJ, et al. Indole amide hydroxamic acids
as potent inhibitors of histone deacetylases. Bioorg Med
Chem Lett 2003; 13: 1897-1901.

Hogg JC, Chu F, Utokaparch S, et al. The nature of small-
airway obstruction in chronic obstructive pulmonary
disease. N Engl | Med 2004; 350: 2645-2653.

Anest V, Hanson JL, Cogswell PC, Steinbrecher KA,
Strahl BD, Baldwin AS. A nucleosomal function for
IkappaB kinase-alpha in NF-kappaB-dependent gene
expression. Nature 2003; 423: 659-663.

Yamamoto Y, Verma UN, Prajapati S, Kwak YT,
Gaynor RB. Histone H3 phosphorylation by IKK-alpha
is critical for cytokine-induced gene expression. Nature
2003; 423: 655-659.

Kamata H, Manabe T, Oka S, Kamata K, Hirata H.
Hydrogen peroxide activates IkappaB kinases through
phosphorylation of serine residues in the activation
loops. FEBS Lett 2002; 519: 231-237.

VOLUME 28 NUMBER 1

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

I. RAHMAN AND .M. ADCOCK

Jaspers 1, Zhang W, Fraser A, Samet JM, Reed W.
Hydrogen peroxide has opposing effects on IKK activity
and ITkappaBalpha breakdown in airway epithelial cells.
Am ] Respir Cell Mol Biol 2001; 24: 769-777.

Bowie AG, Moynagh PN, O’'Neill LAJ. Lipid peroxida-
tion is involved in the activation of NF-xB by tumour
necrosis factor but not interleukin-1 in the human
endothelial cell line ECV304. | Biol Chem 1997, 272:
25941-25950.

Ginn-Pease ME, Whisler RL. Optimal NF-kB mediated
transcriptional responses in Jurkat T cells exposed to
oxidative stress are dependent on intracellular gluta-
thione and costimulatory signals. Biochem Biophys Res
Commun 1996; 226: 695-702.

Cho S, Urata Y, Iida T, et al. Glutathione downregulates
the phosphorylation of IkB: Autoloop regulation of the
NF-kB-mediated expression of NF-kB subunits by TNF-a
in mouse vascular endothelial cells. Biochem Biophys Res
Commun 1998; 253: 104-108.

Ukada K, Wangpoengtrakul C, Osawa T, Toyokuni S,
Tanaka K, Uchida K. 4-Hydroxy-2-nonenal-mediated
impairment of intracellular proteolysis during oxidative
stress. | Biol Chem 1999; 274: 23787-23793.

Di Stefano A, Caramori G, Oates T, et al. Increased
expression of NF-kappaB transcription factor in bronchial
biopsies of smokers and patients with chronic obstructive
pulmonary disease. Eur Respir | 2002; 20: 556-563.
Sternglanz R. Histone acetylation: a gateway to transcrip-
tional activation. Trends Biol Sci 1996; 21: 357-358.
Imhof A, Wolffe AP. Transcription: gene control by
targeted histone acetylation. Curr Biol 1998; 8: R422-R424.
Bannister AJ, Miska EA. Regulation of gene expression
by transcription factor acetylation. Cell Mol Life Sci 2000;
57: 1184-1192.

Kanno T, Kanno Y, Siegel RM, Jang MK, Lenardo M]J,
Ozato K. Selective recognition of acetylated histones by
bromodomain proteins visualized in living cells. Mol Cell
2004; 13: 33-43.

Ogryzko VV, Schiltz RL, Russanova V, Howard BH,
Nakatani Y. The transcriptional coactivators p300 and
CBP are histone acetyltransferases. Cell 1996; 87: 953-959.
Kawasaki H, Schiltz L, Chiu R, et al. ATF-2 has instrinsic
histone acetyltransferase activity which is modulated by
phosphorylation. Nature 2000; 405: 195-200.

Pham A, Sauer F. Ubiquitin-activating/conjugating
activity of TAFII250, a mediator of activation of gene
expression in Drosophila. Science 2000; 289: 2357-2360.
Thomson S, Mahadevan LC, Clayton AL. MAP kinase-
mediated signaling to nucleosomes and immediate-early
gene induction. Dev Biol 1999; 10: 205-214.

Kamei Y, Xu L, Heinzel T, ef al. A CBP integrator complex
mediates transcriptional activation and AP-1 inhibition
by nuclear receptors. Cell 1996; 85: 403—-414.

Carrero P, Okamoto K, Coumailleau P, O’Brien S,
Tanaka H, Poellinger L. Redox-regulated recruitment of
the transcriptional coactivators CREB-binding protein
and SRC-1 to hypoxia-inducible factor 1-alpha. Mol Cell
Biol 2000; 20: 402—415.

Ng KW, Ridgway P, Cohen DR, Tremethick DJ. The
binding of a Fos/Jun heterodimer can completely disrupt

EUROPEAN RESPIRATORY JOURNAL



I. RAHMAN AND .M. ADCOCK

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

the structure of a nucleosome. EMBO | 1997; 16:
2072-2085.

Ruijter AJM, Gennip AH, Caron HN, Kemp S,
Kuilenburg ABP. Histone deacetylases (HDACs): char-
acterisation of the classical HDAC family. Biochem | 2003;
370: 737-749.

Sambucetti LC, Fischer DD, Zabludoff S, et al. Histone
deacetylase inhibition selectively alters the activity and
expression of cell cycle proteins leading to specific
chromatin acetylation and antiproliferative effects. | Biol
Chem 1999; 274: 34940-34947.

Ito K, Barnes PJ, Adcock IM. Glucocorticoid receptor
recruitment of histone deacetylase 2 inhibits interleukin-
1beta-induced histone H4 acetylation on lysines 8 and 12.
Mol Cell Biol 2000; 20: 6891-6903.

Chen LF, Fischle W, Verdin E, Greene WC. Duration of
nuclear NF-«B action regulated by reversible acetylation.
Science 2001; 293: 1653-1657.

Zhong H, May M], Jimi E, Ghosh S. The phosphorylation
status of nuclear NF-kappa B determines its association
with CBP/p300 or HDAC-1. Mol Cell 2002; 9: 625-636.
McKinsey TA, Zhang CL, Olson EN. Control of muscle
development by dueling HATs and HDACs. Curr Opin
Genet Dev 2001; 11: 497-504.

Nelson DE, Ihekwaba AE, Elliott M, et al. Oscillations in
NF-kappaB signaling control the dynamics of gene
expression. Science 2004; 306: 704-708.

Ito K, Hanazawa T, Tomita K, Barnes PJ, Adcock IM.
Oxidative stress reduces histone deacetylase 2 activity
and enhances IL-8 gene expression: role of tyrosine
nitration. Biochem Biophys Res Commun 2004; 315: 240-245.
Kwon HJ, Breese EH, Vig-Varga E, et al. Tumor necrosis
factor alpha induction of NF-kappaB requires the novel
coactivator SIMPL. Mol Cell Biol 2004; 24: 9317-9326.
Nasuhara Y, Adcock IM, Catley M, Barnes PJ, Newton R.
Differential IkappaB kinase activation and IkappaBalpha
degradation by interleukin-lbeta and tumor necrosis
factor-alpha in human U937 monocytic cells. Evidence
for additional regulatory steps in kappa B-dependent
transcription. | Biol Chem 1999; 274: 19965-19972.
Gilmour PS, Rahman I, Donaldson K, Macnee W. Histone
acetylation regulates epithelial IL-8 release mediated by
oxidative stress from environmental particles. Am |
Physiol Lung Cell Mol Physiol 2003; 284: 1.533-1.540.
Saccani S, Pantano S, Natoli G. Two waves of nuclear
factor kappaB recruitment to target promoters. | Exp Med
2001; 193: 1351-1359.

Bird A. Methylation talk between histones and DNA.
Science 2001; 294: 2113-2116.

Gilliland FD, Harms HJ, Crowell RE, Li YF, Willink R,
Belinsky SA. Glutathione S-transferase P1 and NADPH
quinone oxidoreductase polymorphisms are associated
with aberrant promoter methylation of P16 (INK4a) and
O(6)-methylguanine-DNA methyltransferase in sputum.
Cancer Res 2002; 62: 2248-2252.

Belinsky SA, Palmisano WA, Gilliland FD, et al. Aberrant
promoter methylation in bronchial epithelium and
sputum from current and former smokers. Cancer Res
2002; 62: 2370-2372.

Soria JC, Rodriguez M, Liu DD, Lee J], Hong WK, Mao L.
Aberrant promoter methylation of multiple genes in

EUROPEAN RESPIRATORY JOURNAL

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

VOLUME 28 NUMBER 1

REDOX MODULATION OF LUNG INFLAMMATION

bronchial brush samples from former cigarette smokers.
Cancer Res 2002; 62: 351-355.

Ng HH, Zhang Y, Hendrich B, et al. MBD2 is a
transcriptional repressor belonging to the MeCP1 histone
deacetylase complex. Nat Genet 1999; 23: 58-61.
Kagoshima M, Wilcke T, Ito K, et al. Glucocorticoid-
mediated transrepression is regulated by histone acetyla-
tion and DNA methylation. Eur | Pharmacol 2001; 429:
327-334.

Schneider R, Bannister AJ, Myers FA, Thorne AW, Crane-
Robinson C, Kouzarides T. Histone H3 lysine 4 methyla-
tion patterns in higher eukaryotic genes. Nat Cell Biol
2004; 6: 73-77.

Lachner M, Jenuwein T. The many faces of histone lysine
methylation. Curr Opin Cell Biol 2002; 14: 286-298.
Mutskov V, Felsenfeld G. Silencing of transgene trans-
cription precedes methylation of promoter DNA and
histone H3 lysine 9. EMBO | 2004; 23: 138-149.

Saccani S, Natoli G. Dynamic changes in histone H3 Lys 9
methylation occurring at tightly regulated inducible
inflammatory genes. Genes Dev 2002; 16: 2219-2224.
Wada H, Kagoshima M, Ito K, Barnes PJ, Adcock IM. 5-
Azacytidine suppresses RNA polymerase II recruitment
to the SLPI gene. BBRC 2005; 331: 93-99.

McCrea KA, Ensor JE, Nall K, Bleecker ER, Hasday ]D.
Altered cytokine regulation in the lungs of cigarette
smokers. Am | Respir Crit Care Med 1994; 150: 696-703.
Soler N, Ewig S, Torres A, Filella X, Gonzalez ], Zaubet A.
Airway inflammation and bronchial microbial patterns in
patients with stable chronic obstructive pulmonary
disease. Eur Respir | 1999; 14: 1015-1022.

Hellermann GR, Nagy SB, Kong X, Lockey RF,
Mohapatra SS. Mechanism of cigarette smoke
condensate-induced acute inflammatory response in
human bronchial epithelial cells. Respir Res 2002; 3: 22-30.
Anto RJ, Mukhopadhyay A, Shishodia S, Gairola CG,
Aggarwal BB. Cigarette smoke condensate activates
nuclear transcription factor kB through phosphorylation
and degradation of IkB-o: correlation with induction of
cyclooxygenase-2. Carcinogenesis 2002; 23: 1511-1518.
Hoshimoto A, Suzuki Y, Katsuno T, Nakajima H, Saito Y.
Caprylic acid and medium-chain triglycerides inhibit IL-
8 gene transcription in Caco-2 cells: comparison with the
potent histone deacetylase inhibitor trichostatin A. Br |
Pharmacol 2002; 136: 280-286.

Adcock IM, Caramori G. Cross-talk between pro-inflam-
matory transcription factorsand glucocorticoids. Immunol
Cell Biol 2001; 79: 376-384.

Ohno Y, Lee ], Fusunyan RD, MacDermott RP,
Sanderson RI. Macrophage inflammatory protein-2:
chromosomal regulation in rat small intestinal epithelial
cells. Proc Natl Acad Sci USA 1997; 94: 10279-10284.
Vanden Berghe W, Bosscher KD, Boone E, Plaisance S,
Haegeman G. The nuclear factor-kB engages CBP/p300
and histone acetyltransferase activity for transcriptional
activation of the interleukin-6 gene promoter. | Biol Chem
1999; 274: 32091-32098.

Ashburner BP, Westerheide SD, Baldwin AS Jr. The p65
(RelA) subunit of NFkappaB interacts with the histone
deacetylase (HDAC) corepressors HDAC1 and HDAC2

239



REDOX MODULATION OF LUNG INFLAMMATION

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

240

to negatively regulate gene expression. Mol Cell Biol 2001;
21: 7065-7077.

Ke S, Rabson AB, Germino JF, Gallo MA, Tian Y.
Mechanism of suppression of cytochrome P-450 1Al
expression by tumor necrosis factor-alpha and lipopoly-
saccharide. | Biol Chem 2001; 276: 39638-39644.

Miyata Y, Towatari M, Maeda T, Ozawa Y, Saito H.
Histone acetylation induced by granulocyte colony-
stimulating factor in a MAP kinase-dependent manner.
Biochem Biophys Res Commun 2001; 283: 655-660.

Deng WG, Zhu Y, Wu KK. Up-regulation of p300 binding
and p50 acetylation in tumor necrosis factor-alpha-
induced cyclooxygenase-2 promoter activation. | Biol
Chem 2003; 278: 4770-4777.

Shankaranarayanan P, Chaitidis P, Kuhn H, Nigam S.
Acetylation by histone acetyltransferase CREB-binding
protein/p300 of STAT6 is required for transcriptional
activation of the 15-lipoxygenase-1 gene. | Biol Chem 2001;
276: 42753-42760.

Culpitt SV, Maziak W, Loukidis S, Nightingale JA,
Matthews JL, Barnes PJ. Effect of high dose inhaled
steroid on cells, cytokines, and proteases in induced
sputum in chronic obstructive pulmonary disease. Am |
Respir Crit Care Med 1999; 160: 1635-1639.

Culpitt SV, Rogers DF, Shah P, et al. Impaired inhibition
by dexamethasone of cytokine release by alveolar
macrophages from patients with chronic obstructive
pulmonary disease. Am | Respir Crit Care Med, 167: 24-31.
Chalmers GW, MacLeod K], Thomson L, Little SA,
McSharry C, Thomson NC. Smoking and airway inflam-
mation in patients with mild asthma. Chest 2001; 120:
1917-1922.

Okamoto K, Tanaka H, Ogawa H, et al. Redox-dependent
regulation of nuclear import of the glucocorticoid
receptor. | Biol Chem 1999; 274: 10363-10371.

Galigniana MD, Piwien-Pilipuk G, Assreuy ]. Inhibition
of glucocorticoid receptor binding by nitric oxide. Mol
Pharmacol 1999; 55: 317-323.

Moodie FM, Marwick JA, Anderson CS, et al. Oxidative
stress and cigarette smoke alter chromatin remodeling
but differentially regulate NF-kappaB activation and
proinflammatory cytokine release in alveolar epithelial
cells. FASEB ] 2004; 18: 1897-1899.

Cosio BG, Tsaprouni L, Ito K, Jazrawi E, Adcock IM,
Barnes PJ. Theophylline restores histone deacetylase
activity and steroid responses in COPD macrophages. |
Exp Med 2004; 200: 689-695.

Lee H, Rezai-Zadeh N, Seto E. Negative regulation of
histone deacetylase 8 activity by cyclic AMP-dependent
protein kinase A. Mol Cell Biol 2004; 24: 765-773.
Marwick JA, Kirkham PA, Stevenson CS, et al. Cigarette
smoke alters chromatin remodeling and induces pro-
inflammatory genes in rat lungs. Am | Respir Cell Mol Biol
2004; 31: 633-642.

Pacht ER, Kaseki H, Mohammed JR, Cornwell DG,
Davis WR. Deficiency of vitamin E in the alveolar fluid
of cigarette smokers. Influence on alveolar macrophage
cytotoxicity. | Clin Invest 1988; 77: 789-796.

Cantin AM, North SL, Hubbard RC, Crystal RG. Normal
alveolar epithelial lining fluid contains high levels of
glutathione. | Appl Physiol 1987; 63: 152-157.

VOLUME 28 NUMBER 1

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

I. RAHMAN AND .M. ADCOCK

Li XY, Rahman I, Donaldson K, MacNee W. Mechanisms
of cigarette smoke induced increased airspace permea-
bility. Thorax 1996; 51: 465-471.

Li XY, Donaldson K, Rahman I, MacNee W. An
investigation of the role of glutathione in increased
epithelial permeability induced by cigarette smoke in
vivo and in vitro. Am | Respir Crit Care Med 1994; 149:
1518-1525.

Harju T, Kaarteenaho-Wiik R, Soini Y, Sormunen R,
Kinnula VL. Diminished immunoreactivity of gamma-
glutamylcysteine synthetase in the airways of smokers’
lung. Am ] Respir Crit Care Med 2002; 166: 754-759.
Neurohr C, Lenz A-G, Ding I, Leuchte H, Kolbe T, Behr J.
Glutamate-cysteine ligase modulatory subunit in BAL
alveolar macrophages of healthy smokers. Eur Respir |
2003; 22: 82-87.

Rahman I, MacNee W. Lung glutathione and oxidative
stress: implications in cigarette smoke-induced airway
disease. Am | Physiol 1999; 277: L1067-L1088.

Cotgreave IA. N-acetylcysteine: pharmacological consid-
erations and experimental and clinical applications. Adv
Pharmacol 1997; 38: 205-227.

Grandjean EM, Berthet P, Ruffmann R, Leuenberger P.
Efficacy and oral long-term N-acetylcysteine in chronic
bronchopulmonary disease: a meta-analysis of published
double-blind, placebo-controlled clinical trials. Clin Ther
2000; 22: 209-221.

Dekhuijzen PN. Antioxidant properties of N-acetylcys-
teine: their relevance in relation to chronic obstructive
pulmonary disease. Eur Respir | 2004; 23: 629-636.
Decramer M, Dekhuijzen PN, Troosters T, et al. The
Bronchitis Randomized On NAC Cost-Utility Study
(BRONCUS): hypothesis and design. BRONCUS-trial
Committee. Eur Respir ] 2001; 17: 329-336.

Decramer M, Rutten-van Molken M, Dekhuijzen PNR,
et al. Effects of N-acetylcysteine on outcomes in chronic
obstructive pulmonary disease (Bronchitis Randomized
on NAC Cost-Utility Study, BRONCUS): a randomised
placebo-controlled trial. Lancet 2005; 365: 1552-1560.
Poole PJ, Black PN. Preventing exacerbations of chronic
bronchitis and COPD: therapeutic potential of mucolytic
agents. Am | Respir Med 2003; 2: 367-370.

Poole PJ, Black PN. Oral mucolytic drugs for exacerba-
tions of chronic obstructive pulmonary disease: systema-
tic review. Brit Med ] 2001; 322: 1271-1274.

Stey C, Steurer J, Bachmann S, Medici TC, Tramer MR.
The effect of oral N-acetylcysteine in chronic bronchitis: a
quantitative systematic review. Eur Respir | 2000; 16:
253-262.

Kasielski M, Nowak D. Long-term administration of N-
acetylcysteine decreases hydrogen peroxide exhalation in
subjects with chronic obstructive pulmonary disease.
Respir Med 2001; 95: 448-456.

De Benedetto F, Aceto A, Dragani B, et al. Long-term oral
N-acetylcysteine reduces exhaled hydrogen peroxide in
stable COPD. Pulm Pharmacol Ther 2005; 18: 41-47.
Tabak C, Ilja C, Arts CW, Smit HA, Heederik D,
Kromhout D. Chronic obstructive pulmonary disease
and intake of catechins, flavonols, and flavones: the
MORGEN Study. Am | Respir Crit Care Med 2001; 164:
61-64.

EUROPEAN RESPIRATORY JOURNAL



I. RAHMAN AND .M. ADCOCK

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

Walda IC, Tabak C, Smit HA, et al. Diet and 20-year
chronic obstructive pulmonary disease mortality in
middle-aged men from three European countries. Eur |
Clin Nutr 2002; 56: 638-643.

Moretti M, Bottrighi P, Dallari R, et al. The effect of long-
term treatment with erdosteine on chronic obstructive
pulmonary disease: the EQUALIFE Study. Drugs Exp Clin
Res 2004; 30: 143-152.

Bridgemen MME, Marsden M, Selby C, Morrison D,
MacNee W. Effect of N-acetyl cysteine on the concentra-
tions of thiols in plasma bronchoalveolar lavage fluid and
lining tissue. Thorax 1994; 49: 670-675.

Rasmusse JB, Glennow C. Reduction in days of illness
after long-term treatment with N-acetylcysteine
controlled-release tablets in patients with chronic bron-
chitis. Eur | Respir Dis 1988; 1: 351-355.

Van Schooten FJ, Besaratinia AB, De Flora S, et al. Effects
of oral administration of N-acetyl-L-cysteine: a multi-
biomarker study in smokers. Cancer Epidemiol Biomarkers
Prev 2002; 11: 167-175.

Aylward M, Maddock J, Dewland P. Clinical evaluation
of acetylcysteine in the treatment of patients with chronic
obstructive bronchitis: a balanced double-blind trial with
placebo control. Eur | Respir Dis 1980; 61: Suppl. 3, 81-89.
Linden M, Rasmussen ]B, Piitulainen E, et al. Airway
inflammation in smokers with nonobstructive and
obstructive chronic bronchitis. Am Rev Respir Dis 1993;
148: 1226-1232.

Vecchiarelli A, Dottorini M, Pietrella D, et al. Macrophage
activation by N-acetyl-cysteine in COPD patients. Chest
1994; 105: 806-811.

Koechlin C, Couillard A, Cristol JP, et al. Does systemic
inflammation trigger local exercise-induced oxidative
stress in COPD? Eur Respir | 2004; 23: 538-544.
Dueholm M, Nielson C, Thorshauge H, et al. N-
acetylcysteine by metred dose inhaler in the treatment
of chronic bronchitis: a multi-centre study. Respir Med
1992; 86: 89-92.

Gerrits CMGM, Herings RMC, Leufkens HGM,
Lammers JW]. N-acetylcysteine reduces risk of re-
hospitalisation among patients with COPD. Eur Respir |
2003; 21: 795-798.

Beeh KM, Beier ], Haas IC, Kornmann O, Micke P, Buhl R.
Glutathione deficiency of the lower respiratory tract in
patients with idiopathic pulmonary fibrosis. Eur Respir |
2002; 19: 1119-1123.

Rahman I, Skwarska E, Henry M, et al. Systemic and
pulmonary oxidative stress in idiopathic pulmonary
fibrosis. Free Radic Biol Med 1999; 27: 60-68.

Gillissen A, Jaworska M, Orth M, et al. N acystelyn a
novel lysine salt of N-acetylcysteine to augment cellular
antioxidant defence in vitro. Respir Med 1997; 91: 159-168.
Antonicelli F, Parmentier M, Drost EM, et al. Nacystelyn
inhibits hydrogen peroxide mediated interleukin-8
expression in human alveolar epithelial cells. Free Radic
Biol Med 2002; 32: 492-502.

Ekberg-Jansson A, Larson M, MacNee W, et al. N-
isobutyrylcysteine, a donor of systemic thiols, does not
reduce the exacerbation rate in chronic bronchitis. Eur
Respir [ 1999; 13: 829-834.

EUROPEAN RESPIRATORY JOURNAL

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

VOLUME 28 NUMBER 1

REDOX MODULATION OF LUNG INFLAMMATION

Guidot DM, Brown LA. Mitochondrial glutathione
replacement restores surfactant synthesis and secretion
in alveolar epithelial cells of ethanol-fed rats. Alcohol Clin
Exp Res 2000; 24: 1070-1076.

Butterworth M, Upshall DG, Hobbs M, Cohen GM.
Elevation of cysteine and replenishment of glutathione in
rat lung slices by cysteine isopropylester and other

cysteine precursors. Biochem Pharmacol 1993; 45:
1769-1774.
Haddad el B, McCluskie K, Birrell MA, et al. Differential

effects of ebselen on neutrophil recruitment, chemokine,
and inflammatory mediator expression in a rat model of
lipopolysaccharide-induced pulmonary inflammation. |
Immunol 2002; 169: 974-982.

Zhang M, Nomura A, Uchida Y, et al. Ebselen suppresses
late airway responses and airway inflammation in guinea
pigs. Free Radic Biol Med 2002; 32: 454-464.

Henderson WR Jr, Chi EY, Teo JL, Nguyen C, Kahn M. A
small molecule inhibitor of redox-regulated NF-kappa B
and activator protein-1 transcription blocks allergic air-
way inflammation in a mouse asthma model. Immunol
2002; 169: 5294-5299.

Smith KR, Uyeminami DL, Kodavanti UP, Crapo ]D,
Chang LY, Pinkerton KE. Inhibition of tobacco smoke-
induced lung inflammation by a catalytic antioxidant.
Free Rad Biol Med 2002; 15: 1106-1114.

Gonzales PK, Zhuan J, Doctrow SR, et al. EUK-8, a
synthetic superoxide dismutase and catalase mimetic,
ameliorates acute lung injury in endotoxemic swine. |
Pharmacol Exp Ther 1995; 275: 798-806.

Oury TD, Thakker K, Menache M, Chang LY, Crapo JD,
Day BJ. Attenuation of bleomycin-induced pulmonary
fibrosis by a catalytic antioxidant metalloporphyrin. Am |
Respir Cell Mol Biol 2001; 25: 164-165.

Chuang SM, Liou GY, Yang JL. Activation of JNK, p38
and ERK mitogen-activated protein kinases by chromium
(VI) is mediated through oxidative stress but does not
affect cytotoxicity. Carcinogenesis 2000; 21: 1491-1500.
Caramori G, Romagnoli M, Casolari P, et al. Nuclear
localization of p65 in sputum macrophages but not in
sputum neutrophils during COPD exacerbations. Thorax
2003; 58: 348-351.

Schreck R, Albermann K, Baeuerle PA. Nuclear factor
kappa B: an oxidative stress-responsive transcription
factor of eukaryotic cells. Free Radic Res Commun 1992; 17:
221-237.

Wertz IE, O’'Rourke KM, Zhou H, et al. De-ubiquitination
and ubiquitin ligase domains of A20 downregulate NF-
kappaB signalling. Nature 2004; 5: 694-699.

Choi M, Rolle S, Wellner M, et al. Inhibition of NF-
kappaB by a TAT-NEMO-binding domain peptide accel-
erates constitutive apoptosis and abrogates LPS-delayed
neutrophil apoptosis. Blood 2003; 102: 2259-2267.

Platz ], Beisswenger C, Vogelmeir C, Bals R. siRNA
against the p65 subunit of NF-xB modulates the
inflammatory response of the airway epithelium. Am |
Respir Crit Care Med 2004; 169: Suppl, Al6.

McIntyre KW, Shuster DJ, Gillooly KM, et al. A highly
selective inhibitor of I kappa B kinase, BMS-345541,
blocks both joint inflammation and destruction in

241



REDOX MODULATION OF LUNG INFLAMMATION

213

214

215

216

217

242

collagen-induced arthritis in mice. Arthritis Rheum 2003;
48: 2652-2659.

Flohe L, Brigelius-Flohe R, Saliou C, Traber MG, Packer L.
Redox regulation of NF-kappa B activation. Free Radic
Biol Med 1997; 22: 1115-1126.

Sakurai A, Yuasa K, Shoji Y, et al. Overexpression of
thioredoxin reductase 1 regulates NF-kappa B activation.
J Cell Physiol 2004; 198: 22-30.

Arts IC, Hollman PC. Polyphenols and disease risk in
epidemiologic studies. Am | Clin Nutr 2005; 81: Suppl. 1,
3175-325S.

Biswas SK, McClure D, Jimenez LA, Megson IL,
Rahman I. Curcumin induces glutathione biosynthesis
and inhibits NF-kB activation and interleukin-8 releae
in alveolar epithelial cells: mechanism of free
radical scavenging activity. Antioxid Redox Signal 2005;
7: 32-41.

Shishodia S, Potdar P, Gairola CG, Aggarwal BB.
Curcumin (diferuloylmethane) down-regulates cigarette
smoke-induced NF-kappaB activation through inhibition
of IkappaBalpha kinase in human lung epithelial cells:
correlation with suppression of COX-2, MMP-9 and
cyclin D1. Carcinogenesis 2003; 24: 1269-1279.

VOLUME 28 NUMBER 1

218

219

220

221

222

223

I. RAHMAN AND .M. ADCOCK

Culpitt SV, Rogers DF, Fenwick PS, et al. Inhibition by red
wine extract, resveratrol, of cytokine release by alveolar
macrophages in COPD. Thorax 2003; 58: 942-946.
Donnelly LE, Newton R, Kennedy GE, et al. Anti-
inflammatory effects of resveratrol in lung epithelial
cells: molecular mechanisms. Am | Physiol Lung Cell Mol
Physiol 2004; 287: L774-L783.

Howitz KT, Bitterman K], Cohen HY, et al. Small
molecule activators of sirtuins extend Saccharomyces
cerevisige lifespan. Nature 2003; 425: 191-196.

Birrell MA, McCluskie K, Wong S, Donnelly LE,
Barnes PJ, Belvisi MG. Resveratrol, an extract of red
wine, inhibits lipopolysaccharide induced airway neu-
trophilia and inflammatory mediators through an NF-
kappaB-independent mechanism. FASEB ] 2005; 19:
840-841.

Rahman I, Bauter MR, Meja K, Kirkham P. Curcumin
restores glucocorticoid function and inhibits cigarette
smoke-mediated IL-8 release in oxidant stressed mono-
cytic U937 cell. Am ] Respir Crit Care Med 2005; 2: A395.
Schwartz JL, Baker V, Larious E, Chung FL. Molecular
and cellular effects of green tea on oral cells of smokers: a
pilot study. Mol Nutr Food Res 2005; 49: 43-51.

EUROPEAN RESPIRATORY JOURNAL



