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Oxidative stress is now recognized as a major predisposing factor in the pathogenesis of COPD.
Existing therapies for COPD are ineffective at halting disease progression, with bronchodilators
being the mainstay of pharmacotherapy, providing symptomatic relief only. It is, therefore, important
for a better understanding of the underlying mechanisms by which oxidative stress drives disease
pathogenesis to develop novel and more effective therapies. Antioxidant capacity in COPD is
substantially reduced as a result of cigarette smoking and exacerbations, with oxidative stress
persisting long after the cessation of cigarette smoking or exacerbation, due to the continued
production of reactive oxygen species from endogenous sources. We discuss (1) how oxidative
stress arises in the lung, (2) how it is neutralized, (3) what genetic factors may predispose to the
development of COPD, and (4) how this impacts inflammation and autoimmunity in the develop-
ment of emphysema and small airways disease. Finally, various strategies have been considered
to neutralize the increased oxidative burden present in COPD. This review highlights why cur-
rent antioxidant strategies have so far failed and what promising alternatives are on the horizon.
Moreover, a number of studies have shown that there is no single “magic bullet” to combat oxida-
tive stress, but instead a combination therapy, targeting oxidative stress in the various subcellular
compartments, may prove to be more effective in COPD. CHEST 2013; 144(1):266-273

Abbreviations: GSH = reduced glutathione; GST = glutathione-S-transferase; HDAC = histone deacetylase; MDA = malon-
dialdehyde; MPO = myeloperoxidase; NF-k B = nuclear factor- B; NOX = NADPH oxidase; Nrf2 = nuclear erythroid-2-related
factor 2; ROS = reactive oxygen species; SOD = superoxide dismutase

COPD is a major and increasing global health prob-
lem that is set to become the third leading cause
of death worldwide by 2020. It currently affects
about 10% of the population over 45 years of age,
rising to 50% in heavy smokers.! The major etiologic
factor driving this disease is likely to be oxidative and
carbonyl stress in the lungs following long-term expo-
sure to cigarette smoke or the combustion products
of biomass fuels.2 Oxidative stress arises as a result
of endogenous antioxidant defenses being genetically
impaired and/or overwhelmed by the presence of
reactive oxygen species (ROS). This in turn can lead
to carbonyl stress, where oxidative damage to the sur-
rounding tissues leads to the formation of highly
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reactive organic molecules that can modify proteins
nonenzymatically. COPD is characterized by chronic
inflammation and remodeling of the small airways
and destruction of the lung parenchyma (emphysema).?
A striking feature of COPD is its failure to resolve
when exposure to cigarette smoke has stopped,* which
has led to the suggestion that other endogenous fac-
tors, such as autoimmunity or persistent infection may
also be driving the disease.!

PERSISTENT LUNG AND SYSTEMIC OXIDATIVE
STRESS IN COPD

There is evidence for oxidative and carbonyl stress
in COPD, particularly during acute exacerbations.
Alveolar macrophages from patients with COPD are
more activated and release increased amounts of ROS
in the form of the superoxide radical and hydrogen
peroxide.® Similarly, activated peripheral blood neu-
trophils from patients with COPD release increased
amounts of ROS, particularly during exacerbations.
Markers of oxidative stress and carbonyl stress in
COPD include elevated concentrations of nitrotyrosine”
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and lipid peroxidation products, such as 8-isoprostane,
4-hydroxy-2-nonenal, and malondialdehyde (MDA).59
In contrast, concentrations of the endogenous antioxi-
dant glutathione are lower in BAL fluid from patients
with COPD with frequent exacerbations compared
with those with stable COPD.!® Although more refined
noninvasive methods of assessing oxidative stress
have been developed, they are limited due to a lack
of standardization.!!

Despite this, several markers of oxidative stress,
for example, hydrogen peroxide, carbon monoxide,
myeloperoxidase (MPO),'12 and markers of oxida-
tive tissue damage, such as 8-isoprostane'® and car-
bonyl stress in the form of MDA, have consistently
been shown to be elevated in exhaled breath or
exhaled breath condensate from patients with COPD.
Moreover, systemic exposure to oxidative stress in
COPD is also indicated by increased carbonyl adducts,
such as 4-hydroxynonenal in respiratory® and skeletal
muscle.15

SOURCE OF ROS IN THE LUNG

The lung is particularly vulnerable to injury from
environmental oxidative stress due in part to its ana-
tomic structure. It is constantly exposed to sources
of endogenous oxidative stress generated by mito-
chondrial respiration and inflammatory responses to
bacterial and viral infections within the lung. The
environmental sources of airborne oxidative stress
include oxidant gases and ultrafine particulate mate-
rial and nanoparticles from industrial pollution and
car exhaust fumes. However, the single most impor-
tant etiologic factor in causing COPD in the western
world is cigarette smoking, with inhalation of com-
bustion products from enclosed cooking fires being
an important additional etiologic factor in developing
countries.!

While exposure to cigarette smoke can drive the
onset of COPD, once the disease has become estab-
lished cessation of smoking does not stop the contin-
ued presence of oxidative stress and progression of
disease.!” The continued presence of oxidative stress
most likely arises from endogenous sources such as
mitochondprial respiration. Indeed, airway epithelial
cells when exposed to carbonyl stress induce the pro-
duction of mitochondria-derived ROS,'s and airway
smooth muscle cells from patients with COPD pro-
duce greater amounts of mitochondrial-derived ROS
when subject to inflammatory stress from IL-1, tumor
necrosis factor a, and interferon +y. Pathway anal-
ysis has identified mitochondrial dysfunction around
complexes I and III as being tightly associated with
COPD." In addition, other sources of intracellular
ROS include the cytoplasmic ROS-generating enzymes,
such as NADPH oxidase (NOX) and the xanthine/xan-
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thine oxidase system as well as the heme peroxidases,
levels of which are elevated in broncholavage fluid
and inflammatory cells within the airways of patients
with COPD.2021

The abundantly produced superoxide radical is a
relatively weak oxidizing agent but is the precursor
for other more damaging ROS species (Fig 1), such
as the hydroxyl radical which is elevated in COPD,?
or the very powerful and damaging peroxynitrite rad-
ical formed by the rapid reaction of superoxide with
nitric oxide.?® Similarly MPO, released from activated
neutrophils which accumulate in the lungs of patients
with COPD, produces very destructive hypochlorous
acid. However, in healthy cells intracellular antiox-
idant defenses are able to efficiently mop up these
ROS species, thus limiting their impact.

CARBONYL STRESS IN COPD

ROS generation has been directly linked to oxida-
tion of proteins, lipids, carbohydrates, and DNA. The
major outcome is the formation of reactive carbonyls
and their reaction with proteins, otherwise known as
protein carbonylation. This accumulation of reactive
carbonyls and subsequent protein carbonylation has
been commonly referred to as “carbonyl stress,” pre-
dominantly associated with chronic disease?* and aging.
Unlike other posttranslational modifications, protein
carbonylation is nonenzymatic and targets specific
peptide residues, such as lysine, arginine, cysteine,
and histidine.

Protein carbonylation is increasingly recognized as
a major driver of the underlying pathology associated
with many chronic diseases.? It is present in both
smokers and patients with COPD.2 Increased levels
of free carbonyls, such as MDA, a major product of
lipid peroxidation, have also been detected in the
lungs of patients with COPD.? Levels of carbonyl
stress are correlated with disease severity as mea-
sured by the decline in FEV .5 Like many posttrans-
lational protein modifications, protein carbonylation
can modify protein function, disrupting normal cell
function and physiologic mechanisms.?

ANTIOXIDANT DEFENSES IN THE LUNG

Because the lung is constantly exposed to both exter-
nal and endogenous sources of oxidative stress, it has
evolved a number of efficient antioxidant defensive
strategies, of which reduced glutathione (GSH) plays
an important part. Moreover, up to 20% of all gluta-
thione produced is found within the mitochondria to
neutralize endogenous ROS production as a by-product
of metabolism.? Protecting the exposed surface of
the lung from the environment is the epithelial lining
fluid, which contains several antioxidants that include
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FIGURE 1. A mechanism for the development of COPD driven by oxidative stress through the formation
of carbonyl stress. Oxidative stress from environmental and cellular sources causes tissue damage
through lipid peroxidation and the oxidation of proteins and carbohydrates resulting in the formation of
carbonyl stress. Carbonyl stress, in turn, causes nonenzymatic posttranslational modifications on proteins
that can alter protein function, as well as result in the formation of danger-associated molecular pat-
terns (DAMPs) and neo-autoantigens. Importantly, damage to mitochondrial proteins by carbonyl stress
only helps to drive further endogenous ROS production by the damaged mitochondria. Together, these
carbonyl-modified proteins help to drive the pathophysiologic mechanisms associated with the develop-
ment of COPD. NF-kB = nuclear factor-kB; ROS = reactive oxygen species.

ascorbic acid (vitamin C), a-tocopherol (vitamin E),
and uric acid. Larger molecules such as, albumin
and mucin, can also act as sacrificial antioxidants due
to the presence of exposed sulfydryl groups. Sev-
eral studies have shown a clear association between
reduced levels of the antioxidants in the lung, such as
a-tocopherol and ascorbic acid, and deteriorating pul-
monary function in COPD. This, however, may sim-
ply reflect an increased oxidative burden as a result
of repeated exacerbations. No studies to date have
shown that dietary supplementation with antioxidants
leads to clinical improvement.® However, a 10-year
follow-up study did find that antioxidant supplemen-
tation reduced the risk of developing chronic lung
disease by 10% and lowered carbonyl stress levels in
the lung.>!

The exposure of airway epithelial cells from healthy
subjects to acute oxidative stress triggers increased
GSH synthesis by upregulating the expression and
activity of a key enzyme in GSH synthesis, glutamyl-
cysteine ligase.®> However, the amount of this enzyme
is lowered around the central bronchial epithelium
and in alveolar macrophages from smokers and patients
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with COPD,® suggesting a defective regulatory mecha-
nism. Similar differential responses between sub-
jects with COPD and control subjects were apparent
with other GSH-dependent antioxidant enzymes,
glutathione-S-transferase (GST) pi isoenzyme, GST M1,
and glutathione peroxidase. A genetic deletion muta-
tion in GST M1 is associated with the development
of emphysema in smokers and increased susceptibil-
ity to developing COPD.% Similarly, genetic polymor-
phisms in the GST pi isoenzyme have been associated
with COPD 36

Transforming growth factor-B (TGF-B) expression
is increased in COPD and inhibits the expression of
the antioxidant enzymes catalase and superoxide dis-
mutase 2 (SOD2), also known as manganese-SOD,
in airway smooth muscle cells.?” Both these enzymes,
which are critical for neutralizing mitochondrial-
derived ROS, are under the control of the transcrip-
tion factor FOXO3. Moreover, a deficiency in FOXO3
activity has previously been associated with COPD.3
Gene polymorphisms for SOD2 have also been shown
to be highly associated with COPD,* although few
data are available to show how these polymorphisms
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equate to changes in functional activity. Similarly,
polymorphisms in SOD3 (extracellular SOD) have also
been linked to both reduced lung function in COPD*
and protection against the development of COPD
in smokers when SOD3 activity is enhanced.* Over
200 cellular antioxidant and detoxification enzymes
are under the control of the transcription factor nuclear
erythroid-2-related factor 2 (Nrf2), which regulates
gene expression through binding to antioxidant response
elements within the promoters of the many antioxi-
dant and cytoprotective genes.*? Patients with COPD
have reduced expression of Nrf2-responsive genes
due to reduced Nrf2 activity.** Upregulation or resto-
ration of Nrf2 activity may, therefore, prove to be of
therapeutic benefit in COPD.#

OXIDATIVE STRESS AND INFLAMMATION IN
THE AIRWAYS

At least 50 different cytokines and chemokines have
been found to be associated with COPD. Many of
the intracellular signaling pathways triggered and/or
driving the release of these inflammatory mediators
are sensitive to oxidative stress as they incorporate
redox-sensitive molecular targets, such as the tran-
scription factor nuclear factor-k B (NF-kB) and sig-
naling molecules such as Ras/Rac, Jun-N-terminal
kinase, p38 mitogen-activated protein kinase, and pro-
tein tyrosine phosphatases. Oxidative stress can acti-
vate the NF-kB pathway at many levels and NF-kB
expression and activation is increased in COPD and
correlates with airflow limitation.*> Moreover, ROS
also act as intracellular second messengers, as inflam-
matory stimuli induce microoxidative bursts which
are essential for cellular activation.* Carbonyl stress
in the form of electrophilic carbonyls can also impact
on many different signaling pathways.*” As with oxi-
dative stress, this is propagated through the targeting
of critical cysteine residues in susceptible signaling
molecules .47

Resolution of the inflammatory response is equally
as important as its induction and the clearance of
apoptotic cells by phagocytosis plays a major role in
this process. Phagocytosis is impaired in COPD* and
a failure to remove apoptotic cells can lead to second-
ary necrosis and continued inflammation in COPD.#
The impact of oxidative/carbonyl stress on phagocy-
tosis would appear multifactorial with the effects
being both intracellular and extracellular. Intracel-
lularly, oxidative stress activates RhoA impairing
phagocytosis through changes in cytoskeletal reorga-
nization.” Extracellularly, oxidative/carbonyl stress
results in carbonylation of tissue proteins creating
competition for the same pattern recognition recep-
tors (PRRs) expressed on alveolar macrophages that
recognize and clear both carbonyl-modified protein
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and apoptotic cells. These PRRs necessary for phago-
cytosis have themselves been shown to be carbonyl
modified and thereby impaired.? The ability of corti-
costeroids to repress proinflammatory gene expres-
sion is also impaired in COPD as a result of oxidative
stress.’? Carbonylation and nitration reduce the activ-
ity and expression of an important transcriptional
corepressor histone deacetylase 2 (HDAC2), which
is essential for the suppression of activated inflam-
matory genes and the antiinflammatory actions of cor-
ticosteroids.?% Moreover, loss of HDAC2 activity,
as observed in COPD, has also been demonstrated
to lead to a loss of Nrf2 activity through increased
Nrf2 acetylation thereby decreasing Nrf2 stabil-
ity and expression.® This leads to an interesting par-
adox whereby oxidative/carbonyl stress will activate
Nrf2 inducing the expression of protective antioxidant
defenses, but chronic exposure to oxidative/carbonyl
stress can inhibit/reduce the effectiveness of Nrf2
activation by reducing HDAC2 activity. Indeed, oxi-
dative stress activates the enzyme phosphoinositide-
3-kinase-8, which is also responsible for reducing
HDACGC2 activity and expression.”” Another transcrip-
tional corepressor, sirtuin-1, is similarly impacted
by oxidative stress, reducing both its expression and
activity leading to an accelerated aging process® and
the increased likelihood of developing emphysema as
the lung ages more rapidly* Oxidative stress can, thus,
result in enhanced inflammatory gene expression, fail-
ure to resolve the inflammatory response, corticosteroid
insensitivity, a decreased capacity to induce endoge-
nous antioxidant defenses, and a rapidly aging lung in
COPD with increased risk of developing emphysema.

OXIDATIVE STRESS AND AUTOIMMUNITY IN COPD

Accumulating evidence has shown that there is an
autoimmune component in COPD.% Until recently, a
mechanistic link between exposure to oxidative stress
and developing autoimmunity in COPD was not estab-
lished. However, autoantibodies against carbonyl-
modified self-proteins, as a result of oxidative stress,
are elevated in COPD serum and increase with dis-
ease severity. Since these autoantibodies are comple-
ment fixing, they could contribute to parenchymal
lung destruction.?s Carbonyl-modified proteins are
highly immunogenic and can result in autoimmu-
nity.%! Carbonyl-modified proteins are recognized
by the innate immune system through PRRs that are
expressed on antigen-presenting cells, such as mac-
rophages and dendritic cells,?26 whereupon these
potent immunogens are processed and reexpressed
in association with major histocompatibility com-
plex II, thereby facilitating the activation of an
acquired immune response. Indeed, patients with
COPD exhibit a strong type 1 immune response in
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the lower airways with the pulmonary accumula-
tion of Th1 cells' and dendritic cells in the small air-
ways of patients with COPD,% expressing increased
amounts of major histocompatibility complex II.
It is not clear, however, whether this autoantibody
response to oxidatively-modified protein epitopes in
COPD is destructive, protective, or simply a bystander
effect. However, the autoantibodies against carbonyl-
modified protein were of a potentially destructive
IgG1 isotype? and evidence of corresponding IgG
and complement (C3) deposition has been observed
in COPD 26,65

Besides oxidative stress creating the essential neoan-
tigens, it also helps to drive the influx of immune cells
necessary to recognize and process these neoanti-
gens. Increased oxidative stress in the lungs causes
the release of CCL20 and CCL2 which in turn trig-
gers the recruitment of dendritic cells, monocytes,
and lymphocytes. Helping to orchestrate this immune
response in COPD are elevated levels of I11-17 and
IL-18,%667 which are important for the activation and
maturation of B cells and promoting an autoimmune
response. IL-18 promotes IL-17 expression and oxi-
dative stress has been demonstrated to activate IL-18
signaling pathways with attenuation of IL-18 pre-
venting further lung destruction.5

THERAPEUTIC IMPLICATIONS

There are currently no treatments that reverse or
even slow the progression of COPD. Inhaled cortico-
steroids are highly effective in reducing the inflam-
matory component in asthma, but provide little
therapeutic benefit in COPD. While they may have a
small effect in reducing exacerbation frequency, they
fail to reduce the inflammatory component and halt
the inexorable decline in lung function. This resis-
tance can be attributed to cigarette smoke or oxida-
tive stress.® Targeting oxidative/carbonyl stress with
pharmacologic antioxidants or boosting the endoge-
nous levels of antioxidants may, therefore, prove to
be beneficial in the treatment and management of
COPD (Fig 2). To date, however, no clinical studies
have shown that antioxidant treatment alone is bene-
ficial or able to lead to the restoration in corticosteroid
function. However, compounds such as theophylline
have shown a clinically significant effect in enhanc-
ing corticosteroid efficacy in patients with COPD.™
Interestingly, the target-binding profile of theophylline
is redox-sensitive and is greater under conditions of
oxidative stress, which may account for its efficacy in
enhancing steroid efficacy in COPD.™

The largest trial of an antioxidant in COPD was
the BRONCUS (Bronchitis Randomized on NAC
Cost-Utility Study) study which failed to show any
overall effect of oral N-acetyl cysteine on slowing
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FIGURE 2. Summary of the different therapeutic approaches to
neutralize oxidative stress in COPD. Thiols, oxidant scavengers,
and peroxidase mimetics target and neutralize the oxidative stress
directly. SOD mimetics and Nrf2 activators attempt to replenish
the reduced SOD and Nrf2 activity that is absent in COPD. NOX
and MPO inhibitors will neutralize and so reduce oxidative
stress. H2S = hydrogen sulfide; MPO = myeloperoxidase; NAC =
N-acetylcysteine; NAL = N-acystelyn; NOX = NADPH oxidase;
Nrf2 = nuclear erythroid-2-related factor 2; SOD = superoxide
dismutase.

‘ NOX inhibitors

disease progression or exacerbation frequency,
although there was apparent benefit in the patients
not treated with inhaled corticosteroids.” An earlier
clinical study (Equalife) using a different antioxidant
(erdosteine) showed similar findings.™ The failure of
these clinical studies may be attributable to several
reasons: the failure of the antioxidant to be targeted
to the correct cellular subcompartment where the anti-
oxidant is needed most, the potency of the antioxidant,
or the dosage and frequency used in the clinical trials
may not have been high enough. Consequently, the
development of novel wide spectrum small-molecule
antioxidants with good bioavailability and potency are
needed for clinical use in COPD. A number of alter-
native antioxidant strategies (reviewed elsewhere)
have been proposed, some of which have shown
promise.™ Perhaps the most encouraging approaches
to antioxidant therapy lie with the use of new Nrf2
activators which are significantly more potent than
sulforophane™ and may also prevent oxidative stress-
induced autoimmunity.” The Nrf2 activator BG-12
successfully completed phase 3 trials for use in mul-
tiple sclerosis and is now awaiting approval. However,
another Nrf2 activator bardoxolone methyl (CDDO)
failed to complete phase 3 due to an excess of seri-
ous adverse events. Although both drugs are cova-
lent activators of Nrf2, they differ in the profile of
Nrf2-inducible genes that are activated and structur-
ally different and consequently may have different
off-target binding profiles to account for the differ-
ent clinical outcomes. Other promising approaches
include the SOD mimetics such as AEOL10113,
NOX inhibitors such as celestrol,”” and MPO inhibi-
tors such as 2-thioxanthine and ADZ5904.™

Translating Basic Research into Clinical Practice



CONCLUSIONS

Elevated levels of ROS and carbonyls are found in
COPD and these may be associated with increased
inflammation, airway remodeling, autoimmunity, and
corticosteroid resistance. In addition, systemic oxida-
tive stress may also be a causal link in many COPD
comorbidities such as cardiovascular diseases and
metabolic syndrome. Local oxidative stress may also
promote the development of lung cancer. Following
the initial environmental exposure to ROS, the sub-
sequent intracellular sources and chronicity of oxi-
dative stress may be important to understanding the
pathophysiology of this disease. The failure of existing
antioxidants in COPD studies indicates the need to
develop novel more potent antioxidants targeted to
the correct intracellular compartment. Combinations
of antioxidants, targeting different cellular compart-
ments, may prove more effective than monotherapy.
In a similar manner, combining antioxidants with
antiinflammatory drugs, bronchodilators, antibiotics,
and statins may complement, or in the case of corti-
costeroids, improve/restore their efficacy.
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