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Since chronic obstructive pulmonary disease (COPD) is a heterogeneous disease, a specific anti-inflammatory

therapy for this disease has not been established yet. Oxidative stress is recognized as a major predisposing factor

to COPD related inflammatory responses, resulting in pathological features of small airway fibrosis and

emphysema. 
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1. Introduction

Although chronic obstructive pulmonary disease (COPD) is simply diagnosed based on persistent air flow limitation

that will not return to the normal range, using spirometric measurements, this disease is heterogenous and

complex in symptoms, disease progression, lung function and response to therapies . The pathogenesis of this

disease results from chronic lung inflammation due to cigarette smoke and other environmental exposures

(biomass fuel etc.); and this chronic inflammation is associated with activation not only of neutrophils and

macrophages but also of eosinophils. While these responses to lung inflammation are normal in many healthy

subjects, in contrast, the response is potentiated in patients who develop COPD. This chronic lung inflammation

affects distal airways, leading to emphysema and small airway fibrosis (pathological characteristics of this disease)

; and these pathological alterations in COPD are progressive in most cases . The mechanisms of this

modified inflammation are not understood well. Moreover, a wide variety of inflammatory mediators are related to

this chronic lung inflammation. For this reason, specific treatment for inflammation is not well established in this

disease. Oxidative stress is defined as a state in which oxidation exceeds the capacity of antioxidant systems in

the body secondary to a loss of the balance between them. Disturbances in the normal redox state of cells can

cause toxic effects through the production of peroxides and free radicals that damage all components of the cell,

including proteins, lipids, and DNA. Oxidative stress from oxidative metabolism causes base damage, as well as

strand breaks in DNA. Base damage is mostly indirect and caused by reactive oxygen species (ROS) generation,

e.g., O  (superoxide anion radical), OH (hydroxyl radical), H O  (hydrogen peroxide) and O  (ozone) (Figure 1)

. Inflammatory cells as described above are recruited into the lungs in COPD ; and structural cells in the

respiratory system (airway epithelial cells, fibroblasts, and endothelial cells) also contribute to the lung

inflammation. These cells generate multiple mediators, including cytokines that perpetuate and amplify the

inflammation in the lungs. These cells are also important sources of ROS, leading to oxidative stress in the lungs

(Figure 1). Oxidative stress in the lungs due to exogenous oxidants (cigarette smoke, biomass fuel, air pollution)
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and endogenous oxidants (ROS generated by inflammatory cells, epithelium) are associated with clinical and

pathophysiological characteristics of COPD (Figure 1) . Mitochondrial respiration is an important source of ROS,

and cigarette smoke produces excessive ROS via mitochondrial dysfunction (Figure 1) . It is now generally

considered that COPD results from an acceleration of lung ageing with the accumulation of senescent cells .

Senescent cells secrete high levels of inflammatory cytokines, immune modulators, growth factors, and proteases,

referred to as senescence-associated secretory phenotype (SASP) . This phenotype change is perhaps an

essential mechanism in the chronic lung inflammation of COPD . Since senescent cells also release ROS more

than intact cells, this chronic lung inflammation potentiates oxidative stress in COPD (Figure 2). Therefore,

oxidative stress is probably a major driving mechanism of many of the pathophysiological changes in COPD .

Figure 1. Oxidants and antioxidants involved in COPD, and relationships between oxidative stress and the

pathology related to this disease. Oxidative stress in the lungs results from increased exogenous and endogenous

oxidants, and from reduced antioxidants. Endogenous oxidants are generated by mitochondrial respiration.

Elevated production of endogenous oxidants continues after stopping smoking. Increased oxidative stress is

caused by a lack of balance between oxidants and antioxidants. Exogenous oxidants are derived from cigarette

smoke, air pollution and biomass smoke, etc.; endogenous oxidants are derived from inflammatory cells

(macrophages, neutrophils) and airway epithelial cells. Oxidative stress results in emphysema in alveolar areas

with decreased antiproteases, and in fibrosis in the small airways with increased transforming growth factor (TGF)-

β. PM: small particulate matter, 8-OHdG: 8-hydroxy-2′-deoxyguanosine, 8-OHG: 8-oxo-7,8-dihydroguanosine,
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NOX: membrane-bound NADPH oxidases, Nrf2: nuclear erythroid-2 related factor 2, FOXO3a: forkhead box O3a.

Arrows: activation, dotted arrows: inactivation.

Figure 2. Roles of senescence in inflammatory and airway epithelial cells to enhance oxidative stress in COPD.

These senescent cells in the lungs synthesize inflammatory cytokines, growth factors proteases, and ROS more

than intact cells in them, referred to as senescence-associated secretary phenotype (SASP). These phenotype

changes in these cells perhaps potentiate not only the lung inflammation but also oxidative stress in COPD. ROS:

Reactive oxygen species.

To improve the management and treatment for COPD, patients with COPD should be classified by grouping

according to distinct clinical phenotypes. These groupings, based on multiple dimensions (clinical, physiological,

imaging, and endotyping) determine clusters of patients with common characteristics, which are associated with

clinically meaningful outcomes such as symptoms, exacerbations, response to therapy, and disease progression

(stratified medicine). Moreover, since several phenotypes can coexist in individual patients with COPD, an

approach due to therapeutic target identified phenotypes and endotypes (treatable traits) has been proposed as an

advanced therapy recently (precision medicine) . Although oxidative stress perhaps plays an important role in

amplifying the chronic lung inflammation in COPD , little is currently known about the involvement of oxidative

stress in the pathogenesis of COPD. Therefore, research for clinical phenotype classification focused on oxidative

stress is needed to establish precision medicine for development of the therapeutic management for COPD.

2. Oxidative Stress in COPD
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2.1. Pathological Features

Oxidative stress occurs in the lungs during COPD, leading to characteristic pathological changes in this disease

(Figure 1). It is well proven by data derived from bronchial biopsy , sputum examination , and in vitro studies

 that inflammatory cells such as neutrophils, macrophages and T lymphocytes infiltrate and various

proinflammatory molecules are present at increased levels in smokers’ lungs. 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 oxidants (ROS) in the lungs, leading to destruction of peripheral

airways and alveoli. Mitochondrial respiration in these related cells is a key source of ROS, and cigarette smoke

enhances generation of ROS through mitochondrial dysfunction, supporting the pathophysiological characteristics

in COPD . These destructive processes overcome the local protective mechanisms, and cause tissue

damage without manifestations. The inflammatory tissue damage may be perpetuated for a long time after smoking

cessation in patients with COPD . Cigarette smoke causes the chronic lung inflammation; however, only about

20% of smokers develop COPD, indicating that there are factors that increase susceptibility and amplify the normal

inflammatory response to cigarette smoke. Although these mechanisms are still unknown in detail, this

phenomenon is probably involved in oxidative stress due to synthesis of ROS and imbalance of local

proteolysis/antiproteolysis states that are related to oxidative stress (imbalance of oxidants/antioxidants).

2.2. Oxidants Related to COPD

Oxidative stress is recognized as a major predisposing factor of the inflammatory response related to COPD.

Oxidative stress is probably associated with the pathology and severity of COPD. Oxidative stress is potentiated in

patients with COPD, especially when acute exacerbations occur. Cigarette smoke, air pollution and biomass smoke

are major exogenous oxidants related to COPD in the lungs, referred to as exogenous oxidative stress, but

oxidative stress also arises from endogenous processes due to endogenous oxidants, after stop smoking, referred

to as endogenous oxidative stress (Figure 1). The number of activated alveolar macrophages is markedly

increased in the lungs of patients with COPD, compared to healthy subjects; and a large amount of ROS is

released from these activated macrophages as superoxide anions and hydrogen peroxide (H O ) . This

phenomenon is more potentiated during COPD exacerbations. Activated neutrophils also infiltrate to the lungs in

patients with COPD, and activated neutrophils release a large amount of ROS, especially during COPD

exacerbations . In patients with COPD, generation of 4-hydroxy-2-nonenal (4HNE) is increased in the lungs,

indicating that lipid peroxidation, a marker of oxidative stress, occurs on endogenous lipids . Clinical studies

have demonstrated that H O , 8-isoprostane, 4HNE, myeloperoxidase (MPO) and malondialdehyde (MDA)

(endogenous oxidants as biomarkers of oxidative stress) are increased in exhaled breath condensate in patients

with COPD , compared to healthy individuals; and these makers are more elevated during

exacerbations . These markers, such as MDA, 8-isoprostane, 8-hydroxy-2′-deoxyguanosine (8-OHdG) and

MPO, are also elevated in sputum from patients with COPD . Furthermore, nucleic acid oxidation, 8-oxo-7,8-

dihydroguanosine (8-OHG) in RNA and 8-OHdG in DNA are elevated in alveolar lung fibroblasts from patients with

emphysematous COPD . These augmented biomarkers of oxidative stress do not decrease, and remain
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elevated in ex-smokers after the cessation of smoking, suggesting that persistent lung inflammation is caused by

endogenous oxidative stress .

The respiratory system is constantly exposed to oxidative stress due to sources of endogenous ROS generated by

mitochondrial respiration and inflammatory responses to bacterial and viral infections. The persistent oxidative

stress in COPD results not only from activated neutrophils and macrophages but also from epithelial cells in the

respiratory system. Oxidative stress is associated with mitochondrial respiration in these structural cells . Other

sources of intracellular ROS include the cytoplasmic ROS generating enzymes, such as membrane-bound

nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOX) and the xanthine/xanthine oxidase

system, as well as neutrophil derived MPO . Superoxide anions, relatively weak oxidizing agents, are mainly

produced endogenously by NOX; and are rapidly converted to more damaging ROS, such as the hydroxyl radical

and H O , or the powerful and damaging peroxynitrite radical in the presence of nitric oxide (NO) . MPO is

released from activated neutrophils which are recruited into the lungs of patients with COPD; MPO also produces

very destructive hypochlorous acid such as 3-chlorotyrosine . However, in healthy adults, intracellular

antioxidant defenses can overcome these damaging ROS, thus limiting their cellular effects; on the other hand, in

patients with COPD these antioxidant defenses are overwhelmed. Increased oxidative stress has great effects on

driving the pathophysiology of COPD as described below . Oxidative stress causes activation of the

proinflammatory transcription factor nuclear factor-KB (NF-κB) pathways; expression of NF-κB is augmented in

COPD in airway epithelium and macrophages in patients with COPD. Oxidative stress also causes activation of the

transforming growth factor (TGF)-β1 pathways, which acts on the lung epithelium, and induces fibrotic repair via

driving epithelial-to-mesenchymal transition (EMT) , leading to small airway fibrosis. The inhibitory effects of

TGF-β1 on nuclear erythroid-2 related factor 2 (Nrf2) bring about reduced expression of endogenous antioxidants

. Oxidative stress increases the expression of matrix metallopeptidase 9 (MMP9), an elastolytic enzyme, related

to the development of emphysema.

2.3. Antioxidants Related to COPD

Increased oxidative stress may be potentiated with a reduction in endogenous anti-oxidant-induced defenses in

patients with COPD (Figure 1). A clinical trial has demonstrated that concentrations of glutathione are lower in

bronchoalveolar lavage fluid from unstable COPD patients with frequent exacerbations than in that from stable

COPD . Extracellular superoxide dismutase (SOD3) is decreased around small airways in patients with COPD

. Thioredoxin, which is an important regulator of redox balance, is decreased in COPD . Nrf2 and forkhead

box O3a (FOXO3a) are decreased in the lungs of patients with COPD . Nrf2 and FOXO3a, which are key

transcription factors that regulate multiple antioxidant genes, protect the respiratory system against oxidative

damage . Nrf2 is activated in healthy smokers, but its activation is impaired by oxidative stress in patients with

COPD, resulting in reduced antioxidant gene expression . Glutathione peroxidase is decreased in the lungs of

COPD patients . Glutathione peroxidase transgenic mice are protected against the development of inflammation

and emphysema after cigarette smoke exposure, whereas glutathione peroxidase gene knockout increases the

tissue destruction in the lung’s response to cigarette smoke . Imbalance between oxidants and antioxidants
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probably plays an essential role in the chronic inflammation related to the pathology of COPD (Figure 1 and

Figure 2).

2.4. Reduced Responsiveness to Corticosteroids Caused by Oxidative Stress

Oxidative stress probably causes corticosteroid resistance in COPD. Oxidative stress reduces activity and

expression of histone deacetylase-2 (HDAC2), which is required for inflammatory gene suppression , by

activation of phosphoinositide-3-kinase (PI3K)-δ . This phenomenon prevents the acetylation of glucocorticoid

receptors, which is necessary for the inhibition of NF-κB that mediates the anti-inflammatory effects of

corticosteroids, leading to reduced responsiveness to corticosteroids. Therefore, chronic lung inflammation is not

fully inhibited by corticosteroids in COPD, different from mild asthma . Recent preclinical studies have

indicated that improvement of the redox balance by the administration of antioxidants or the stimulation of

endogenous antioxidant response may overcome the corticosteroid resistance in COPD . Nrf2 is known to act

as an antioxidant. Sulforaphate, an activator of Nrf2, improves reduced responsiveness to corticosteroids mediated

by upregulation of Nrf2 and enhancement of HDAC2 expression and activity in the allergen challenged mice that

were exposed to cigarette smoke . Nrf2 may be a potential molecular target for cigarette smoke-related

resistance to corticosteroids in COPD.
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