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First published May 30, 2014; doi:10.1152/ajplung.00330.2013.—Cigarette smoking
(CS) can impact the immune system and induce pulmonary disorders such as
chronic obstructive pulmonary disease (COPD), which is currently the fourth
leading cause of chronic morbidity and mortality worldwide. Accordingly, the most
significant risk factor associated with COPD is exposure to cigarette smoke. The
purpose of the present study is to provide an updated overview of the literature
regarding the effect of CS on the immune system and lungs, the mechanism of
CS-induced COPD and oxidative stress, as well as the available and potential
treatment options for CS-induced COPD. An extensive literature search was
conducted on the PubMed/Medline databases to review current COPD treatment
research, available in the English language, dating from 1976 to 2014. Studies have
investigated the mechanism by which CS elicits detrimental effects on the immune
system and pulmonary function through the use of human and animal subjects. A
strong relationship among continued tobacco use, oxidative stress, and exacerbation
of COPD symptoms is frequently observed in COPD subjects. In addition, thera-
peutic approaches emphasizing smoking cessation have been developed, incorpo-
rating counseling and nicotine replacement therapy. However, the inability to
reverse COPD progression establishes the need for improved preventative and
therapeutic strategies, such as a combination of intensive smoking cessation
treatment and pharmaceutical therapy, focusing on immune homeostasis and redox
balance. CS initiates a complex interplay between oxidative stress and the immune
response in COPD. Therefore, multiple approaches such as smoking cessation,
counseling, and pharmaceutical therapies targeting inflammation and oxidative
stress are recommended for COPD treatment.

reactive oxygen species; inflammation; antioxidant; smoking cessation

CHRONIC OBSTRUCTIVE PULMONARY DISEASE (COPD) is defined by
the Global Initiative for Chronic Obstructive Lung Disease
(GOLD) as “a common preventable and treatable disease,”
demonstrating “persistent airflow limitation that is usually
progressive and associated with an enhanced chronic in-
flammatory response in the airways and the lung to noxious
particles or gases” (102a). This disorder is characterized by
a decrease in both maximum expiratory flow and forced

expiratory volume in 1 s (FEV1). Exposure to noxious
particles through continued cigarette smoking (CS) associ-
ated with increased oxidative stress may result in frequent
hospitalization, decreased quality of life, as well as reduced
productivity (78, 80, 99, 136). Smokers with COPD typi-
cally consume more tobacco than average and exhibit an
increased nicotine dependence (63). As a result, continued
tobacco use can lead to millions of deaths and billions of
dollars in estimated healthcare costs. Accordingly, an esti-
mated 90% of all deaths from COPD can be attributed to CS
(124). Research has shown that early smoking cessation
alleviates the progression of this debilitating pulmonary
disease (8, 9, 107). However, the symptoms of COPD are
not resolved after smoking cessation, indicating the involve-

Address for reprint requests and other correspondence: L. Zuo, Molecular
Physiology and Rehabilitation Research Laboratory, School of Health and
Rehabilitation Sciences, The Ohio State Univ. College of Medicine, The Ohio
State Univ. Wexner Medical Center, Columbus, OH 43210 (e-mail: zuo.4
@osu.edu).

Am J Physiol Lung Cell Mol Physiol 307: L205–L218, 2014.
First published May 30, 2014; doi:10.1152/ajplung.00330.2013. Review

1040-0605/14 Copyright © 2014 the American Physiological Societyhttp://www.ajplung.org L205

Downloaded from www.physiology.org/journal/ajplung by ${individualUser.givenNames} ${individualUser.surname} (068.109.140.218) on November 25, 2018.
 Copyright © 2014 the American Physiological Society. All rights reserved. 

mailto:zuo.4@osu.edu
mailto:zuo.4@osu.edu


ment of other endogenous factors, such as increased oxida-
tive stress and impaired immunity (30, 52).

In general, patients with CS-induced COPD have a reduced
FEV1 combined with elevated oxidative stress (78, 80, 136).
Yet, little is known about the mechanisms associated with
these risk factors. Wang et al. (134) indicated that the compo-
nents contained within cigarette smoke extract (CSE), acetal-
dehyde, and acrolein, as well as the nonvolatile components
contained within lyophilized CSE could inhibit human airway
epithelial cell chemotaxis. These results suggest that CS may
cause the pathophysiological disruptions observed in the air-
ways of individuals with COPD.

The close relationship among continued tobacco use by
individuals with COPD, worsening COPD health outcomes,
and the documented benefits of quitting necessitates a careful
examination of the evidence regarding treatment strategies. A
literature search through the use of the PubMed/Medline data-
base was conducted to review studies from the years 1986 to
2014 that pertain to the adverse effects of tobacco use on the
immune system, CS-induced COPD, tobacco treatments of
COPD patients, and other therapeutic approaches. This is a
review of clinical relevance that employs a multisearch ap-
proach using various key words including “tobacco,” “COPD,”
“oxidative stress,” “smoking cessation,” “pharmacotherapy for
nicotine dependence,” “nicotine replacement therapy,” and
“COPD treatment.” Moreover, potential therapeutic approaches tar-
geting cellular and molecular mechanisms of COPD pathogen-
esis and exacerbations are also discussed. In summary, this
review aims to provide an update on the interrelated roles of
CS, the immune response, and the oxidative stress in COPD
pathogenesis, as well as discuss conventional and other poten-
tial treatment strategies for this disease.

Effects of Tobacco on the Immune System in COPD

Studies have indicated that the antigenic chemicals in ciga-
rettes can lead to the development of antigen-antibody com-
plexes, which may potentially induce pulmonary and periph-
eral injuries (11). CS is associated with the release of proin-
flammatory cytokines, the activation of inflammatory cells, and
the restriction of anti-inflammatory mediators (Table 1). CS-
induced systemic inflammation is characterized by an increase
in circulating inflammatory molecules, such as acute-phase
proteins and proinflammatory cytokines (141). Several studies
have reported that CS can cause elevated levels of TNF-�,
TNF-� receptors, interleukin (IL)-1, IL-6, IL-8, and granulo-
cyte-macrophage colony-stimulating factor (17, 27, 42). Par-
ticularly, a women’s health study conducted in the United
States showed a trend of increasing IL-6 levels across non-,
former, and current women smokers (17). Furthermore, Wirtz

et al. (138) observed a trend of higher baseline TNF-� levels
among smokers.

In support of these observations, serial analysis of gene
expression and comparative microarray analysis revealed that
inflammatory cytokines (i.e., TNF-� and other interleukins)
and chemokine-related genes were significantly upregulated in
COPD subjects (87). In general, the increased levels of cyto-
kines and/or chemokines released by inflammatory cells after
cigarette smoke exposure serve as chemoattractants, recruiting
more neutrophils, macrophages, and dendritic cells, which, in
turn, exacerbate the inflammatory process. The newly recruited
inflammatory cells continue the inflammatory process through
phagocytosis, secretion of cytokines, and the initiation of both
reactive oxygen species (ROS) and surface antigen formation
to mediate innate and adaptive immune responses (36, 70).

Cigarette smoke comprises more than 4,500 components in
its gaseous and particulate phases. These compounds include
direct carcinogens (methylcholanthrene, benzo-�-pyrenes, and
acrolein), toxins (carbon monoxide, nicotine, ammonia, ace-
tone, and hydroquinone), reactive solids with chemically cat-
alytic surfaces, and oxidants (superoxide and nitrogen oxides)
(117). In addition, the immune system of a smoker is less
efficient in combatting bacterial infection compared with that
of a nonsmoker (120); in fact, bacterial infection may exacer-
bate COPD symptoms (102). Particularly, CS increases the
amount of polymorphonuclear neutrophils (PMNs; the most
abundant white blood cells), while decreasing their function-
ality, such as phagocytic and antimicrobial activity involved in
the first lines of host defense. The systemic inflammatory
response elicited by cigarette smoke exposure is determined by
the stimulation of the hematopoietic system, which is attributed
to the elevation of PMN counts in smokers (113). A study of
circulating PMNs with phenotypic alterations indicated that
smoking elicits an accelerated passage of PMNs from the bone
marrow into the circulatory system (131). The elevated levels
of circulating PMNs in smokers (up to 30% compared with
nonsmokers) results mainly from nicotine-induced secretion of
catecholamines (12).

Furthermore, in vitro exposure of PMNs to CSE induces
prominent morphological and morphometric changes, as well
as metabolic alterations (143). It has been shown that high
concentrations of nicotine inhibit antimicrobial functions (88,
140), resulting in decreased superoxide production by blood
PMNs. This observation is consistent with Sørensen et al.
(114), who demonstrated that the oxidative burst of PMNs and
monocytes were 50 and 68% less, respectively, in smokers
compared with nonsmokers. Similar to PMNs, macrophages
are extensively distributed immune cells that have a crucial
role in homeostasis and defense. Because of their antigen-

Table 1. Effect of CS on inflammatory markers

Cytokine/Chemokine Function
Main Effect of CS on
Cytokine/Chemokine

TNF-� Initiation and preservation of inflammation, activation of endothelial and epithelial cells Increased by CS (12, 27, 42)
IL-1 Influence transcription; mediate, in part, the pathogenesis of disease Increased by CS (6, 12, 27)
IL-6 Multifunctional cytokine (inflammation, vascular permeability, cell proliferation) Increased by CS (12, 17, 141)
IL-8 A potent leukocyte chemotactic factor, specific to neutrophils Increased by CS (12, 34)
IL-10 Suppression of T helper cells (type 1 and 2) responses, stimulation of B cells and antigen-specific

cytotoxic T cells
Decreased by CS (12)

CS, cigarette smoking. Reference numbers are shown in parentheses.
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presenting function and phagocytic properties, macrophages
are the primary cell population that serves as the first line of
defense against pollutants (67). This being said, chronic smoke
exposure can result in an influx of alveolar macrophages into
the lumen of the airway, initiating inflammation (54). In
addition, CS induces increased DNA damage in alveolar mac-
rophages, and inhibits the expression of CD11b, TLR-2, and
CD14, which are important surface antigens associated with
phagocytic activity, ultimately resulting in significant impair-
ment of alveolar macrophage function. Therefore, continued
CS increases the susceptibility of COPD subjects to bacterial
and/or viral infections (50).

Although the mechanisms of CS-induced lung damage have
not been fully elucidated, it has been proposed that early
inflammatory responses are responsible for tissue damage (18,
20). Studies have shown that CS may result in a localized
reaction and sequestration of neutrophils via the release of
toxic and chemotactic mediators in pulmonary microvascula-
ture, further predisposing the lungs to inflammatory disease
(18, 20). For example, it has been found that the population of
inflammatory cells recovered from bronchoalveolar lavage
fluid (BALF) is higher in smokers compared with nonsmokers
(34). In smokers, an increase in the number of inflammatory
cells in sputum and an increase in the amount of small airway
macrophages was also observed (5).

It is well established that the innate immune system, con-
sisting of macrophages, neutrophils, natural killer cells, and
dendritic cells, is essential in the initiation and progression of
COPD. Recently, Gadgil and Duncan (40) thoroughly exam-
ined the role of adaptive immune cells, namely T cells, in the
development of COPD. Specifically, CD8� T cell-derived
mediators predominately contribute to inflammation, alveolar
wall destruction, and small airway fibrosis in the later stages of
COPD (40). This is consistent with the higher levels of neu-
trophils and lymphocytes observed in smokers (5, 24, 34, 104).
Since COPD is a progressive disorder associated with an
abnormal lung inflammatory response to noxious particles or
gases (96), inflammation normally occurs as a result of CD8�

T cells in the peripheral and central airways and the lung
parenchyma. This being said, an increase in CD8� T cells, and
consequently a decrease in the CD4�/CD8� T cell ratio, have
been frequently observed in the airway submucosa of smokers
(71). Therefore, an elevated CD8� T cell count may be used
as a marker to distinguish between smokers with and with-
out COPD (15). The highly activated T cells in COPD
patients are also associated with a broad array of Th1
chemokines and cytokines (44, 72). The overall inflamma-
tory process is derived from the release of antigens caused
by the breakdown of elastin. These antigens in turn are
relayed to the Th1 cells, which play an important role in the
later stages of COPD (44, 72).

Furthermore, Churg et al. (25) postulated about the mecha-
nism of the CS-induced inflammatory matrix and severe COPD
conditions such as emphysema. As a stimulus, cigarette smoke
causes chemokine/cytokine release from alveolar macro-
phages, epithelial cells, and fibroblasts. This results in an influx
of neutrophils (e.g., PMNs), macrophages, lymphocytes, and
dendritic cells as well as proteases [such as neutrophil elastase
and macrophage-derived matrix metalloproteinase (MMP)-12],
which can directly attack the alveolar wall matrix, leading to
the release of elastin fragments, chemoattractants that further

exacerbate inflammation and lung damage in emphysema (25).
Accordingly, MMPs are secreted by inflammatory cells and
may alter the physiological morphology of the lung paren-
chyma. MMPs are commonly activated by interaction with
other proteases, which causes degradation of the alveolar wall
matrix and incites the progression of COPD. Proteases associ-
ated with CS-induced COPD may also facilitate the release of
membrane-bound TNF-�, similar to the function of TNF-�
converting enzyme (TACE) (28, 65). In addition, MMP-12 is
commonly secreted by macrophages and plays an important
role in the pathogenesis of COPD (28, 116). In a study by
Churg et al. (28), it was shown that, in contrast to control mice,
MMP-12-deficient mice did not exhibit an increase in whole
lung TNF-� levels following cigarette smoke exposure, indi-
cating that MMP-12 may correlate to a TNF-�-induced inflam-
matory response. Elevated levels of MMP-1, MMP-2, and
MMP-9 have been observed in the lung tissue of COPD
subjects (58, 74). Moreover, researchers have found that inha-
lation of cigarette smoke has an equal effect on the concentra-
tion of MMP-1 in both COPD patients and healthy individuals
(28, 116). MMP-12 and MMP-1 also play a critical role in
airway remodeling as a means to combat CS-induced inflam-
mation. Thus numerous recent studies have emphasized the
important role of the immune response in the pathogenesis of
COPD.

Role of Reactive Oxygen Species in COPD

Previous research has shown increased oxidative stress and
escalated catalase activity during low-oxygen conditions, as
well as in asthma and COPD subjects (136, 145, 147, 149).
This enhanced antioxidant enzymatic activity is an indirect
result of oxidative stress induced by COPD (136). Accord-
ingly, COPD patients exhibited increased exhaled ROS (7,
128). Moreover, numerous studies have indicated greater levels
of oxidative stress in cigarette smokers (78, 80), which is most
likely attributed to the high concentration of ROS in cigarette
smoke (25). In addition, CS has been associated with elevated
ROS production by leukocytes in the airways of both acute and
chronic smokers (21). Subsequently, this production is stimu-
lated by the release of ROS by neutrophils and macrophages, in
conjunction with the inflammatory response (such as TNF-�
production) to CS (78, 146). Furthermore, excess CS-induced
ROS cannot be neutralized by endogenous antioxidants, ulti-
mately resulting in oxidative stress-induced damage (21),
which has been frequently demonstrated in animal models.
Aoshiba et al. (10) indicated that cigarette smoke exposure
imposes oxidative stress primarily on bronchiolar epithelial
and alveolar type II cells. Rangasamy et al. (98) also reported
an upregulation of a variety of antioxidant enzymes after mice
were exposed to cigarette smoke. Interestingly, Harju et al.
(46) observed that the expression of superoxide dismutase
(SOD) (an antioxidant enzyme) is higher in the central bron-
chial and alveolar epithelium of smokers with COPD than in
that of nonsmokers, demonstrating the active involvement of
antioxidants during oxidative stress.

Although the exact etiology of COPD pathogenesis is not
clear, increased levels of ROS, overwhelming the endogenous
antioxidant defense, is likely one of the major driving mecha-
nisms. Understanding the source of ROS production in COPD
and the role of elevated oxidative stress in the exacerbation of
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COPD is critical for the development of novel therapeutic
approaches. Cigarette smoke is the predominant extraneous
source of oxidative stress, consisting of high concentrations of
oxidants (35, 93, 94), as shown in Table 2. Moreover, levels of
endogenous ROS (i.e., superoxide leakage from complex I and
III) produced by mitochondrial respiration in airway epithelial
and smooth muscle cells (4, 130), cytoplasmic-generated ROS
(i.e., NADPH oxidase and the xanthine oxidase in BALF), and
myeloperoxidase (MPO) released from activated PMNs and
macrophages during oxidative burst, are markedly elevated
during COPD exacerbation, even after CS cessation (1, 75, 92).
A putative mechanism of CS-induced oxidative stress in the
pathogenesis of COPD was proposed by Barnes in 2013 (13).
In the mechanism, ROS activate NF-�B and p38 mitogen-
activated protein kinase (MAPK), leading to the activation of
proinflammatory/inflammatory cytokine and chemokine genes.
Additionally, ROS contribute to the imbalance of endogenous
proteases/antiproteases leading to increased elastolysis, accel-
erating damage to the lung. Excessive ROS production results
in DNA damage, lipid peroxidation, and protein carbonylation
of airway endothelial and alveolar cells, aggravating the symp-
toms of COPD (148).

Effects of CS in Animal Models

COPD is an irreversible inflammatory disease that progres-
sively worsens in the absence of appropriate treatments (90).
Although the devastating impact of tobacco on human health is
well known, a detailed mechanism involved in the pathogen-
esis of COPD has yet to be determined. Animal models of
COPD may provide insight into the cellular and molecular
mechanisms of CS-induced COPD, as well as advance our
understanding of CS, oxidative stress, and the immune re-
sponse as it relates to the specific pathways of COPD patho-
genesis.

Churg et al. in 2008 (25) reviewed the mechanism of
CS-induced COPD in animal models. The researchers sug-
gested that antiproteases may be utilized to initiate anti-inflam-
matory intervention (e.g., TNF-� inhibitor). They also sug-
gested that antioxidant approaches appear to be promising
therapeutic strategies to attenuate emphysema in CS-induced
COPD animal models. Kang et al. (66) demonstrated that
cigarette smoke could enhance airway and alveolar inflamma-
tion and apoptosis, as well as exaggerated emphysema and
airway fibrosis. It was concluded that the mechanism of these
augmented inflammatory and remodeling responses is medi-
ated by the MAVS/PKR/IL-18R�/interferon (IFN)-� pathway.
Several other studies (16, 48) also confirm this enhanced

inflammatory response in a CS-induced COPD mouse model.
Although innate immunity plays an important role in COPD
exacerbation-, CS- or virus-induced inflammatory and remod-
eling responses, the mechanisms that mediate these responses
have not been completely defined.

Recently, Nikota and Stampfli (86) suggested that CS dis-
rupts lung immune homeostasis (i.e., exacerbates the inflam-
matory responses and skews the respiratory host defense) in an
animal model and that the resulting altered immune responses
likely contribute to the pathogenesis of COPD. A detailed
understanding of the inflammatory mechanism triggered by
microbial infections and exacerbated by CS may potentially
provide a novel intervention in COPD treatment. However,
because of ethical considerations, there are limited clinical
studies investigating the mechanisms involved; animal re-
search (e.g., mouse, guinea pig, rat) has been proven advanta-
geous in the exploration of the mechanisms involved in CS-
induced COPD (15). In addition, recent studies (14, 61, 82)
have demonstrated that CS can impair the antiviral host de-
fense. For instance, type I IFN, a key mediator involved in
antimicrobial signaling pathways, is attenuated after cigarette
smoke exposure. It is well established that IFR (type I inter-
feron receptor) also plays a pivotal role in antiviral activities.
Thus excessive IFR degradation contributes to immune sup-
pression under viral or bacterial infection. Interestingly, these
impaired host defense responses elicited by chronic smoke
exposure are reversed by antioxidants such as reduced gluta-
thione (GSH), N-acetylcysteine (NAC), and others via the
suppression of IFR degradation (55, 97).

Autoimmunity appears to be another novel aspect that may
contribute to the pathogenesis of COPD and emphysema (12,
72). However, studies focusing on the mechanism of the
adaptive immune response (i.e., subsets of T cells, B cells, and
mast cells) and the autoimmune response in COPD have been
largely overlooked. It is speculated that chronic CS could
accelerate the progression of emphysema through the disrup-
tion of lung immune homeostasis and host defenses. Thus more
in-depth studies are needed in this area. Overall, animal studies
have illustrated that both chronic inflammation and the innate
immune response play central roles in the pathogenesis of
CS-induced COPD.

CS, Oxidative Stress, and Immune Response in COPD

Barnes (13) recently reviewed new anti-inflammatory targets
for COPD, illustrating the relationship between oxidative
stress, the immune response and the pathogenesis of CS-
induced COPD. Specifically, cigarette smoke activates patho-

Table 2. Oxidants, antioxidants, and their function

Oxidant/Antioxidant Function Main Effect of CS on Oxidant/Antioxidant

GSH Involved in the defense against ROS Decreased by acute CS; increased by chronic
CS (78)

TEAC Scavenges free radicals and other potentially toxic oxidizing species Decreased by CS (79)
8-Isoprostane Serves as a marker of oxidative stress; involved in the pathogenesis of

atherosclerosis as well as other inflammatory disorders
Increased by CS (80)

Nitrosothiol Serves as a donor of nitrosonium and nitric oxide Increased by CS (80)
eNO An antioxidant; mediates vascular tone; nonadrenergic and noncholinergic regulation

of the inflammatory response
Increased by CS (7, 57)

Reference numbers are shown in parentheses. eNO, exhaled nitric oxide; GSH, reduced glutathione; ROS, reactive oxygen species; TEAC, trolox equivalent
antioxidant capacity.
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gen-associated molecular patterns (PAMPS) in macrophage
and epithelial cells in the respiratory tract, which in turn,
activate Toll-like receptors (TLRs) and nucleotide-binding
oligomerization domain (NOD)-like receptors. Together with
CS-induced ROS, these receptors ultimately trigger proinflam-
matory cytokine and chemokine (e.g., NF-�B, IL-1�, IL-8)
generation. These released chemokines, serving as chemoat-
tractants, induce both innate and adaptive immune responses
by recruiting more neutrophils, monocytes, macrophages, and
T lymphocytes. Released proteases can also break down con-
nective tissues in the lung, potentially resulting in chronic
bronchitis or emphysema. In addition, activated macrophages
or neutrophils with increased MPO activity attributed to CS-
induced chemotactic factors can release multiple proinflamma-
tory mediators that exacerbate COPD inflammation.

It is clear that elevated oxidative stress linked to phagocy-
tosis is important for removing damaged tissue and eradicating
invading microbes. However, excessive ROS released during
phagocytosis via oxidative bursts of PMNs and alveolar mac-
rophages have been shown to inhibit antiprotease processes
and accelerate the degradation of lung tissue. ROS also delay
the resolution of inflammation via compromising the phagocy-
totic ability of alveolar macrophages, leading to necrosis and
emphysema. Likewise, long-term cigarette smoke exposure
impairs PMN and alveolar macrophage phagocytosis and an-
tigen-presentation functions, which could predispose patients
to bacterial/viral infection. Bacterial colonization in the lower
respiratory tract due to CS, combined with compromised host
defenses, as well as chronic inflammation, could explain the
exacerbation of COPD even after smoking cessation.

Collectively, CS-stimulated dysregulation of the immune
response together with the imbalance of oxidant production
and antioxidant defense contributes to the development and the
progression of COPD. Treatments targeting key components
(stimulus, proinflammatory mediators, redox-sensitive mole-
cules, etc.) of the cellular and molecular pathway of COPD
pathogenesis should be well investigated in the development of
successful therapeutics.

Tobacco Treatment Strategies in COPD-Targeting Stimulus

Benefits of quitting. A seminal study by Anthonisen and
colleagues (8, 9), conducted in 1994 (with a long-term fol-
low-up conducted 14.5 years later), called the Lung Health
Study (LHS), demonstrated that tobacco interventions signifi-
cantly reduced FEV1. The LHS, a 5-year early intervention
study, examined 3,926 smokers with mild-to-moderate airflow
limitation and compared usual care to intensive smoking ces-
sation counseling and nicotine replacement therapy. The LHS
was the first randomized clinical trial to report that an aggres-
sive smoking intervention program significantly reduces the
age-related decline in FEV1 in smokers that remain abstinent.
Additionally, other researchers studied LHS data to examine
lung function decline in intermittent smokers and smokers that
simply reduced the number of cigarettes smoked per day. The
loss of lung function in these two subgroups was noted as
similar to that of the continued smokers (56, 112). The findings
of these studies underscore the importance and benefits of
complete and sustained tobacco cessation in reducing COPD
morbidity and mortality.

Although tobacco use has declined in the U.S. in the past 50
years since the first Surgeon General’s report regarding the
dangers of tobacco in 1964, more than 43.8 million adults
continue to use tobacco. The majority of adult tobacco users
want to quit (68.8%), but very few succeed without interven-
tion (22a). Fortunately, effective treatments are available. In
2008, the U.S. Public Health Service (PHS) commissioned the
Tobacco Use and Dependence Guideline Panel to update the
clinical practice guideline on tobacco treatment. The PHS
guideline synthesized 8,700 research articles, all of which
further investigated the use of evidence-based strategies for
smokers attempting tobacco cessation (37). Many of these
strategies were also proven to be effective for smokers with
COPD. Moreover, multiple studies have been conducted to
examine the tobacco treatment strategies for such smokers with
COPD. Similarly, meta-analyses and reviews often compare
the effectiveness of pharmacological, nonpharmacological, and
combination interventions for this population of smokers.

Pharmacotherapy. Throughout the world, CS is the primary
risk factor for lung cancer, cardiovascular disease, and COPD.
The use of pharmacotherapy, specifically nicotine replacement
therapy (NRT), addresses the discomfort of withdrawal expe-
rienced from tobacco cessation. There are seven first-line
pharmacotherapies recommended in the Clinical Practice
Guideline (37). These include the nonnicotine medications
bupropion and varenicline and the NRT medications gum,
patch, lozenge, inhaler, and nasal spray. In COPD, the use of
pharmacotherapy for treatment of tobacco dependence in-
creases abstinence rates greater than nonpharmacological treat-
ment alone (126). Pharmacotherapy has been shown to be cost
effective and beneficial in increasing long-term cessation in
smokers with COPD (53, 123, 126). The use of NRT and other
pharmacotherapy has also been shown to immensely increase
abstinence rates in healthy smokers (111). Tonnesen et al.
(126) explored the long-term efficacy of sublingual NRT for
cessation in COPD smokers and found that cessation rates were
similar to those of healthy smokers. The use of pharmacother-
apy in COPD smokers is recommended to include NRT,
bupropion, or varenicline, singly or in combination, at standard
or high doses. For a prolonged period up to 12 mo, NRT
pharmacotherapy has been proven to assist the smoker with
COPD to quit (62). These studies found this to be an effective
method of smoking cessation and the results reflect those found
with healthy smokers.

Non-NRT pharmacotherapy has also been studied among
COPD smokers. Tashkin and colleagues (123) suggested that
bupropion is a well-tolerated and effective treatment strategy
for smokers with mild to moderate COPD. Jimenez Ruiz et al.
(64) studied 472 patients with severe or very severe COPD
(GOLD stages III and IV) and found continuous abstinence
rates from 9 to 24 wk as high as 58.3% with use of varenicline.
The same study found that varenicline and bupropion yield
higher abstinence rates than NRT. They concluded that vareni-
cline was more effective than nicotine patches, 61 vs. 44%
(odds ratio: 1.98; 95% confidence interval: 1.25–3.12; P �
0.003). Moreover, another pharmacological treatment that
may become available in the future is the nicotine vaccine
for smoking cessation. Evidence regarding the effectiveness
of the vaccine continues to amass in Phase II and III clinical
trials (47).
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Nonpharmacological treatment. Nonpharmacological strat-
egies for tobacco treatment include simple advice, written
self-help materials, formal supports (individual or group), and
telephone quit lines (125). To support smoking cessation,
several studies have examined the use of communicating ab-
normal spirometry results or discussing “lung age” with smok-
ers as a “teachable moment” (69, 89). The results of such
studies are inconclusive. Physician advice (118), nurse-facili-
tated support groups (137), and support groups for hospitalized
COPD patients (19) are reported to be only partially effective.

Combined approaches. Evidence suggests that multicompo-
nent cessation programs wherein health care providers com-
bine counseling with pharmacotherapy, ongoing support, and
follow-up when needed can further improve cessation rates. It
was reported that counseling, pharmacotherapy treatments, and
NRT are also effective (53, 119, 124, 127, 133). According to
two independent systematic reviews by Warnier et al. (135)
and van der Meer et al. (129), pharmacological and behavioral
(psychosocial) intervention was more effective than no inter-
vention. Furthermore, both of the reviews concluded that a
combination of pharmacological and behavioral (psychosocial)
intervention was more effective than each alone. Table 3
reviews the combination approaches studied and relates the
abstinence rates reported for each strategy.

Antioxidant Therapeutic Strategies in COPD-Targeting
Oxidative Stress

It is well established that increased oxidative stress from the
oxidants found in tobacco smoke as well as the ROS produced
during chronic inflammatory responses contributes to the
pathogenesis and progression of COPD. Antioxidants and free
radical-scavenging compounds may provide directed therapeu-
tics against this oxidative stress and subsequent tissue damage.
NAC, a thiol antioxidant that serves as a precursor for GSH (a
powerful endogenous antioxidant), is able to attenuate elastase-
induced pulmonary emphysema in rats (105). However, re-
cently, a large randomized placebo-controlled clinical trial
investigated the outcomes of NAC treatment in 523 patients
with COPD and concluded that NAC failed to prevent lung
dysfunction (indicated by FEV1) (31). The poor outcomes of
the study indicate that single antioxidant treatment may not be
effective in slowing the exacerbation of COPD. Perhaps the
increased bioavailability of GSH might not reach specific

components of target cells that require high antioxidant pro-
tection. Thus a potential therapeutic strategy has been focused
on nuclear factor erythroid 2-derived factor 2 (NRF2). This
transcription factor has a pivotal role in the regulation of genes
that encode multiple antioxidant proteins (e.g., GSH) and is
found to be significantly declined in patients with COPD (81).

Antioxidants such as NAC, Mito-TEMPO, and SOD have
also been observed to alleviate mitochondrial fragmentation
and apoptosis, as well as reduce cellular senescence and the
opening of mitochondrial permeability transition pores (45,
73). Although the use of antioxidants in the treatment of COPD
is limited, investigations underlying the therapeutic index of
radical-scavenging pharmaceuticals are currently underway. It
was recently reported that through the reduction of superoxide
to hydrogen peroxide, lecithinized SOD (PC-SOD) can effec-
tively mitigate distorted lung mechanics and elastase- and
CS-induced inflammation. For this reason, PC-SOD has been
suggested as a promising therapeutic option to increase airway
resistance in emphysema (121).

Certain cruciferous plants, especially broccoli, are becoming
of increasing interest in COPD because of their powerful
influence on the endogenous redox processes. Not only do
these plants contain isothiocyanates and glucosinolates, valu-
able cytoprotective and anticarcinogenic compounds (32), but
they also contain natural antioxidants, folate, vitamin C, and
�-carotene. A recent pilot study of the effects of broccoli
intake in male smokers determined that the components of
broccoli may upregulate plasma antioxidants, as well as influ-
ence glutathione S-transferase glutathione activity and enhance
innate cellular defenses against oxidative stress-induced DNA
lesions (101). In addition, sulforaphane extracted from crucif-
erous vegetables may protect and increase the activity of
NRF2, which in turn may directly augment the expression of
downstream antioxidants in COPD subjects (ClinicalTrials.gov
identifier: NCT01335971) (13). Thus a balanced diet consist-
ing of fruits and vegetables is essential to maintain the endog-
enous oxidant/antioxidant balance. Other promising approaches such
as celastrol (extracted from the medicinal plant Tripterygium
wildordii) have been shown to inhibit NADPH oxidase (NOX)
in in vitro studies (60). However, animal-based studies and
clinical trials in patients with COPD are required to evaluate
the effectiveness of this agent. MPO derived from neutrophils
and macrophages during oxidative burst can further amplify

Table 3. Smoking cessation strategies for COPD

Intervention Comparison No. of Studies
Abstinence Rate Pooled Relative

Risk (95% CI) Grade

Counseling Usual Care 2 5.85 (3.81–8.97)* Moderate
Intensive counseling �90 min Usual Care 1 7.70 (4.64–12.79)* Moderate
Minimal counseling �90 min Usual Care 1 1.56 (0.65–3.72) Moderate
Counseling � NRT Usual Care 3 4.28 (3.51–5.20)* Moderate
Intensive counseling �90 min � NRT Usual Care 1 4.41 (3.60–5.39)* Moderate
Minimal counseling �90 min � NRT Usual Care 2 2.11 (0.90–4.91) Moderate
Minimal counseling �90 min � Antidepressant Usual Care 1 1.91 (0.65–5.61) Low
Minimal counseling �90 min � NRT � Antidepressant Usual Care 1 2.25 (0.87–5.85) Low
NRT Placebo 1 3.01 (1.02–8.89)* Moderate
Antidepressant Placebo† 2 2.09 (1.35–3.24)* Moderate
Nortriptyline Placebo 1 2.54 (0.87–7.44) Moderate
Bupropion Placebo 2 2.01 (1.24–3.24)* Moderate

CI, confidence interval; NRT, nicotine replacement therapy. *Statistically significant (P � 0.05). †One trial used in this comparison had 2 treatment arms each
examining a different antidepressant. From Thabane M and COPD Working Group (125).
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oxidative damage and the inflammation of lung tissue. MPO
inhibitor was also reported to mitigate the progression of
emphysema following long-term cigarette smoke exposure in
animal models (26). Further exploration through clinical trials
is recommended to test the effectiveness of MPO inhibitors in
COPD.

Overall, antioxidant therapy in patients with COPD is a
promising area for future research. Current inconclusive results
may be due to a lack in the complete understanding of phar-
macokinetics, bioavailability, toxicity, and absorption of vari-
ous exogenous antioxidants and activators of endogenous an-
tioxidants in these clinical trials. Additionally, the limitation of
animal studies (e.g., the lack of COPD exacerbation model,
anatomical and physical difference, genetic variance, and var-
ied responses to injury) makes clinical translation difficult
(139). Furthermore, targeting endogenous redox-sensitive tran-
scription factors (i.e., NRF2), upstream mediators in the CS-
initiated oxidative stress mechanism, and chronic oxidative
stress induced by specific cellular components may provide
valuable, therapeutic approaches for the mitigation of COPD.

Anti-Inflammatory Therapeutic Strategies-Targeting Immune
Homeostasis

For many decades, bronchodilators (e.g., theophylline),
serving as cyclic nucleotide phosphodiesterase (PDE) inhibi-
tors, have been widely used to treat mild-to-severe COPD.
However, this treatment is not frequently recommended be-
cause of its side effects and nonselective nature (39). Drugs
specifically targeting phosphodiesterase, such as PDE4 inhib-
itor (roflumilast), have been shown to improve lung function in
patients with COPD. PDE4 inhibitor attenuates the inflamma-
tory response by decreasing the number of neutrophils and
CD4� and CD8� T cells and inhibiting monocyte chemotaxis
activation (49). In addition, corticosteroids, another class of
anti-inflammatory agents, are effective in mitigating acute
COPD exacerbation; yet corticosteroid resistance has been
observed in some patients with stable COPD (43). Addition-
ally, oxidative stress has been found to posttranslationally
modify histone deacetylase 2 (HDAC2), leading to its reduc-
tion in the lungs of COPD patients (142). Researchers have
reported that these chronically decreased levels of HDAC2 can
prevent the nuclear translocation of glucocorticoid receptors,
which leads to an impaired anti-inflammatory gene expression
induced by corticosteroids in patients with COPD (2, 59).
Therefore, the reversal of glucocorticoid sensitivity may pro-
vide another promising strategy to alleviate COPD-induced
inflammatory responses in the future (59).

Furthermore, Cosio et al. (29) and Ford et al. (38) suggested
that a low dosage of theophylline combined with corticoste-
roids is effective in reducing inflammatory cells via an increase
in HDAC2 expression in patients with COPD. Multiple kinases
are fully engaged in the regulation of proinflammatory tran-
scription factors and inflammatory genes. However, poor se-
lectivity to specific targets may lead to undesirable clinical
outcomes (13). Other research has shown that several inhaled
selective p38 mitogen-activated protein kinase (p38MAPK)
inhibitors (i.e., PF-03715455 and GSK610677) may be prom-
ising therapies (84).

As discussed earlier, increased inflammation contributes to
COPD, and altered immune homeostasis is the main mecha-

nism leading to emphysema. Furthermore, impaired phagocy-
tosis of apoptotic material by airway macrophages and in-
creased bacterial colonization results in chronic inflammation
and COPD exacerbation (41, 100). Interestingly, lower-dose
azithromycin was reported to improve bacterial phagocytosis
by both alveolar and monocyte-derived macrophages in COPD
subjects (51), suggesting that long-term use of low azithromy-
cin doses may be a promising adjunct treatment for COPD.
Moreover, potential drugs targeting inflammatory mediators
(e.g., TLR inhibitor, chemokine receptor antagonist, TNF an-
tibodies, and IL-17 antibodies) and proteases (e.g., small-
molecule neutrophil elastase inhibitor, MMP-9 and MMP-12
inhibitors) encompass a logical therapeutic approach. How-
ever, more clinical trials are needed to evaluate the efficacy of
these newly developed drugs (22).

Key Studies and Recent Advances: a Literature Review From
2012 to 2013

The noxious components of cigarette smoke elicit chronic
lung disease through a variety of complex mechanisms, includ-
ing redox signaling. Oxidative stress results from a systemic
overabundance of ROS that both overwhelm natural host
defenses against oxidative insult and elicit the lung epithelial
and alveolar cell destruction characteristic of many chronic
respiratory diseases including COPD. In COPD, oxidative
stress may have a role in the remodeling of the lung paren-
chyma. Airway remodeling, a functional marker of COPD, has
recently been traced to epithelial-mesenchymal transition
(EMT) through the nicotine-initiated activation of the Wnt3a
cascade and the resulting upregulation of both Wnt and
�-catenin signaling in the lung epithelium (144). Although the
exact signaling mechanism by which nicotine induces EMT is
unclear, nicotine has been proven, through the use of human
bronchial epithelial cell (HBEC) lines, to induce �-catenin/
Tcf-dependent transcription and thereafter provoke the trans-
differentiation of epithelial cells into mesenchymal cells (144).
TGF-�1, a mediator involved in profibrotic growth, has also
been observed at higher levels in COPD subjects and smokers
than in nonsmokers, providing a seemingly direct connection
between reactive components of cigarette smoke and airway
remodeling in COPD (144). Thus these transdifferentiated
pluripotent mesenchymal cells may be a major source of
fibrogenic cell establishment, which ultimately contribute to
the observed airway remodeling in COPD. Furthermore, trans-
forming growth factor-�-activated kinase 1 (TAK1) has an
important role in the activation of MAP kinase and nuclear
factor-�B (NF-�B), as well as chemokine release. By pretreat-
ing airway smooth muscle cells with TAK1 and NF-�B and
ERK-1/2 signaling pathway inhibitors, CSE-induced IL-8 re-
lease can be inhibited (91), providing a potential treatment to
inhibit CS-induced inflammatory responses. Recent evidence
also demonstrates the association between the deletion of
IL-17A and a decrease in CS-induced inflammation and alve-
olar type II cell apoptosis, suggesting that IL-17A also con-
tributes to CS-induced immune responses and its targeted
deletion could pose as a novel COPD therapy (23).

More precisely, CS-induced oxidative stress has been cor-
related with the disruption of selective ion channels within the
lung epithelium (33, 95). These ion channels are vital for
certain cellular processes and when obstructed, may markedly
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enhance chronic lung inflammation. Specifically, the hindrance
of a chloride and bicarbonate channel associated with the cystic
fibrosis transmembrane conductance regulator (CFTR) gene is
associated with difficulties in mucus transport, poor airway
hydration, and disease susceptibility in COPD (95). Further-
more, ROS may interfere with the oxidative regulation of
amiloride- and ROS-sensitive epithelial sodium channels
(ENaC), responsible for the reabsorption of sodium and water
(33). ENaC activity is regulated by the production of NOX,
which is the rate-limiting factor in edema resolution in the
lung; any ROS-induced inhibition of ion channel activity may
drastically impede fluid clearance, heighten the inflammatory
response, and disrupt the endothelial cell barrier (33).

In addition to oxidative stress-induced disruption of cellular
transport, the function of certain cellular structures, namely the
epithelial barrier, endoplasmic reticulum, and mitochondria, is
impaired by excess redox signaling in CS-induced COPD (45,
122). Current, translational investigations of idiopathic pulmo-
nary fibrosis have provided emerging evidence relating CS to
endoplasmic reticulum (ER) stress and subsequent activation
of the unfolded protein response in epithelial cells (122). ER
stress also is tied to EMT, fibrosis, progressive inflammation,
impaired resolution of injury, and accelerated alveolar epithe-
lial cell apoptosis (122). Moreover, a study by Hara et al. (45)
evaluated the detrimental effects of CS-derived ROS on mito-
chondrial fragmentation and cellular senescence. It was ob-
served that cigarette smoke exposure diminished mitochondrial
membrane potential of the swollen and fragmented mitochon-
dria, through the knockdown of fusion proteins such as OPA1
and MFNs, suggesting that CS may induce mitochondrial
dysfunction (45). Considering that heightened levels of ROS-
induced lipid and protein alterations have been previously
attributed to cellular senescence in the pathogenesis of COPD,
it was concluded that mitochondrial fragmentation due to CS
may even further enhance this cellular “aging” and augment
disease progression (45). Schweitzer et al. (108) reported that
the soluble components of cigarette smoke may directly disrupt
the endothelial barrier via the upregulation of neutral sphingo-
myelinase-mediated ceramide and the activation of Rho kinase
and oxidative stress-dependent p38 MAPK and JNK pathways
in response to CS. It was also observed that GSH modulators
had the ability to correct these disruptive effects. GSH deple-
tion in alveolar epithelial cells is known to result from CS;
evidence also indicates that resveratrol induces GSH synthesis
and protects epithelial cells by reversing CSE-induced post-
translational modifications of nuclear factor (erythroid-derived
2)-like 2, a transcriptional regulator of antioxidant genes.
These results suggest that a dietary supplement of antioxidants
could provide a potential novel treatment for COPD (68).

Epithelial and endothelial cells are especially susceptible to
oxidative and inflammatory insults because of their large sur-
face area within the lung parenchyma, high blood supply, and
exposure to atmospheric gases and pollutants. Accordingly,
alveolar epithelial cell inflammation and apoptosis are signif-
icant mechanisms in the pathobiology of CS-induced COPD
(23, 110). The deleterious components of cigarette smoke
recruit macrophages, neutrophils, and T lymphocytes, which,
in turn, aggravate air space enlargement and alveolar destruc-
tion, culminating in emphysematous inflammation (23). Al-
though the exact role of the innate immune response in COPD
is not well known, notable CS-induced, proinflammatory me-

diators are the focus of current research and present potential
therapeutic targets in COPD. IL-6, associated with emphy-
sema, is known to bind to the gp130 coreceptor and hyperac-
tivate the transcription of signal transducer and activator of
transcription 3 (Stat3) (106). Research has concluded that IL-6
induces lung inflammatory processes by way of Stat3 and
promotes emphysema through the upregulation of alveolar cell
apoptosis independent of Stat3 in emphysema and COPD,
thereby suggesting that IL-6 trans-signaling and Stat3 hyper-
activation may provide potential disease biomarkers and ther-
apeutic targets (106). Additionally, a recent study has provided
evidence for the initiation of the p38 MAPK and MAPK-
activated kinase-2 (MK2) phosphorylation pathways by the
CS-induced translation of IL-8 mRNA in bronchial smooth
muscle cells (BSMC) (85). This being said, because IL-8 is a
chemoattractant, it is suggested that CS may directly recruit
neutrophils and propagate inflammation in BSMC by this
mechanism. Current research proposes that established CD8
cells in the lungs of COPD subjects also enhance the produc-
tion of IFN-� (115). IFN-� may be a useful indicator of COPD
severity and, through mechanisms relatively unknown, play a
role in initiating the immune response during virus-induced
exacerbation. However, most importantly, through the stimu-
lation of CD40, an important TNF receptor, IFN-� has been
thought to induce the Fas-apoptotic pathway in epithelial cells
and stimulate the enlargement of emphysematous airways
(110). In addition, extracellular adenosine is often increased
during tissue injury and inflammatory insults by the stimulation
of ectonucleotidases, CD39 and CD73, or by variations in the
activity and expression of adenosine deaminase (76). Recent
research has shown that sustained, elevated adenosine expo-
sure may contribute to CS-induced lung endothelial cell apo-
ptosis and emphysema through the activation of p38 and JNK
in mitochondria and eventually mitochondrial defects that also
lead to cell apoptosis (77).

As previously mentioned, early inflammation is associated
with the accumulation of oxidative stress-induced PMN.
Sharma et al. (109) found that CSE inhibits platelet-activating
factor (PAF) acetylhydrolase activity, which enhances PAF
production and PMN adherence. Similarly, Meyer et al. (83)
showed that the expression of secretory leukoprotease inhibitor
(SLPI) is regulated by Stat1, and both are increased in nasal
epithelial cells and BALF of smokers, indicating that altered
SLPI regulation and activity induced by CS could play a role
in the development of respiratory inflammation and infection.

ROS have been found to interfere with quaternary and
tertiary protein structure, disrupt the lipid bilayer, and denature
DNA (103, 132). These warped, misfolded, and dysfunctional
proteins are normally cleared by a ubiquitin proteasome sys-
tem, which is the part of the cell’s natural recycling machinery.
However, recent research has observed heightened levels of
polyubiquitinated proteins in the lung parenchyma of smokers,
proposing that defective proteasomal protein regulation is as-
sociated with CS-induced oxidative stress and COPD condi-
tions (132). Providing that proteasome expression has been
known to be downregulated in COPD, new insight postulates
that proteasome function is inhibited site specifically in the
absence of transcriptional regulation in response to CS. These
results present a seemingly direct correlation between impaired
proteasome function and CS. The same study also suggested
that chymotrypsin-like proteasome activity, essential for the
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breakdown of peptides, is somewhat impaired by CS and may
result in a distorted protein milieu, eliciting inappropriate
immune function of major histocompatibility complex class I
molecules (132). Thus even the most acute exposure to the free
radical and electrophilic components of cigarette smoke may
stimulate redox-sensitive transcription, cellular signaling, met-
abolic activity, and mitochondrial function, independent of the
innate immune response (3).

According to a study by Agarwal et al. (3), CS-induced
oxidant-antioxidant imbalance may directly induce low energy
metabolism and lead to inflammation and poor lung function
associated with COPD. This may be accomplished, in part, by
the upregulation of genes involved in cytosolic and mitochon-
drial redox regulation, oxidative phosphorylation, cellular me-
tabolism, and the F1 component of mitochondrial synthase in
response to CS; additional upregulation of mitochondrial trans-
port and fusion genes also suggest marked advances in mito-
chondrial activity (3). Following exposure, CS-initiated gluta-
thionylation prompts the downregulation and inhibition of
GAPDH, signifying a decreased rate of glycolysis and promo-
tion of the pentose phosphate pathway and glucose-6-phos-
phate dehydrogenase (3). It is suspected that the lipophilic
components of cigarette smoke, including phenols, aldehydes,
and polycyclic aromatic hydrocarbons, may play a major role
in this reduction of metabolic activity in the mitochondria
because of the ease at which they penetrate epithelial cell
membranes and disrupt electron transfer chains involved in
ATP generation. Physiologically, these alterations in oxidative
metabolism induced by CS may impede the clearance of
amines, influence epithelial permeability, and further enhance
the oxidative stress response (3). Ultimately, CS-induced oxi-
dative stress and redox signaling is fundamental in various
mechanisms that result in the pathology and adverse symptoms
of COPD.

Summary

CS causes 90% of all cases of COPD, which is defined as “a
common preventable and treatable disease,” by the Global
Initiative for Chronic Obstructive Lung Disease. In addition to
its effects on the immune system, CS also induces oxidative
damage on cells due to the high levels of ROS both contained
in cigarette smoke and elicited by immune cells in conjunction
with the natural inflammatory response. Furthermore, CS-
induced COPD mouse models provide a potential approach to
further understand the mechanism of smoking in COPD patho-
physiology. Altered immune homeostasis (e.g., increased pro-
inflammatory response and impaired innate and adaptive im-
mune response) accompanied with chronically increased oxi-
dative stress underlies one of the major mechanisms involved
in CS-induced COPD (Fig. 1). Understanding the cellular and
molecular mechanisms of the pathogenesis and progression of
COPD is indispensable to the development of effective thera-
peutic interventions.

CS cessation is a useful strategy to reduce mortality and
morbidity caused by COPD. Treatments for quitting include
pharmacotherapy (NRT and nonnicotine medications) and non-
pharmacological treatments (psychosocial or behavioral inter-
vention). Interestingly, studies have concluded that a combi-
nation of pharmacotherapy, NRT, and nonpharmacological
treatment was more effective than either treatment alone (53,
119, 124, 127, 133) and is effective for both COPD and healthy
smokers in the general population. According to this evidence-
based review, both the disturbance of immune homeostasis
(increased inflammation and impaired host defense in the
respiratory tract) and the chronic, accumulated oxidative stress
elicited by CS substantially contribute to the development and
progression of COPD even after smoking cessation. Although
potential therapeutic strategies targeting oxidative stress and

Fig. 1. Proposed mechanism for cigarette-
smoking, oxidative stress and the immune
response in chronic obstructive pulmonary
disease (COPD). CS, cigarette smoking;
MPO, myeloperoxidase; p38 MAPK, p38
mitogen-activated protein kinase; PMN, poly-
morphonuclear neutrophils; ROS, reactive
oxygen species.
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inflammation have been shown to be promising, to date, there
is no cure to reverse or completely halt COPD progression.
Thus more systematic studies of CS-induced COPD as well as
corresponding treatment strategies are needed. In conclusion, a
more advanced understanding of the molecular pathways that
contribute to cellular and molecular disease pathogenesis has
been developed in recent years; multidisciplinary approaches,
including counseling, smoking cessation, the combination of
directed anti-inflammatory, antioxidant, and antimicrobial
drugs, will provide future directions for COPD- and therapeu-
tic-based research.

Perspectives and Significance

CS is the primary risk factor contributing to the pathogenesis
and development of COPD; because of the devastating nature
of this disorder, cigarette smokers may be encouraged to seek
NRT and nonpharmacological treatments to aid in smoking
cessation. Animal model-based studies have provided consid-
erable insight into the mechanism of COPD after cigarette
smoke exposure. However, models mimicking the early stages
of small airway diseases as well as exacerbation after CS
cessation are lacking (13). Therefore, establishing models (not
limited to murine) of the different stages and phenotypes of
COPD may be essential in the translation of basic research into
promising clinical trials. Because of the complexity of the
cellular and molecular signaling pathways (e.g., a variety of
oxidative stress source, multilevels of proinflammatory medi-
ators, etc.) involved in the pathogenesis of COPD, multidisci-
plinary therapeutic approaches are necessary to treat this dis-
ease. Potential approaches include antioxidants (NRT2 activa-
tor), kinase inhibitors (e.g., p38 MARK inhibitor), and drugs
targeting the epigenetic regulation of inflammatory responses
and the reversal of corticosteroid resistance (i.e., theophylline),
as well as other antimicrobials. Finally, inflammatory and
redox status varies in cells and tissues at the different stages of
COPD. Also, genetic susceptibility to CS-induced COPD also
varies with each individual. This being said, the current lack of
selectivity and bioavailability of drugs and treatment options is
an issue for many patients. Therefore, development of new
therapeutic strategies (e.g., small-molecule drugs) with the
ability to infiltrate specific cell compartments may aid in the
lessening of COPD morbidity and mortality and improve
patient quality of life.

ACKNOWLEDGMENTS

We greatly acknowledge the assistance of Dr. Peter D. Wagner, William
Roberts, Christopher Fortuna, Courtney Ownby, and Jiewen Li during the
manuscript preparation.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the author(s).

AUTHOR CONTRIBUTIONS

L.Z. conception and design of research; L.Z. analyzed data; L.Z. prepared
figures; L.Z., F.H., G.G.S., M.S.K., J.N.S., Y.R., and T.M.B. drafted manu-
script; L.Z., F.H., G.G.S., M.S.K., J.N.S., Y.R., P.T.D., and T.M.B. edited and
revised manuscript; L.Z., F.H., G.G.S., M.S.K., J.N.S., Y.R., P.T.D., and
T.M.B. approved final version of manuscript.

REFERENCES

1. Aaron SD, Angel JB, Lunau M, Wright K, Fex C, Le Saux N, Dales
RE. Granulocyte inflammatory markers and airway infection during

acute exacerbation of chronic obstructive pulmonary disease. Am J
Respir Crit Care Med 163: 349–355, 2001.

2. Adcock IM, Barnes PJ. Molecular mechanisms of corticosteroid resis-
tance. Chest 134: 394–401, 2008.

3. Agarwal AR, Zhao L, Sancheti H, Sundar IK, Rahman I, Cadenas E.
Short-term cigarette smoke exposure induces reversible changes in en-
ergy metabolism and cellular redox status independent of inflammatory
responses in mouse lungs. Am J Physiol Lung Cell Mol Physiol 303:
L889–L898, 2012.

4. Aguilera-Aguirre L, Bacsi A, Saavedra-Molina A, Kurosky A, Sur S,
Boldogh I. Mitochondrial dysfunction increases allergic airway inflam-
mation. J Immunol 183: 5379–5387, 2009.

5. Amin K, Ekberg-Jansson A, Lofdahl CG, Venge P. Relationship
between inflammatory cells and structural changes in the lungs of
asymptomatic and never smokers: a biopsy study. Thorax 58: 135–142,
2003.

7. Ansarin K, Chatkin JM, Ferreira IM, Gutierrez CA, Zamel N,
Chapman KR. Exhaled nitric oxide in chronic obstructive pulmonary
disease: relationship to pulmonary function. Eur Respir J 17: 934–938,
2001.

8. Anthonisen NR, Connett JE, Kiley JP, Altose MD, Bailey WC, Buist
AS, Conway WA Jr, Enright PL, Kanner RE, O’Hara P, Owens GR,
Scanlon PD, Tashkin DP, Wise RA, Altose MD, Connors AF, Redline
S, Deitz C, Rakos RF, Conway WA Jr, DeHorn A, Ward JC,
Hoppe-Ryan, Jentons RL, Reddick JA, Sawicki C, Wise RA, Per-
mutt S, Rand CS, Scanlon PD, Davis LJ, Hurt RD, Miller RD,
Williams DE, Caron GM, Lauger GG, Toogood SM, Buist AS,
Bjornson WM, Johnson LR, Bailey WC, Brooks CM, Dolce JJ,
Higgins DM, Johnson MA, Lorish CD, Martin BA, Tashkin DP,
Coulson AH, Gong H, Harber PI, Li VC, Roth M, Nides MA,
Simmons MS, Zuniga I, Anthonisen NR, Manfreda J, Murray RP,
Rempel-Rossum SC, Stoyko JM, Connett JE, Kjelsberg MO, Cowles
MK, Durkin DA, Enright PL, Kurnow KJ, Lee WW, Lindgren PG,
Mongin SJ, O’Hara P, Voelker HT, Waller LA, Owens GR, Rogers
RM, Johnston JJ, Pope FP, Vitale FM, Kanner RE, Rigdon MA,
Benton KC, Grant PM, Becklake M, Burrows B, Cleary P, Kimbel P,
Nett L, Ockene JK, Senior RM, Snider GL, Spitzer W, Williams OD,
Hurd SS, Kiley JP, Wu MC, Ayres SM, Hyatt RE, Mason BA. Effects
of smoking intervention and the use of an inhaled anticholinergic bron-
chodilator on the rate of decline of FEV1. The Lung Health Study. JAMA
272: 1497–1505, 1994.

9. Anthonisen NR, Skeans MA, Wise RA, Manfreda J, Kanner RE,
Connett JE. The effects of a smoking cessation intervention on 14.5-
year mortality: a randomized clinical trial. Ann Intern Med 142: 233–239,
2005.

10. Aoshiba K, Koinuma M, Yokohori N, Nagai A. Immunohistochemical
evaluation of oxidative stress in murine lungs after cigarette smoke
exposure. Inhal Toxicol 15: 1029–1038, 2003.

11. Arcavi L, Benowitz NL. Cigarette smoking and infection. Arch Intern
Med 164: 2206–2216, 2004.

12. Arnson Y, Shoenfeld Y, Amital H. Effects of tobacco smoke on
immunity, inflammation and autoimmunity. J Autoimmun 34: J258–
J265, 2010.

13. Barnes PJ. New anti-inflammatory targets for chronic obstructive pul-
monary disease. Nat Rev Drug Discov 12: 543–559, 2013.

14. Bauer CM, Dewitte-Orr SJ, Hornby KR, Zavitz CC, Lichty BD,
Stampfli MR, Mossman KL. Cigarette smoke suppresses type I inter-
feron-mediated antiviral immunity in lung fibroblast and epithelial cells.
J Interferon Cytokine Res 28: 167–179, 2008.

15. Bauer CM, Morissette MC, Stampfli MR. The influence of cigarette
smoking on viral infections: translating bench science to impact COPD
pathogenesis and acute exacerbations of COPD clinically. Chest 143:
196–206, 2013.

16. Bauer CM, Zavitz CC, Botelho FM, Lambert KN, Brown EG,
Mossman KL, Taylor JD, Stampfli MR. Treating viral exacerbations of
chronic obstructive pulmonary disease: insights from a mouse model of
cigarette smoke and H1N1 influenza infection. PLoS One 5: e13251,
2010.

17. Bermudez EA, Rifai N, Buring JE, Manson JE, Ridker PM. Relation
between markers of systemic vascular inflammation and smoking in
women. Am J Cardiol 89: 1117–1119, 2002.

18. Bhalla DK, Hirata F, Rishi AK, Gairola CG. Cigarette smoke, inflam-
mation, and lung injury: a mechanistic perspective. J Toxicol Environ
Health B Crit Rev 12: 45–64, 2009.

Review

L214 CIGARETTE SMOKING, OXIDATIVE STRESS, AND IMMUNE RESPONSE IN COPD

AJP-Lung Cell Mol Physiol • doi:10.1152/ajplung.00330.2013 • www.ajplung.org
Downloaded from www.physiology.org/journal/ajplung by ${individualUser.givenNames} ${individualUser.surname} (068.109.140.218) on November 25, 2018.

 Copyright © 2014 the American Physiological Society. All rights reserved. 



19. Borglykke A, Pisinger C, Jorgensen T, Ibsen H. The effectiveness of
smoking cessation groups offered to hospitalised patients with symptoms
of exacerbations of chronic obstructive pulmonary disease (COPD). Clin
Respir J 2: 158–165, 2008.

20. Bouloukaki I, Tsoumakidou M, Vardavas CI, Mitrouska I, Koutala
E, Siafakas NM, Schiza SE, Tzanakis N. Maintained smoking cessation
for 6 months equilibrates the percentage of sputum CD8� lymphocyte
cells with that of nonsmokers. Mediators Inflamm 2009: 812102, 2009.

21. Bowler RP, Barnes PJ, Crapo JD. The role of oxidative stress in
chronic obstructive pulmonary disease. COPD 1: 255–277, 2004.

22. Brusselle GG, Joos GF, Bracke KR. New insights into the immunology
of chronic obstructive pulmonary disease. Lancet 378: 1015–1026, 2011.

22a.Centers for Disease Control and Prevention. Quitting smoking among
adults—United States, 2001–2010. MMWR Morb Mortal Wkly Rep 60:
1513–1519, 2011.

23. Chang Y, Al-Alwan L, Audusseau S, Chouiali F, Carlevaro-Fita J,
Iwakura Y, Baglole CJ, Eidelman DH, Hamid Q. Genetic deletion of
IL-17A reduces cigarette smoke-induced inflammation and alveolar type
II cell apoptosis. Am J Physiol Lung Cell Mol Physiol 306: L132–L143,
2014.

24. Chrysofakis G, Tzanakis N, Kyriakoy D, Tsoumakidou M, Tsiligi-
anni I, Klimathianaki M, Siafakas NM. Perforin expression and
cytotoxic activity of sputum CD8� lymphocytes in patients with COPD.
Chest 125: 71–76, 2004.

25. Churg A, Cosio M, Wright JL. Mechanisms of cigarette smoke-
induced COPD: insights from animal models. Am J Physiol Lung Cell
Mol Physiol 294: L612–L631, 2008.

26. Churg A, Marshall CV, Sin DD, Bolton S, Zhou S, Thain K, Cadogan
EB, Maltby J, Soars MG, Mallinder PR, Wright JL. Late intervention
with a myeloperoxidase inhibitor stops progression of experimental
chronic obstructive pulmonary disease. Am J Respir Crit Care Med 185:
34–43, 2012.

27. Churg A, Zhou S, Wang X, Wang R, Wright JL. The role of
interleukin-1beta in murine cigarette smoke-induced emphysema and
small airway remodeling. Am J Respir Cell Mol Biol 40: 482–490, 2009.

28. Churg A, Zhou S, Wright JL. Series “matrix metalloproteinases in lung
health and disease”: Matrix metalloproteinases in COPD. Eur Respir J
39: 197–209, 2012.

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

30. Cosio MG, Saetta M, Agusti A. Immunologic aspects of chronic
obstructive pulmonary disease. N Engl J Med 360: 2445–2454, 2009.

31. Decramer M, Rutten-van Molken M, Dekhuijzen PN, Troosters T,
van Herwaarden C, Pellegrino R, van Schayck CP, Olivieri D, Del
Donno M, De Backer W, Lankhorst I, Ardia A. Effects of N-acetyl-
cysteine on outcomes in chronic obstructive pulmonary disease (Bron-
chitis Randomized on NAC Cost-Utility Study, BRONCUS): a ran-
domised placebo-controlled trial. Lancet 365: 1552–1560, 2005.

32. Dinkova-Kostova AT, Kostov RV. Glucosinolates and isothiocyanates
in health and disease. Trends Mol Med 18: 337–347, 2012.

33. Downs CA, Helms MN. Regulation of ion transport by oxidants. Am J
Physiol Lung Cell Mol Physiol 305: L595–L603, 2013.

34. Edwards D. Immunological effects of tobacco smoking in “healthy”
smokers. COPD 6: 48–58, 2009.

35. Espinosa-Heidmann DG, Suner IJ, Catanuto P, Hernandez EP,
Marin-Castano ME, Cousins SW. Cigarette smoke-related oxidants
and the development of sub-RPE deposits in an experimental animal
model of dry AMD. Invest Ophthalmol Vis Sci 47: 729–737, 2006.

36. Fels AO, Cohn ZA. The alveolar macrophage. J Appl Physiol 60:
353–369, 1986.

37. Fiore MC, Jaén CR, Baker TB, Bailey WC, Benowitz NL, Curry SJ,
Dorfman SF, Froelicher ES, Goldstein MG, Froelicher ES, Healton
CG. Treating Tobacco Use and Dependence: 2008 update. Clinical
Practice Guideline. Rockville, MD: US Department of Health and
Human Services Public Health Service, 2008.

38. Ford PA, Durham AL, Russell RE, Gordon F, Adcock IM, Barnes
PJ. Treatment effects of low-dose theophylline combined with an inhaled
corticosteroid in COPD. Chest 137: 1338–1344, 2010.

39. Francis SH, Houslay MD, Conti M. Phosphodiesterase inhibitors:
factors that influence potency, selectivity, and action. Handb Exp Phar-
macol 47–84, 2011.

40. Gadgil A, Duncan SR. Role of T-lymphocytes and pro-inflammatory
mediators in the pathogenesis of chronic obstructive pulmonary disease.
Int J Chron Obstruct Pulmon Dis 3: 531–541, 2008.

41. Garcha DS, Thurston SJ, Patel AR, Mackay AJ, Goldring JJ,
Donaldson GC, McHugh TD, Wedzicha JA. Changes in prevalence
and load of airway bacteria using quantitative PCR in stable and exac-
erbated COPD. Thorax 67: 1075–1080, 2012.

42. Glossop JR, Dawes PT, Mattey DL. Association between cigarette
smoking and release of tumour necrosis factor alpha and its soluble
receptors by peripheral blood mononuclear cells in patients with rheu-
matoid arthritis. Rheumatology (Oxford) 45: 1223–1229, 2006.

43. Grootendorst DC, Gauw SA, Verhoosel RM, Sterk PJ, Hospers JJ,
Bredenbroker D, Bethke TD, Hiemstra PS, Rabe KF. Reduction in
sputum neutrophil and eosinophil numbers by the PDE4 inhibitor roflu-
milast in patients with COPD. Thorax 62: 1081–1087, 2007.

44. Grumelli S, Corry DB, Song LZ, Song L, Green L, Huh J, Hacken J,
Espada R, Bag R, Lewis DE, Kheradmand F. An immune basis for
lung parenchymal destruction in chronic obstructive pulmonary disease
and emphysema. PLoS Med 1: e8, 2004.

45. Hara H, Araya J, Ito S, Kobayashi K, Takasaka N, Yoshii Y, Wakui
H, Kojima J, Shimizu K, Numata T, Kawaishi M, Kamiya N, Odaka
M, Morikawa T, Kaneko Y, Nakayama K, Kuwano K. Mitochondrial
fragmentation in cigarette smoke-induced bronchial epithelial cell senes-
cence. Am J Physiol Lung Cell Mol Physiol 305: L737–L746, 2013.

46. Harju T, Kaarteenaho-Wiik R, Sirvio R, Paakko P, Crapo JD, Oury
TD, Soini Y, Kinnula VL. Manganese superoxide dismutase is in-
creased in the airways of smokers’ lungs. Eur Respir J 24: 765–771,
2004.

47. Hartmann-Boyce J, Cahill K, Hatsukami D, Cornuz J. Nicotine
vaccines for smoking cessation. Cochrane Database Syst Rev 8:
CD007072, 2012.

48. Harvey CJ, Thimmulappa RK, Sethi S, Kong X, Yarmus L, Brown
RH, Feller-Kopman D, Wise R, Biswal S. Targeting Nrf2 signaling
improves bacterial clearance by alveolar macrophages in patients with
COPD and in a mouse model. Sci Transl Med 3: 78ra32, 2011.

49. Hatzelmann A, Morcillo EJ, Lungarella G, Adnot S, Sanjar S,
Beume R, Schudt C, Tenor H. The preclinical pharmacology of roflu-
milast—a selective, oral phosphodiesterase 4 inhibitor in development
for chronic obstructive pulmonary disease. Pulm Pharmacol Ther 23:
235–256, 2010.

50. Hirono Y, Kawazoe A, Nose M, Sakura M, Takeuchi M. Cigarette
smoke induce alteration of structure and function in alveolar macro-
phages. Int J Biosci Biochem Bioinforma 3: 125–128, 2013.

51. Hodge S, Reynolds PN. Low-dose azithromycin improves phagocytosis
of bacteria by both alveolar and monocyte-derived macrophages in
chronic obstructive pulmonary disease subjects. Respirology 17: 802–
807, 2012.

52. Hogg JC. Why does airway inflammation persist after the smoking
stops? Thorax 61: 96–97, 2006.

53. Hoogendoorn M, Feenstra TL, Hoogenveen RT, Rutten-van Molken
MP. Long-term effectiveness and cost-effectiveness of smoking cessa-
tion interventions in patients with COPD. Thorax 65: 711–718, 2010.

54. Hoser G, Domagala-Kulawik J, Droszcz P, Droszcz W, Kawiak J.
Lymphocyte subsets differences in smokers and nonsmokers with pri-
mary lung cancer: a flow cytometry analysis of bronchoalveolar lavage
fluid cells. Med Sci Monit 9: BR310–BR315, 2003.

55. HuangFu WC, Liu J, Harty RN, Fuchs SY. Cigarette smoking prod-
ucts suppress anti-viral effects of Type I interferon via phosphorylation-
dependent downregulation of its receptor. FEBS Lett 582: 3206–3210,
2008.

56. Hughes J, Lindgren P, Connett J, Nides M. Smoking reduction in the
Lung Health Study. Nicotine Tob Res 6: 275–280, 2004.

57. Hummel SG, Fischer AJ, Martin SM, Schafer FQ, Buettner GR.
Nitric oxide as a cellular antioxidant: a little goes a long way. Free Radic
Biol Med 40: 501–506, 2006.

58. Imai K, Dalal SS, Chen ES, Downey R, Schulman LL, Ginsburg M,
D’Armiento J. Human collagenase (matrix metalloproteinase-1) expres-
sion in the lungs of patients with emphysema. Am J Respir Crit Care Med
163: 786–791, 2001.

59. Ito K, Ito M, Elliott WM, Cosio B, Caramori G, Kon OM, Barczyk
A, Hayashi S, Adcock IM, Hogg JC, Barnes PJ. Decreased histone
deacetylase activity in chronic obstructive pulmonary disease. N Engl J
Med 352: 1967–1976, 2005.

Review

L215CIGARETTE SMOKING, OXIDATIVE STRESS, AND IMMUNE RESPONSE IN COPD

AJP-Lung Cell Mol Physiol • doi:10.1152/ajplung.00330.2013 • www.ajplung.org
Downloaded from www.physiology.org/journal/ajplung by ${individualUser.givenNames} ${individualUser.surname} (068.109.140.218) on November 25, 2018.

 Copyright © 2014 the American Physiological Society. All rights reserved. 



60. Jaquet V, Marcoux J, Forest E, Leidal KG, McCormick S, Wester-
maier Y, Perozzo R, Plastre O, Fioraso-Cartier L, Diebold B, Sca-
pozza L, Nauseef WM, Fieschi F, Krause KH, Bedard K. NADPH
oxidase (NOX) isoforms are inhibited by celastrol with a dual mode of
action. Br J Pharmacol 164: 507–520, 2011.

61. Jaspers I, Horvath KM, Zhang W, Brighton LE, Carson JL, Noah
TL. Reduced expression of IRF7 in nasal epithelial cells from smokers
after infection with influenza. Am J Respir Cell Mol Biol 43: 368–375,
2010.

62. Jimenez-Ruiz CA, Fagerstrom KO. Smoking cessation treatment for
COPD smokers: the role of pharmacological interventions. Monaldi Arch
Chest Dis 79: 27–32, 2013.

63. Jimenez-Ruiz CA, Masa F, Miravitlles M, Gabriel R, Viejo JL,
Villasante C, Sobradillo V. Smoking characteristics: differences in
attitudes and dependence between healthy smokers and smokers with
COPD. Chest 119: 1365–1370, 2001.

64. Jimenez Ruiz CA, Ramos Pinedo A, Cicero Guerrero A, Mayayo
Ulibarri M, Cristobal Fernandez M, Lopez Gonzalez G. Character-
istics of COPD smokers and effectiveness and safety of smoking cessa-
tion medications. Nicotine Tob Res 14: 1035–1039, 2012.

65. Ju CR, Xia XZ, Chen RC. Expressions of tumor necrosis factor-
converting enzyme and ErbB3 in rats with chronic obstructive pulmonary
disease. Chin Med J (Engl) 120: 1505–1510, 2007.

66. Kang MJ, Lee CG, Lee JY, Dela Cruz CS, Chen ZJ, Enelow R, Elias
JA. Cigarette smoke selectively enhances viral PAMP- and virus-in-
duced pulmonary innate immune and remodeling responses in mice. J
Clin Invest 118: 2771–2784, 2008.

67. Kirkham PA, Spooner G, Ffoulkes-Jones C, Calvez R. Cigarette
smoke triggers macrophage adhesion and activation: role of lipid peroxi-
dation products and scavenger receptor. Free Radic Biol Med 35: 697–
710, 2003.

68. Kode A, Rajendrasozhan S, Caito S, Yang SR, Megson IL, Rahman
I. Resveratrol induces glutathione synthesis by activation of Nrf2 and
protects against cigarette smoke-mediated oxidative stress in human lung
epithelial cells. Am J Physiol Lung Cell Mol Physiol 294: L478–L488,
2008.

69. Kotz D, Wesseling G, Huibers MJ, van Schayck OC. Efficacy of
confronting smokers with airflow limitation for smoking cessation. Eur
Respir J 33: 754–762, 2009.

70. Lacy P, Stow JL. Cytokine release from innate immune cells: associa-
tion with diverse membrane trafficking pathways. Blood 118: 9–18,
2011.

71. Lams BE, Sousa AR, Rees PJ, Lee TH. Subepithelial immunopathol-
ogy of the large airways in smokers with and without chronic obstructive
pulmonary disease. Eur Respir J 15: 512–516, 2000.

72. Lee SH, Goswami S, Grudo A, Song LZ, Bandi V, Goodnight-White
S, Green L, Hacken-Bitar J, Huh J, Bakaeen F, Coxson HO, Cog-
swell S, Storness-Bliss C, Corry DB, Kheradmand F. Antielastin
autoimmunity in tobacco smoking-induced emphysema. Nat Med 13:
567–569, 2007.

73. Liang HL, Sedlic F, Bosnjak Z, Nilakantan V. SOD1 and MitoTEMPO
partially prevent mitochondrial permeability transition pore opening,
necrosis, and mitochondrial apoptosis after ATP depletion recovery. Free
Radic Biol Med 49: 1550–1560, 2010.

74. Llinas L, Peinado VI, Ramon Goni J, Rabinovich R, Pizarro S,
Rodriguez-Roisin R, Barbera JA, Bastos R. Similar gene expression
profiles in smokers and patients with moderate COPD. Pulm Pharmacol
Ther 24: 32–41, 2011.

75. Louhelainen N, Rytila P, Haahtela T, Kinnula VL, Djukanovic R.
Persistence of oxidant and protease burden in the airways after smoking
cessation. BMC Pulm Med 9: 25, 2009.

76. Lu Q, Newton J, Hsiao V, Shamirian P, Blackburn MR, Pedroza M.
Sustained adenosine exposure causes lung endothelial barrier dysfunction
via nucleoside transporter-mediated signaling. Am J Respir Cell Mol Biol
47: 604–613, 2012.

77. Lu Q, Sakhatskyy P, Newton J, Shamirian P, Hsiao V, Curren S,
Gabino Miranda GA, Pedroza M, Blackburn MR, Rounds S. Sus-
tained adenosine exposure causes lung endothelial apoptosis: a possible
contributor to cigarette smoke-induced endothelial apoptosis and lung
injury. Am J Physiol Lung Cell Mol Physiol 304: L361–L370, 2013.

78. MacNee W. Oxidants and COPD. Curr Drug Targets Inflamm Allergy 4:
627–641, 2005.

79. MacNee W. Oxidants/antioxidants and COPD. Chest 117: 303S–317S,
2000.

80. MacNee W. Pulmonary and systemic oxidant/antioxidant imbalance in
chronic obstructive pulmonary disease. Proc Am Thorac Soc 2: 50–60,
2005.

81. Malhotra D, Thimmulappa R, Navas-Acien A, Sandford A, Elliott
M, Singh A, Chen L, Zhuang X, Hogg J, Pare P, Tuder RM, Biswal
S. Decline in NRF2-regulated antioxidants in chronic obstructive pulmo-
nary disease lungs due to loss of its positive regulator, DJ-1. Am J Respir
Crit Care Med 178: 592–604, 2008.

82. Mallia P, Message SD, Gielen V, Contoli M, Gray K, Kebadze T,
Aniscenko J, Laza-Stanca V, Edwards MR, Slater L, Papi A, Stanciu
LA, Kon OM, Johnson M, Johnston SL. Experimental rhinovirus
infection as a human model of chronic obstructive pulmonary disease
exacerbation. Am J Respir Crit Care Med 183: 734–742, 2011.

83. Meyer M, Bauer RN, Letang BD, Brighton L, Thompson E, Simmen
RC, Bonner J, Jaspers I. Regulation and activity of secretory leuko-
protease inhibitor (SLPI) is altered in smokers. Am J Physiol Lung Cell
Mol Physiol 306: L269–L276, 2014.

84. Millan DS, Bunnage ME, Burrows JL, Butcher KJ, Dodd PG, Evans
TJ, Fairman DA, Hughes SJ, Kilty IC, Lemaitre A, Lewthwaite RA,
Mahnke A, Mathias JP, Philip J, Smith RT, Stefaniak MH, Yeadon
M, Phillips C. Design and synthesis of inhaled p38 inhibitors for the
treatment of chronic obstructive pulmonary disease. J Med Chem 54:
7797–7814, 2011.

85. Moretto N, Bertolini S, Iadicicco C, Marchini G, Kaur M, Volpi G,
Patacchini R, Singh D, Facchinetti F. Cigarette smoke and its compo-
nent acrolein augment IL-8/CXCL8 mRNA stability via p38 MAPK/
MK2 signaling in human pulmonary cells. Am J Physiol Lung Cell Mol
Physiol 303: L929–L938, 2012.

86. Nikota JK, Stampfli MR. Cigarette smoke-induced inflammation and
respiratory host defense: Insights from animal models. Pulm Pharmacol
Ther 25: 257–262, 2012.

87. Ning W, Li CJ, Kaminski N, Feghali-Bostwick CA, Alber SM, Di YP,
Otterbein SL, Song R, Hayashi S, Zhou Z, Pinsky DJ, Watkins SC,
Pilewski JM, Sciurba FC, Peters DG, Hogg JC, Choi AM. Compre-
hensive gene expression profiles reveal pathways related to the patho-
genesis of chronic obstructive pulmonary disease. Proc Natl Acad Sci
USA 101: 14895–14900, 2004.

88. Pabst MJ, Pabst KM, Collier JA, Coleman TC, Lemons-Prince ML,
Godat MS, Waring MB, Babu JP. Inhibition of neutrophil and mono-
cyte defensive functions by nicotine. J Periodontol 66: 1047–1055, 1995.

89. Parkes G, Greenhalgh T, Griffin M, Dent R. Effect on smoking quit
rate of telling patients their lung age: the Step2quit randomised controlled
trial. BMJ 336: 598–600, 2008.

90. Pauwels RA, Buist AS, Calverley PM, Jenkins CR, Hurd SS; GOLD
Scientific Committee. Global strategy for the diagnosis, management,
and prevention of chronic obstructive pulmonary disease. NHLBI/WHO
Global Initiative for Chronic Obstructive Lung Disease (GOLD) Work-
shop summary. Am J Respir Crit Care Med 163: 1256–1276, 2001.

91. Pera T, Atmaj C, van der Vegt M, Halayko AJ, Zaagsma J, Meurs
H. Role for TAK1 in cigarette smoke-induced proinflammatory signaling
and IL-8 release by human airway smooth muscle cells. Am J Physiol
Lung Cell Mol Physiol 303: L272–L278, 2012.

92. Pinamonti S, Leis M, Barbieri A, Leoni D, Muzzoli M, Sostero S,
Chicca MC, Carrieri A, Ravenna F, Fabbri LM, Ciaccia A. Detection
of xanthine oxidase activity products by EPR and HPLC in bronchoal-
veolar lavage fluid from patients with chronic obstructive pulmonary
disease. Free Radic Biol Med 25: 771–779, 1998.

93. Pryor WA. Biological effects of cigarette smoke, wood smoke, and the
smoke from plastics: the use of electron spin resonance. Free Radic Biol
Med 13: 659–676, 1992.

94. Pryor WA, Terauchi K, Davis WH Jr. Electron spin resonance (ESR)
study of cigarette smoke by use of spin trapping techniques. Environ
Health Perspect 16: 161–176, 1976.

95. Rab A, Rowe SM, Raju SV, Bebok Z, Matalon S, Collawn JF.
Cigarette smoke and CFTR: implications in the pathogenesis of COPD.
Am J Physiol Lung Cell Mol Physiol 305: L530–L541, 2013.

96. Rabe KF, Hurd S, Anzueto A, Barnes PJ, Buist SA, Calverley P,
Fukuchi Y, Jenkins C, Rodriguez-Roisin R, van Weel C, Zielinski J.
Global strategy for the diagnosis, management, and prevention of chronic
obstructive pulmonary disease: GOLD executive summary. Am J Respir
Crit Care Med 176: 532–555, 2007.

97. Rahman I, MacNee W. Lung glutathione and oxidative stress: implica-
tions in cigarette smoke-induced airway disease. Am J Physiol Lung Cell
Mol Physiol 277: L1067–L1088, 1999.

Review

L216 CIGARETTE SMOKING, OXIDATIVE STRESS, AND IMMUNE RESPONSE IN COPD

AJP-Lung Cell Mol Physiol • doi:10.1152/ajplung.00330.2013 • www.ajplung.org
Downloaded from www.physiology.org/journal/ajplung by ${individualUser.givenNames} ${individualUser.surname} (068.109.140.218) on November 25, 2018.

 Copyright © 2014 the American Physiological Society. All rights reserved. 



98. Rangasamy T, Cho CY, Thimmulappa RK, Zhen L, Srisuma SS,
Kensler TW, Yamamoto M, Petrache I, Tuder RM, Biswal S. Genetic
ablation of Nrf2 enhances susceptibility to cigarette smoke-induced
emphysema in mice. J Clin Invest 114: 1248–1259, 2004.

99. Rennard S, Decramer M, Calverley PM, Pride NB, Soriano JB,
Vermeire PA, Vestbo J. Impact of COPD in North America and Europe
in 2000: subjects’ perspective of Confronting COPD International Sur-
vey. Eur Respir J 20: 799–805, 2002.

100. Richens TR, Linderman DJ, Horstmann SA, Lambert C, Xiao YQ,
Keith RL, Boe DM, Morimoto K, Bowler RP, Day BJ, Janssen WJ,
Henson PM, Vandivier RW. Cigarette smoke impairs clearance of
apoptotic cells through oxidant-dependent activation of RhoA. Am J
Respir Crit Care Med 179: 1011–1021, 2009.

101. Riso P, Del Bo C, Vendrame S, Brusamolino A, Martini D, Bonacina
G, Porrini M. Modulation of plasma antioxidant levels, glutathione
S-transferase activity and DNA damage in smokers following a single
portion of broccoli: a pilot study. J Sci Food Agric 94: 522–528, 2014.

102. Roberts WJ, Sergakis GG, Zuo L. The role of human rhinovirus in
immunology, COPD, and corresponding treatments. Front Biol 8: 377–
386, 2013.

102a.Roisin RR, Vestbro J. Global initiative for chronic obstructive lung
disease. GOLD 1–74, 2011.

103. Rolo AP, Teodoro JS, Palmeira CM. Role of oxidative stress in the
pathogenesis of nonalcoholic steatohepatitis. Free Radic Biol Med 52:
59–69, 2012.

104. Roos-Engstrand E, Ekstrand-Hammarstrom B, Pourazar J, Behndig
AF, Bucht A, Blomberg A. Influence of smoking cessation on airway T
lymphocyte subsets in COPD. COPD 6: 112–120, 2009.

105. Rubio ML, Martin-Mosquero MC, Ortega M, Peces-Barba G, Gon-
zalez-Mangado N. Oral N-acetylcysteine attenuates elastase-induced
pulmonary emphysema in rats. Chest 125: 1500–1506, 2004.

106. Ruwanpura SM, McLeod L, Miller A, Jones J, Vlahos R, Ramm G,
Longano A, Bardin PG, Bozinovski S, Anderson GP, Jenkins BJ.
Deregulated Stat3 signaling dissociates pulmonary inflammation from
emphysema in gp130 mutant mice. Am J Physiol Lung Cell Mol Physiol
302: L627–L639, 2012.

107. Scanlon PD, Connett JE, Waller LA, Altose MD, Bailey WC, Buist
AS. Smoking cessation and lung function in mild-to-moderate chronic
obstructive pulmonary disease. The Lung Health Study. Am J Respir Crit
Care Med 161: 381–390, 2000.

108. Schweitzer KS, Hatoum H, Brown MB, Gupta M, Justice MJ, Beteck
B, Van Demark M, Gu Y, Presson RG Jr, Hubbard WC, Petrache I.
Mechanisms of lung endothelial barrier disruption induced by cigarette
smoke: role of oxidative stress and ceramides. Am J Physiol Lung Cell
Mol Physiol 301: L836–L846, 2011.

109. Sharma J, Young DM, Marentette JO, Rastogi P, Turk J, McHowat J.
Lung endothelial cell platelet-activating factor production and inflammatory
cell adherence are increased in response to cigarette smoke component
exposure. Am J Physiol Lung Cell Mol Physiol 302: L47–L55, 2012.

110. Shigeta A, Tada Y, Wang JY, Ishizaki S, Tsuyusaki J, Yamauchi K,
Kasahara Y, Iesato K, Tanabe N, Takiguchi Y, Sakamoto A,
Tokuhisa T, Shibuya K, Hiroshima K, West J, Tatsumi K. CD40
amplifies Fas-mediated apoptosis: a mechanism contributing to emphy-
sema. Am J Physiol Lung Cell Mol Physiol 303: L141–L151, 2012.

111. Silagy C, Lancaster T, Stead L, Mant D, Fowler G. Nicotine replace-
ment therapy for smoking cessation. Cochrane Database Syst Rev 3:
CD000146, 2004.

112. Simmons MS, Connett JE, Nides MA, Lindgren PG, Kleerup EC,
Murray RP, Bjornson WM, Tashkin DP. Smoking reduction and the
rate of decline in FEV1: results from the Lung Health Study. Eur Respir
J 25: 1011–1017, 2005.

113. Smith MR, Kinmonth AL, Luben RN, Bingham S, Day NE, Ware-
ham NJ, Welch A, Khaw KT. Smoking status and differential white cell
count in men and women in the EPIC-Norfolk population. Atheroscle-
rosis 169: 331–337, 2003.

114. Sorensen LT, Nielsen HB, Kharazmi A, Gottrup F. Effect of smoking
and abstention on oxidative burst and reactivity of neutrophils and
monocytes. Surgery 136: 1047–1053, 2004.

115. Southworth T, Metryka A, Lea S, Farrow S, Plumb J, Singh D.
IFN-gamma synergistically enhances LPS signalling in alveolar macro-
phages from COPD patients and controls by corticosteroid-resistant
STAT1 activation. Br J Pharmacol 166: 2070–2083, 2012.

116. Srivastava PK, Dastidar SG, Ray A. Chronic obstructive pulmonary
disease: role of matrix metalloproteases and future challenges of drug
therapy. Expert Opin Investig Drugs 16: 1069–1078, 2007.

117. Stampfli MR, Anderson GP. How cigarette smoke skews immune
responses to promote infection, lung disease and cancer. Nat Rev Immu-
nol 9: 377–384, 2009.

118. Stead LF, Buitrago D, Preciado N, Sanchez G, Hartmann-Boyce J,
Lancaster T. Physician advice for smoking cessation. Cochrane Data-
base Syst Rev 5: CD000165, 2013.

119. Strassmann R, Bausch B, Spaar A, Kleijnen J, Braendli O, Puhan
MA. Smoking cessation interventions in COPD: a network meta-analysis
of randomised trials. Eur Respir J 34: 634–640, 2009.

120. Takeuchi M, Nagai S, Nakajima A, Shinya M, Tsukano C, Asada H,
Yoshikawa K, Yoshimura M, Izumi T. Inhibition of lung natural killer
cell activity by smoking: the role of alveolar macrophages. Respiration
68: 262–267, 2001.

121. Tanaka K, Sato K, Aoshiba K, Azuma A, Mizushima T. Superiority
of PC-SOD to other anti-COPD drugs for elastase-induced emphysema
and alteration in lung mechanics and respiratory function in mice. Am J
Physiol Lung Cell Mol Physiol 302: L1250–L1261, 2012.

122. Tanjore H, Blackwell TS, Lawson WE. Emerging evidence for endo-
plasmic reticulum stress in the pathogenesis of idiopathic pulmonary
fibrosis. Am J Physiol Lung Cell Mol Physiol 302: L721–L729, 2012.

123. Tashkin D, Kanner R, Bailey W, Buist S, Anderson P, Nides M,
Gonzales D, Dozier G, Patel MK, Jamerson B. Smoking cessation in
patients with chronic obstructive pulmonary disease: a double-blind,
placebo-controlled, randomised trial. Lancet 357: 1571–1575, 2001.

124. Tashkin DP, Murray RP. Smoking cessation in chronic obstructive
pulmonary disease. Respir Med 103: 963–974, 2009.

125. Thabane M; COPD Working Group. Smoking cessation for patients
with chronic obstructive pulmonary disease (COPD): an evidence-based
analysis. Ont Health Technol Assess Ser 12: 1–50, 2012.

126. Tonnesen P, Mikkelsen K, Bremann L. Nurse-conducted smoking
cessation in patients with COPD using nicotine sublingual tablets and
behavioral support. Chest 130: 334–342, 2006.

127. Tsiapa G, Gkiozos I, Souliotis K, Syrigos K. Review: Smoking cessa-
tion strategies in patients with lung disease. In Vivo 27: 171–176, 2013.

128. van Beurden WJ, Dekhuijzen PN, Harff GA, Smeenk FW. Variability
of exhaled hydrogen peroxide in stable COPD patients and matched
healthy controls. Respiration 69: 211–216, 2002.

129. van der Meer RM, Wagena EJ, Ostelo RW, Jacobs JE, van Schayck
CP. Smoking cessation for chronic obstructive pulmonary disease. Co-
chrane Database Syst Rev 2: CD002999, 2003.

130. van der Toorn M, Rezayat D, Kauffman HF, Bakker SJ, Gans RO,
Koeter GH, Choi AM, van Oosterhout AJ, Slebos DJ. Lipid-soluble
components in cigarette smoke induce mitochondrial production of
reactive oxygen species in lung epithelial cells. Am J Physiol Lung Cell
Mol Physiol 297: L109–L114, 2009.

131. van Eeden SF, Hogg JC. The response of human bone marrow to
chronic cigarette smoking. Eur Respir J 15: 915–921, 2000.

132. van Rijt SH, Keller IE, John G, Kohse K, Yildirim AO, Eickelberg O,
Meiners S. Acute cigarette smoke exposure impairs proteasome function in
the lung. Am J Physiol Lung Cell Mol Physiol 303: L814–L823, 2012.

133. Wagena EJ, van der Meer RM, Ostelo RJ, Jacobs JE, van Schayck
CP. The efficacy of smoking cessation strategies in people with chronic
obstructive pulmonary disease: results from a systematic review. Respir
Med 98: 805–815, 2004.

134. Wang H, Liu X, Umino T, Skold CM, Zhu Y, Kohyama T, Spurzem JR,
Romberger DJ, Rennard SI. Cigarette smoke inhibits human bronchial
epithelial cell repair processes. Am J Respir Cell Mol Biol 25: 772–779, 2001.

135. Warnier MJ, van Riet EE, Rutten FH, De Bruin ML, Sachs AP.
Smoking cessation strategies in patients with COPD. Eur Respir J 41:
727–734, 2013.

136. Wijnhoven HJ, Heunks LM, Geraedts MC, Hafmans T, Vina JR,
Dekhuijzen PN. Oxidative and nitrosative stress in the diaphragm of
patients with COPD. Int J Chron Obstruct Pulmon Dis 1: 173–179, 2006.

137. Wilson JS, Fitzsimons D, Bradbury I, Stuart Elborn J. Does additional
support by nurses enhance the effect of a brief smoking cessation interven-
tion in people with moderate to severe chronic obstructive pulmonary
disease? A randomised controlled trial. Int J Nurs Stud 45: 508–517, 2008.

138. Wirtz PH, von Kanel R, Kunz-Ebrecht S, Ehlert U, Fischer JE.
Enhanced glucocorticoid sensitivity of cytokine release from circulating
leukocytes stimulated with lipopolysaccharide in healthy male smokers.
Brain Behav Immun 18: 536–543, 2004.

Review

L217CIGARETTE SMOKING, OXIDATIVE STRESS, AND IMMUNE RESPONSE IN COPD

AJP-Lung Cell Mol Physiol • doi:10.1152/ajplung.00330.2013 • www.ajplung.org
Downloaded from www.physiology.org/journal/ajplung by ${individualUser.givenNames} ${individualUser.surname} (068.109.140.218) on November 25, 2018.

 Copyright © 2014 the American Physiological Society. All rights reserved. 



139. Wright JL, Churg A. Animal models of COPD: barriers, successes, and
challenges. Pulm Pharmacol Ther 21: 696–698, 2008.

140. Xu M, Scott JE, Liu KZ, Bishop HR, Renaud DE, Palmer RM,
Soussi-Gounni A, Scott DA. The influence of nicotine on granulocytic
differentiation — inhibition of the oxidative burst and bacterial killing and
increased matrix metalloproteinase-9 release. BMC Cell Biol 9: 19, 2008.

141. Yanbaeva DG, Dentener MA, Creutzberg EC, Wesseling G, Wouters
EF. Systemic effects of smoking. Chest 131: 1557–1566, 2007.

142. Yao H, Rahman I. Role of histone deacetylase 2 in epigenetics and
cellular senescence: implications in lung inflammaging and COPD. Am J
Physiol Lung Cell Mol Physiol 303: L557–L566, 2012.

143. Zappacosta B, Persichilli S, Giardina B, De Sole P. Effect of aqueous
extract of cigarette smoke on peripheral blood polymorphonuclear leu-
kocytes chemiluminescence. Luminescence 15: 165–168, 2000.

144. Zou W, Zou Y, Zhao Z, Li B, Ran P. Nicotine-induced epithelial-
mesenchymal transition via Wnt/�-catenin signaling in human airway epi-
thelial cells. Am J Physiol Lung Cell Mol Physiol 304: L199–L209, 2013.

145. Zuo L, Clanton TL. Reactive oxygen species formation in the transition
to hypoxia in skeletal muscle. Am J Physiol Cell Physiol 289: C207–
C216, 2005.

146. Zuo L, Hallman AH, Roberts WJ, Wagner PD, Hogan MC. Super-
oxide release from contracting skeletal muscle in pulmonary TNF-�
overexpression mice. Am J Physiol Regul Integr Comp Physiol 306:
R75–R81, 2014.

147. Zuo L, Hallman AH, Yousif MK, Chien MT. Oxidative stress, respi-
ratory muscle dysfunction, and potential therapeutics in chronic obstruc-
tive pulmonary disease. Front Biol (Beijing) 7: 506–513, 2012.

148. Zuo L, Otenbaker NP, Rose BA, Salisbury KS. Molecular mechanisms
of reactive oxygen species-related pulmonary inflammation and asthma.
Mol Immunol 56: 57–63, 2013.

149. Zuo L, Shiah A, Roberts WJ, Chien MT, Wagner PD, Hogan MC.
Low PO2 conditions induce reactive oxygen species formation during
contractions in single skeletal muscle fibers. Am J Physiol Regul Integr
Comp Physiol 304: R1009–R1016, 2013.

Review

L218 CIGARETTE SMOKING, OXIDATIVE STRESS, AND IMMUNE RESPONSE IN COPD

AJP-Lung Cell Mol Physiol • doi:10.1152/ajplung.00330.2013 • www.ajplung.org
Downloaded from www.physiology.org/journal/ajplung by ${individualUser.givenNames} ${individualUser.surname} (068.109.140.218) on November 25, 2018.

 Copyright © 2014 the American Physiological Society. All rights reserved. 


