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Abstract: There is a marked increase in oxidative stress in the lungs of patients with COPD, as
measured by increased exhaled 8-isoprostane, ethane, and hydrogen peroxide in the breath. The
lung may be exposed to exogenous oxidative stress from cigarette smoking and indoor or outdoor air
pollution and to endogenous oxidative stress from reactive oxygen species released from activated
inflammatory cells, particularly neutrophils and macrophages, in the lungs. Oxidative stress in
COPD may be amplified by a reduction in endogenous antioxidants and poor intake of dietary
antioxidants. Oxidative stress is a major driving mechanism of COPD through the induction of
chronic inflammation, induction of cellular senescence and impaired autophagy, reduced DNA repair,
increased autoimmunity, increased mucus secretion, and impaired anti-inflammatory response to
corticosteroids. Oxidative stress, therefore, drives the pathology of COPD and may increase disease
progression, amplify exacerbations, and increase comorbidities through systemic oxidative stress.
This suggests that antioxidants may be effective as disease-modifying treatments. Unfortunately,
thiol-based antioxidants, such as N-acetylcysteine, have been poorly effective, as they are inactivated
by oxidative stress in the lungs, so there is a search for more effective and safer antioxidants. New
antioxidants in development include mitochondria-targeted antioxidants, NOX inhibitors, and
activators of the transcription factor Nrf2, which regulates several antioxidant genes.
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1. Introduction

Chronic obstructive pulmonary disease (COPD) affects about 10% of people of the
world’s population over 40 years of age and is increasing, particularly in low- and middle-
income countries, as populations age [1]. COPD is now the third-ranked cause of death
after cardiovascular disease and stroke, the fifth-ranked cause of chronic disability, and
a leading cause of emergency hospital admission [1]. The economic burden of COPD is
very high, driven by the costs of hospitalisation for acute exacerbations and the cost of
long-term drug therapy [2]. In the UK, COPD costs around GBP 2 billion/year [3]. Costs
are expected to rise globally, particularly when the costs of comorbidities are taken into
account; COPD is predicted to cost over USD 5 trillion annually by 2030 [4]. Costs rise
with increasing disease severity, so a major aim is to prevent disease progression. However,
current optimal therapy with inhaled long-acting bronchodilators is symptomatic and does
not modify the underlying disease to reduce disease progression [5].

1.1. Risk Factors

Cigarette smoking is the main risk factor in high-income countries, and although
cigarette consumption is decreasing in these countries, it is rising in low- and middle-
income countries (LMIC), especially among women. Over half of the COPD cases in
the world occur in non-smokers [6], and exposure to biomass smoke is a risk factor for
COPD, especially in women; it has similar characteristics to smoking-related COPD [7],
with similar genetic signals [8]. There is increasing epidemiological evidence that ambient
outdoor air pollution is an important risk factor with exposure to particulates, nitrogen
oxides (NOy), and ozone, particularly in large cities in Asia [9]. Household air pollution
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is also important, especially in LMICs, and accounts for the high prevalence of COPD
in women in India [10,11]. Occupational exposure to dust and chemicals may also be an
important risk factor affecting particular occupations such as farmers and firefighters [12].
All of these environmental risks impose oxidative stress on the lungs that may overcome
antioxidant defences. Diet may also be a risk factor for COPD if there is a deficiency in
antioxidants, such as antioxidant vitamins and flavones [13]. Genetic causes of COPD have
been more difficult to define, apart from alphaj-antitrypsin deficiency, but multiple gene
polymorphisms may determine the expression of various endogenous antioxidant genes
that may amplify the lung response to exogenous oxidative stress [14].

1.2. Inflammation in COPD

COPD is associated with chronic inflammation of the lung, which particularly affects
peripheral airways and the lung parenchyma and leads to small airway fibrosis and em-
physema, which are progressive [15]. Although inhaled irritants, such as cigarette smoke
and particulates, may initiate inflammation, it becomes self-perpetuating and persists
even in ex-smokers. Many inflammatory cells are involved in the pathogenesis of COPD,
including macrophages (recruited from blood monocytes), neutrophils, eosinophils, and
lymphocytes that are recruited into the lungs [16]. Structural cells, including airway ep-
ithelial cells, fibroblasts, and endothelial cells also contribute to inflammation [17]. These
cells produce multiple mediators, including cytokines that perpetuate and amplify the
inflammation in the lungs, and are also important sources of reactive oxygen species (ROS),
thus contributing to oxidative stress in the lungs.

There is currently convincing evidence that COPD may be due to accelerated lung
ageing with the accumulation of senescent cells [18]. Senescent cells persist in lung tissue
and release multiple inflammatory mediators, known as the senescence-associated secretory
profile (SASP), which spreads senescence and is very similar to the pattern of mediators
that are increased in COPD [19]. Senescent cells also release ROS and, therefore, may be
important contributors to oxidative stress in COPD.

It is evident that oxidative stress is a major driving mechanism in COPD and may
account for many of the pathophysiological changes that occur [20]. This suggests that
antioxidants may be a promising approach to treatment and, by targeting a key driving
mechanism, may reduce disease progression and mortality. This review provides an
overview of the measurement and generation of oxidative stress in COPD and considers
how it may contribute to disease mechanisms, as well as how new antioxidants are being
developed as novel therapies for COPD.

2. Increased Oxidative Stress in COPD

Oxidative stress is increased in COPD patients, even in ex-smokers and never smokers,
and is further increased during acute exacerbations. There are several sources of oxidative
stress, which is further enhanced by reduced antioxidants (Figure 1).

2.1. Exogenous Oxidative Stress

Cigarette smoke exposure is the greatest risk factor for COPD in high-income countries,
but only about 20% of smokers develop airway obstruction, indicating that there are likely
to be susceptibility factors that may be genetic or epigenetic, which amplify the normal
inflammatory response to an inhaled irritant. Exposure to environmental tobacco smoke
is also a risk factor for COPD [21]. Outdoor air pollution involves exposure to NOX,
particularly NO,, small particulate matter (PM;g, PM; 5) from diesel exhaust fumes, and
ozone, all of which increase oxidative stress in the lung [9]. Household air pollution
is an important source of oxidant exposure, particularly in LMICs, with exposure to
biomass smoke from wood and animal dung, which produce high concentrations of small
particulates and NO; in poorly ventilated homes [11]. The phenotype of COPD in non-
smokers in LMICs is very similar to that seen in smoking COPD and has a similar pattern
of inflammation [7]. This indicates that exposure to inhaled irritants is a common factor in
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producing mucosal inflammation in a susceptible population and that this is likely to be
driven by oxidative stress.
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Figure 1. Increased exogenous and endogenous oxidative stress in COPD, which is enhanced by
reduced endogenous and dietary antioxidants. 1: increased; |: decreased.

2.2. Endogenous Oxidative Stress

Lung inflammation and oxidative stress persist in ex-smokers, indicating that oxidative
stress is also generated endogenously. This is likely to be due to the production of ROS
by various inflammatory cells within the lungs of COPD patients. Alveolar macrophage
numbers are increased over 20-fold in the lungs of COPD patients and are derived from
circulating monocytes that are recruited into the lungs by monocyte chemotactic factors
produced by structural cells in the lungs. Macrophages from COPD patients are activated
and release multiple inflammatory mediators, including ROS as superoxide anions and
hydrogen peroxide (HyO;) [22]. Activated neutrophils are also recruited into the lungs of
COPD patients. Peripheral blood neutrophils from COPD patients are also activated and
release ROS, particularly during acute exacerbations [23]. Lipid peroxidation is a marker of
oxidate stress, and the product 4-hydroxy-2-nonenal (4HNE) is increased in the lung tissue
of COPD patients, indicating the local production of ROS [24]. Furthermore, 4HNE is also
increased in the plasma of COPD patients during acute exacerbations [25].

2.3. Generation of Endogenous ROS

The lungs are exposed to exogenous oxidants in inspired air but also to endoge-
nous ROS generated by mitochondrial respiration and inflammatory responses to inhaled
pathogens, such as bacteria and viruses. Mitochondria are dysfunctional in COPD, with
leaky membranes, and are increased due to d defect in clearance by mitophagy, resulting
in the generation of mitochondrial ROS (mROS), which are major sources of oxidative
stress in COPD [26,27]. Inflammatory cells, particularly neutrophils and macrophages
that are recruited into the lungs, as well as structural cells, such as airway epithelial cells
and fibroblasts, generate endogenous oxidative stress in the lungs. Airway epithelial cells
from COPD patients produce intracellular ROS mainly from leaky abnormal mitochon-
dria [28], but also from membrane-bound reduced nicotinamide adenine dinucleotide
phosphate (NADPH) oxidases (NOX), from the xanthine/xanthine oxidase system and
also from neutrophil-derived myeloperoxidase (MPO) [20]. Some patients with COPD
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have increased eosinophils, and eosinophil peroxidase is increased in the sputum of COPD
patients [29].

Superoxide anions are generated mainly by NOX, and although relatively weak ox-
idising agents, they are rapidly converted to more damaging ROS species, such as the
hydroxyl radical and HyO,, or the highly reactive peroxynitrite radicals formed when in
the presence of nitric oxide (NO) [30]. MPO is released from activated neutrophils and
generates very destructive hypochlorous acid, which interacts with tyrosine residues in
proteins to form 3-chlorotyrosine, which is increased in the sputum of COPD patients [31].
Intracellular antioxidant defences counteract ROS production to maintain redox balance
and, thus, protect cells in the lung. However, in COPD, several endogenous antioxidants
are reduced, thus enhancing oxidative stress in the lungs.

ROS generates reactive carbonyls through lipid peroxidation and glycoxidation of
sugars, leading to the formation of aldehydes that cause protein carbonylation [32]. Protein
carbonylation, known as ‘carbonyl stress’, is associated with chronic disease and ageing.
Protein carbonylation is non-enzymatic and targets specific amino acids, including lysine,
arginine, cysteine, and histidine. Protein carbonylation is increased in the lungs of smokers
and COPD patients and correlates with disease severity [33]. Protein carbonylation may
modify protein function, and this may contribute to disease mechanisms but may also lead
to the formation of autoantibodies to the carbonylated proteins.

2.4. Measuring Oxidative Stress in COPD

Various approaches have been used to measure oxidative stress in COPD patients.
Several biomarkers of oxidative stress have been measured in the breath in order to assess
oxidative stress in the lung (Figure 2). Ethane is a volatile product of lipid peroxidation
that can be detected by gas chromatography and is increased in exhaled breath of COPD
patients, with a positive correlation with disease severity [34]. Exhaled breath condensate
has been used to measure various markers of oxidative stress, including H>O,, malondi-
aldehyde, 4HNE, and 8-isoprostane, showing increases in patients with COPD, compared
with smokers without COPD and healthy non-smokers [35-38]. H,O, and 8-isoprostane
are further increased during exacerbation [39,40]. Biomarkers of oxidative stress remain
increased in ex-smokers, suggesting that they are derived endogenously, most likely from
activated inflammatory cells in the lungs [38]. Increased oxidative and nitrative stress gen-
erate superoxide anions and NO, respectively, and these rapidly generate highly reactive
peroxynitrite, which is detectable in exhaled breath condensate of COPD patients by the
specific oxidation of a fluorescent substrate 2/,7’-dichlorofluorescein and is correlated with
disease severity [30]. Peroxynitrite nitrates tyrosine residues in proteins and increased
nitrotyrosine is increased in induced sputum and lungs of patients with COPD [41,42].
Superoxide anions are also increased in skeletal muscle of patients with COPD and cor-
relate with muscle atrophy and weakness, which are commonly found in severe COPD
patients [43].

2.5. Reduction in Antioxidants

The increased oxidative stress in COPD may be amplified by a reduction in exogenous
antioxidants in the diet and by impaired endogenous antioxidant defences. Glutathione
concentrations are reduced in bronchoalveolar lavage fluid from COPD patients with fre-
quent exacerbations, compared with those with stable COPD [44]. Extracellular superoxide
dismutase (EC-SOD, SOD3) polymorphisms are seen in COPD, and there is reduced ex-
pression around small airways [14,45,46]. Thioredoxin is an important regulator of redox
balance and is reduced in COPD [25,47].
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Figure 2. Increased markers of oxidative stress in the breath of COPD patients. Left panel shows
increased concentrations of 8-isoprostane in exhaled breath condensate from normal smokers and
a greater increase in COPD patients. Ex-smokers have a similar level of 8-isoprostane to active
smokers, indicating endogenous oxidative stress from chronic inflammation in the lungs (adapted
from ref. [37]). Right panel shows increased exhaled ethane (measured by gas-chromatography mass
spectrometry) in COPD patients compared with smokers (adapted from reference [33]). Difference
from normal controls: * p < 0.05, ** p < 0.01, *** p < 0.001.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a key transcription factor that
regulates multiple antioxidant genes and, thereby, protects the lungs against oxidant
damage [48].

Nrf2 is activated in normal smokers, but its activation by oxidative stress is impaired
in COPD as a result of histone acetylation due to histone deacetylase (HDAC)-2 reduction,
resulting in reduced antioxidant gene expression [49]. The transcription factor Forkhead
box O3a (FOXO3a) also regulates multiple antioxidant genes and is reduced in COPD lungs
as a result of phosphoinositide-3-kinase (PI3K) activation [18,50].

2.6. Iron Overload

Iron is increased in the lungs of COPD patients and iron overload in lung cells gener-
ates ROS production, particularly mROS and lipid peroxidation [51]. Iron accumulation
may lead to a specific form of non-apoptotic cell death known as ferroptosis. The hepcidin—-
ferroportin iron transporter mechanism is abnormal in COPD alveolar macrophages, which
may lead to the accumulation of iron and the generation of ROS [52].

3. Effects of Oxidative Stress in COPD

There is compelling evidence that increased oxidative stress is a major driver of the
pathophysiology of COPD through several different mechanisms [20,53,54] (Figure 3).

3.1. Increased Inflammation

Over 100 different mediators are secreted in COPD, including multiple cytokines
and chemokines, which amplify and perpetuate lung inflammation [55]. Oxidative stress
activates the intracellular signalling pathways that lead to the synthesis and release of
these inflammatory mediators, the proinflammatory transcription factor nuclear factor-xB
(NF-kB) and signalling molecules such as Ras/Rac, p38 mitogen-activated protein kinase
(MAPK), Jun-N-terminal kinase (JNK), PI3 kinase, and protein tyrosine phosphatases. NF-
kB expression and activation are increased in COPD, particularly in airway epithelial cells
and macrophages, and activated by ROS [56]. Oxidative stress also activates transforming
growth factor(TGF)-f3 signalling, which itself induces oxidative stress [57] and is likely
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to account for small airway fibrosis, which is believed to be the initial lesion of COPD
and accounts for early disease progression [58]. TGF-f3 has an inhibitory effect on Nrf2,
which increases oxidative stress through the suppression of endogenous antioxidants [59].
Oxidative stress increases the expression of matrix metalloproteinase (MMP)9, breaking
down elastin fibres, which may be an important mechanism of emphysema, and further en-
hances elastolysis through inactivation of «1-antitrypsin and increased neutrophil elastase
activity [60].

Antioxidants

Oxidative stress

Anti-

antibodies J Antiproteases

i

enescence, resistance

Figure 3. Increased oxidative stress drives the pathology of COPD through several mechanisms.
These include the proinflammatory transcription factor nuclear factor-KB (NF-«B), p38 mitogen-
activated protein kinase (MAPK), generation of autoantibodies to carbonylated proteins, reduced
expression of sirtuin-1 (resulting in cellular senescence), DNA damage (increasing lung cancer risk),
reduced histone deacetylase (HDAC)-2 expression (inducing steroid resistance), reduced activity
of antiproteases (resulting in emphysema), increased release of transforming growth factor(TGF)-3
(resulting in small airway fibrosis), and increased expression of mucin genes (MUC) (causing mucus
hypersecretion. 1: increased; |: decreased; —-: block.

3.2. Corticosteroid Resistance

Chronic inflammation in COPD lungs is not significantly suppressed by corticosteroids,
in contrast to asthma. The corticosteroid resistance may be due to oxidative stress, which
inhibits the expression and activity of HDAC-2, which is required for the suppression
of proinflammatory genes that are activated by histone acetylation [61]. Oxidative stress
reduces HDAC-2 activity and expression through the activation of PI3K-$, leading to
phosphorylation and ubiquitination of this epigenetic regulatory enzyme [62], peroxynitrite,
which is increased in COPD lungs, also inactivates HDAC-2 by tyrosine nitration and
ubiquitination [63]. The reduction in HDAC-2 by oxidative stress prevents the acetylation
of glucocorticoid receptors, which is necessary for the inhibition of NF-kB that mediates
the anti-inflammatory effects of corticosteroids [64].

3.3. Accelerated Lung Ageing and Cellular Senescence

There is growing evidence that COPD is associated with accelerated lung ageing
and the accumulation of senescent cells in the lungs, including epithelial cells, fibroblasts,
and endothelial cells [18]. Oxidative stress accelerates telomere shortening, as telomeric
DNA is particularly sensitive to oxidative DNA damage [26], leading to the activation of
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DNA damage response that results in cell-cycle arrest through the activation of p53, which
activates the cyclin kinase inhibitor p21¢P1. Oxidative stress also activates the cyclin kinase
inhibitor p16"™K* stress-induced senescence pathway [26]. Oxidative stress also activates
the PI3K-mammalian target of rapamycin (mTOR) signalling, which is activated in COPD
lungs [65,66]. This results in increased microRNA-34a, which inhibits the expression of
sirtuin-1 and sirtuin-6 mRNA and protein [67,68]. Oxidative stress also increases miR-570,
which also inhibits sirtuin-1 expression, but via a p38 MAPK—cJUN-AP1 pathway [69]. The
key role of miR-34a and -570 in COPD is demonstrated by the reversal of cellular senescence
and cell-cycle arrest in small airway epithelial cells by specific inhibitors (antagomiRs) of
these microRNAs. Reduction in sirtuin-1 and sirtuin-6 enzyme activity and expression
results in increased acetylation of NF-«B and increased inflammation, indicating that
cellular senescence may drive inflammation in COPD. The reduction in sirtuin-1 also
contributes to mitochondrial dysfunction, impaired DNA repair, and defective autophagy.
In addition, decreased sirtuin-1 and sirtuin-6 impair the function of the transcription factors
FOXO3a and Nrf2, respectively, which decreases the expression of multiple antioxidant
genes, leading to increased oxidative stress which drives further senescence. Oxidative
stress reduces autophagy through activation of PI3K-mTOR signalling and a reduction
in sirtuin-1, resulting in the accumulation of damaged proteins and organelles, including
mitochondria [70,71].

3.4. Autoimmunity

There is increasing evidence indicating that autoimmunity may play a role in am-
plifying and perpetuating COPD, especially in severe diseases, and may account for the
persistence of the disease after smoking cessation [72]. Autoantibodies against epithelial
and endothelial cells and against collagen and cytokeratin have been detected in COPD
patients and appear to increase with disease severity [73]. Oxidative stress may cause
carbonyl stress, which creates neoantigens against which autoantibodies may develop.
Autoantibodies against carbonyl-modified proteins have been detected n COPD patients
and, since these may be complement-fixing, this may contribute to lung parenchymal
damage [33].

3.5. DNA Damage

Oxidative stress directly damages DNA, especially the DNA in telomeres [26]. Addi-
tionally, 8-hydroxy-2-deoxyguanosine is a biomarker of oxidative damage of DN and is
increased in the peripheral lungs of normal smokers and patients with COPD, reflecting the
increased oxidative stress in the lungs [74]. Apurinic/apyradymic (AP) sites indicate the
repair of oxidised DNA bases, and there are normally efficient DNA repair mechanisms. In
normal smokers, there is an increase in AP sites in the lungs, signifying active DNA repair,
but this is significantly reduced in COPD patients, showing defective DNA repair in COPD.
The nuclear expression of the double-stranded DNA repair protein Ku86 is significantly
reduced in COPD lungs, compared with normal smokers, demonstrating that there is a
defect in DNA repair in COPD [74]. In mice exposed to cigarette smoke, there is a reduction
in Ku86, indicating an impairment in the DNA repair machinery with oxidative stress;
this is also seen in human small airway epithelial cells exposed to H,O,. This defect in
DNA repair as a result of oxidative stress is likely to contribute to the marked increased
prevalence of lung cancer in patients with COPD, compared with smokers without airway
obstruction [75].

3.6. Mucus Secretion

Oxidative stress stimulates mucus secretion and the expression of mucin (MUC)5AC,
which contributes to airway narrowing in COPD [76]. Importantly, oxidative stress
markedly increases mucus cross-linking, making mucus more viscous and difficult to
clear [77] and may account for the widespread mucus plugging seen in some patients with
severe COPD [78].
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4. Strategies for Reducing Oxidative Stress

As oxidative stress is a major driving mechanism for the pathophysiology of COPD,
antioxidant therapies should be of great benefit in COPD [79-81]. However, antioxidants are
not used routinely in the current management of COPD, indicating that currently available
antioxidants drugs are not effective. Several classes of antioxidants have been developed,
and there are several new drugs in preclinical and clinical development (Table 1).

4.1. Dietary Antioxidants

Although epidemiological studies have linked diets low in antioxidants with poor
lung function, and they are recognised as risk factors for the development of COPD,
antioxidant vitamins have not been found to benefit established COPD [13]. Dietary an-
tioxidants include vitamin C (ascorbic acid), vitamin E (x-tocopherol), resveratrol (found
in red-skinned fruits and red wine), and flavonoids, such as quercetin (found in many
fruits and vegetables), but dietary antioxidants do not improve lung function or clinical
features of COPD [82,83]. There is retrospective evidence that a Mediterranean diet, rich
in dietary antioxidants, may protect against the development of COPD, but many con-
founding factors make this difficult to interpret [84]. Resveratrol has been shown to reduce
ROS and inflammatory mediator release from airway epithelial cells from COPD patients
in vitro, and in rats in vivo, it reduces neutrophilic inflammation induced by lipopolysac-
charide [85,86]. However, resveratrol has poor oral bioavailability, which has led to the
development of more potent and orally bioavailable analogues, known as sirtuin-activating
compounds. Inhaled resveratrol reduces accelerated lung ageing in a telomerase-deficient
mouse model [87]. (—)-Epigallocatechin is a polyphenol found in green tea that activates
FOXO3a, a transcription factor that regulates antioxidant genes, such as SOD and cata-
lase [88]. (—)-Epigallocatechin reduces oxidative stress and neutrophil inflammation in rats
exposed to cigarette smoke in vivo and in human airway epithelial cells in vitro [89].

4.2. Thiol-Based Antioxidants

N-Acetylcysteine (NAC was developed as a mucolytic agent and is a thiol compound
that, as it breaks down mucin disulphide, cross-links to reduce mucus viscosity. It was
found to have antioxidant effects by increasing glutathione concentrations, which are
reduced in COPD [90]. Several small clinical studies in COPD patients showed a reduction
in exacerbations [91], although a large clinical trial (n = 523) of low-dose (600 mg orally)
NAC (Bronchitis Randomised on NAC Study (BRONCUYS)) failed to show any reduction in
exacerbation or to reduce disease progression; nevertheless, there was a significant effect
in patients who were not treated with inhaled corticosteroids (ICS) [92]. A larger study
(>1000) in Chinese COPD patients with a higher dose of NAC (600 mg twice daily) showed
a small reduction (~20%) in exacerbation rate [93], which was greatest in current smokers
and in those not treated with ICS [94].

Carbocisteine, a similar thiol mucolytic drug that has antioxidant effects, also reduces
the exacerbations in COPD patients not treated with ICS [95], which was confirmed in a
meta-analysis of four placebo-controlled studies [96]. Erdosteine, another thiol antioxidant,
reduces mild (but not moderate or severe) exacerbations [97] and was confirmed in a meta-
analysis [98]. Thiol-based antioxidants have only a modest effect in reducing exacerbations
and have no effects on lung function or quality of life [99,100]. It is not certain whether any
clinical benefits result from their mucolytic actions, by increasing mucociliary clearance,
or due to their antioxidant effects on the lungs. As oxidative stress is high in the lungs,
systemic administration may not be able to counteract the high local oxidative stress,
so they may be better delivered directly into the lungs. NAC has also been given by
nebulisation and a lysine derivative nacystelyn by dry powder inhaler, but they may
induce bronchoconstriction, and there is no evidence of any clinical benefit in COPD. A
major problem with thiol-based antioxidants is their rapid inactivation by the high level of
oxidative stress in COPD lungs, prompting a search for more stable antioxidants.
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4.3. Antioxidant Mimetics

Antioxidant mimetics restore depleted endogenous antioxidants, such as SOD, cata-
lase, and glutathione peroxidase (GPx) [101]. Overexpression of Cu-Zn SOD in mice
protects against the development of emphysema after cigarette smoke exposure, suggesting
that enhancing SOD activity may be beneficial in COPD [102]. SOD mimetics include
metalloporphyrins, such as AEOL 10113 and AEOL 10150, and manganese-containing
molecules, such as M40419. These drugs are effective in different animal in vivo models
of oxidative stress and reduce the inflammatory response to cigarette smoke in mice [103].
GPx mimics catalyse the breakdown of H,O, and include selenium and non-selenium con-
taining antioxidant enzymes, GPx transgenic mice are protected against the development of
inflammation and emphysema after cigarette smoke exposure, whereas GPx gene knockout
increases the inflammatory response to smoke, suggesting that GPx mimetics may be useful
in COPD [104]. Ebselen, a GPx mimetic, reduces the pulmonary inflammatory response
and endothelial dysfunction in cigarette smoke-exposed mice [105], but no clinical studies
on COPD have been reported.

4.4. NOX Inhibitors

Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) is a membrane-
bound molecular complex that is likely to be a major source of ROS in COPD via the
generation of superoxide anions. NOX exists in several isoforms, including NOX1-5 and
the dual oxidases Duox1 and 2 [106]. Several NOX inhibitors have been identified, although
it has proved difficult to discover selective inhibitors [107]. Apocynin, a non-selective NOX
inhibitor, reduces the inflammatory response to cigarette smoke in mice in vivo [108]. Acute
administration of nebulised apocynin reduces exhaled H,O, concentrations in exhaled
breath condensate in COPD patients [109], but no longer-term studies have been reported.
Setanaxib (GKT137831) is a dual NOX1/4 inhibitor now in clinical trials but has not yet
been studied in COPD.

4.5. Peroxidase Inhibitors

Myeloperoxidase (MPO) is markedly increased in COPD sputum, reflecting neutrophil
degranulation in the lungs [110]. AZD5904, a potent irreversible MPO inhibitor, reduces
oxidative stress and the development of emphysema in cigarette smoke-exposed guinea
pigs [111]. Although in clinical studies the drug is well tolerated in human volunteers, it
was discontinued for unknown reasons.

4.6. Inhibiting Nitrative Stress

As discussed above, superoxide anions combine rapidly with NO to form highly
reactive peroxynitrite ions, which form 3-nitrotyrosine adducts in proteins, which may lead
to functional changes. NO may be produced by type 1 NOS (also known as neuronal NOS),
which is induced by oxidative stress in alveolar epithelial cells of COPD patients [112].
Mice exposed to cigarette smoke in vivo express inducible NOS (iNOS, type 2 NOS) and
iNOS gene deficiency, as well as selective iNOS inhibitors, protect against the development
of emphysema [113]. Aminoguanidine is a relatively selective inhibitor of iNOS. When
given via nebuliser to COPD patients, there is a significant reduction in both central and
peripheral exhaled NO, although it does not completely block exhaled NO, suggesting that
neuronal NOS may be responsible and indicating that selective iNOS inhibitors may not
completely reduce peroxynitrite in COPD [114].

4.7. Mitochondria-Targeted Antioxidants

Mitochondria are dysfunctional in COPD, with an increase in mitochondrial mass, fu-
sion, and increased membrane leakiness due to impairment of mitophagy, which normally
removes damaged mitochondria and may itself be impaired by oxidative stress [26,115].
These dysfunctional mitochondria are major sources of ROS (mROS) in COPD [116,117].
Mitochondria-targeted (mt) antioxidants have been designed to selectively target mitochon-
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dria and are based on the structure of ubiquinone; thus, they are concentrated 50-100-fold
in mitochondria. These mt-antioxidants appear to be more effective than conventional
antioxidants in several animal models of ageing [118]. Several mt-antioxidants, including
mitoQ, mito-TEMPO, pyrroloquinoline quinone, and SkQ]1, are in clinical trials for sev-
eral age-related diseases. Cigarette smoke extract induces mitochondrial dysfunction and
release of mROS in human airway epithelial cells in vitro, and this is inhibited by mito-
TEMPO [119]. In mice exposed to ozone over 6 weeks, oral mitoQ treatment reduces airway
hyperresponsiveness, neutrophilic inflammation, and lung inflammatory mediators [116].
Although mt-antioxidants such as mitoQ are available in health food shops, no clinical
studies in COPD patients have so far been reported.

4.8. Nrf2 Activators

As discussed above, Nrf2 regulates multiple antioxidant genes and translocates to
the nucleus after dissociation from Kelch-like ECH-associated protein 1 (Keap1) to bind to
antioxidant response elements in several antioxidant genes. However, in cells from COPD
patients, Nrf2 fails to activate antioxidant genes in response to ROS, as in normal cells,
which may be due to its acetylation as a result of reduced HDAC-2 activity [49]. Heme
oxygenase-1 (HO-1) is one of the antioxidant genes regulated by Nrf2 and generates carbon
monoxide and biliverdin, which is converted to the antioxidant bilirubin [120]. Delivery of
recombinant HO-1 in mice attenuates the development of emphysema induced by elastase,
suggesting that Nrf2 activators might be effective therapy [121]. Treatment of fibroblasts
from COPD patients with hemin to activate HO-1 results in reduced cellular senescence,
improved mitochondrial function, and reduced ROS production [122] Since Nrf2 activates
many other antioxidant genes in addition to HO-1, this suggests that activators of Nrf2 and
inhibitors of Keapl might be even more effective against oxidative stress in COPD. Several
electrophilic modifiers of Keapl have been identified, and some have been tested in clinical
studies. Sulforaphane is an isothiocyanate compound found in raw cruciferous vegetables,
such as broccoli and Brussel sprouts, and forms thiacyl adducts with Cys residues of Keapl,
to release Nrf2 to translocate to the nucleus, resulting in the activation of antioxidant
genes. However, sulforaphane has poor specificity and also has toxic effects on cells. A
four-week clinical trial of sulforaphane in COPD patients failed to increase antioxidant
gene targets of Nrf2 (such as HO-1) or to reduce oxidative stress and inflammation [123].
Bardoxolone methyl is a synthetic triterpenoid, which is more potent than sulforaphane
and is effective in a cigarette smoke-exposed mouse model of COPD [124]. However, a
Phase 3 clinical trial in renal disease was terminated due to cardiovascular side effects and
increased mortality [125]. Dimethyl fumarate (BG-12) is an Nrf2 activator that has been
approved for use in multiple sclerosis, although side effects such as flushing, nausea, and
diarrhoea are reported [126]. An inhaled microparticulate formulation of BG-12 has recently
been developed, but no results in animal models of COPD have been reported [127]. These
Nrf2 activators all lack specificity and have several adverse effects, so there is a search
for more specific activators such as. drugs that interfere with protein—protein interactions
between Nrf2 and Keapl. BTB and CNC homology 1 (Bachl) is a transcription factor that
inhibits Nrf2 and is increased in COPD. Inhibition of Bach1 is a potential novel strategy for
increasing Nrf2 and antioxidants in COPD [128].

Table 1. Antioxidants for COPD.

Antioxidant Type Examples Studies in COPD
N-Acetylcysteine Reduced exacerbations [91-93]
Thiol antioxidants Carbocisteine Reduced exacerbations [95,96]
Erdosteine Reduced exacerbations [97,98]

Inhaled glutathione Not tested
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Table 1.

Cont.

Antioxidant Type

Examples

Studies in COPD

Dietary antioxidants

Vitamin C (ascorbic acid)
Vitamin E (x-tocopherol)

No controlled clinical trials
Anti-inflammatory in vitro [85]

Nrf2 activators

Resveratrol
(—)-Epigallocatechol Not tested
SOD Mimetics AEOL 10150 Effective in animal models [103]
GPx Mimetics Ebselen Effective in animal models [104]
o Apocynin Reduces inflammation [108]
NOX inhibitors Setanaxib (GKT137831) No studies
Myeloperoxidate inhibitors AZD 5904 Effective in animal models [111]
iNOS inhibitors L-NIL Effective in animal studies [113]
. . .. mitoQ, mitoTEMPO Effective in vitro [116,119]
Mitochondria-targeted antioxidants SkQ1 No dlinical studies
Sulforaphane Clinical trial negative [124]

Bardoxolone methyl Effective in animal models
Dimethylfumarate (BG-12) Not tested

References

Abbreviations: SOD: superoxide dismutase; GPx: glutathione peroxidase; NOX: NADPH oxidase; iNOS: inducible
nitric oxide synthase; L-NIL: L-N®-(1-iminoethyl)lysin; Nrf2: nuclear erythroid-2 related factor 2.

5. Conclusions

Exogenous oxidative stress from cigarette and biomass smoke exposure and air pol-
lution, endogenous oxidative stress from activated inflammatory cells in the lungs, and
reduced antioxidants all lead to a high level of oxidative stress in the lungs. This is a major
factor driving the pathophysiology of COPD and its progression, as well as amplifying
acute exacerbations. Increased oxidative stress in the lungs of COPD patients results in
chronic inflammation, reduced anti-inflammatory effects of corticosteroids, cellular senes-
cence and accelerated lung ageing, autoimmunity, fibrosis of peripheral airways, and mucus
hypersecretion. Systemic oxidative stress may contribute to many of the comorbidities
associated with COPD.

Antioxidant therapy is, therefore, a logical approach to the treatment of COPD and
should be effective in preventing disease progression and exacerbations. Although several
different approaches to reducing oxidative stress in COPD have been investigated in
animal models and COPD cells in vitro, clinical studies have been limited. Thiol based
antioxidants, such as N-acetylcysteine, have had disappointing clinical effects, as they are
probably inactivated in the lungs, so there is a need to study more effective antioxidants,
such as mt-antioxidants, as mitochondria are major sources of ROS in COPD and activators
of Nrf2, which should restore impaired endogenous antioxidants. The development of
more effective strategies to reduce oxidative stress in COPD patients is an important priority
for the future.
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