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Abstract

Chronic obstructive pulmonary disease (COPD) is a smoking-related disorder that is a leading cause of death worldwide. It is associated with
an accelerated rate of age-related decline in lung function due to the occurrence of destructive pathological changes such as emphysema, small
airway remodeling, and mucus hypersecretion. Smokers are exposed to trillions of radicals and thousands of reactive chemicals and particles with
every cigarette, thus oxidant stress is believed to be a central factor in the pathogenesis of COPD. The molecular activities of radicals, reactive
oxygen, and nitrogen species can, over time, lead to a number of the detrimental changes in the lung. For instance, smoke can directly damage the
mitochondrion, an organelle that has long been linked to age-related diseases associated with oxidant stress. Mitochondria are involved in a
number of important cellular processes and are the largest source of endogenous reactive oxygen species (ROS) in the cell; therefore, any
impairment of mitochondrial function can lead to greater oxidant damage, cellular dysfunction, and eventually to disease. Only a subset of
smokers (15-50%) develops COPD, suggesting that there are polygenetic and/or environmental susceptibility factors involved in this complex
disease. Here, we propose that the aerobic capacity for an individual may determine whether one is susceptible to developing COPD. Aerobic
capacity is a polygenetic trait closely associated with mitochondrial function, and we suggest antioxidant defenses. Thus, those smokers who have
the greatest aerobic capacity will be most resistant to the effects of chronic cigarette smoke exposure and be less likely to develop COPD.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Chronic obstructive pulmonary disease (COPD) is a
collective group of lung conditions that result in a significant
loss of lung function. It is the fourth most common cause of
chronic morbidity and mortality in the United States. As many
as 120,000 Americans died from this disease in 2002.
Approximately 80—90% of COPD deaths are coupled with a
history of smoking. In 2002, another 11.2 million Americans
were diagnosed with the disease while 24 million others had
evidence of impaired lung function, indicating that this disease
is underdiagnosed. The costs for COPD to the United States
last year were approximated at $37.2 billion. In the year 2020,
COPD is projected to be the third leading cause of death
worldwide (American Lung Association, 2005).

COPD is defined by the Global Initiative on Obstructive
Lung Disease criteria as “airflow limitation that is not fully
reversible. The airflow limitation is usually both progressive and
associated with an abnormal inflammatory response of the lungs
to noxious particles or gases” (Pauwels et al., 2001). The
pathological changes that contribute to the loss in lung function
are heterogeneous in nature consisting of parenchymal destruc-
tion (described clinically as emphysema), remodeling and
thickening of the airways (described clinically as small airways
disease), and mucus hypersecretion (described clinically as
chronic bronchitis). These changes occur at every level of the
airways. In the central airways, the main pathological changes
are enlargement of the mucus glands, goblet cell metaplasia,
epithelial thickening (hypertrophy and hyperplasia), ciliary
dysfunction, smooth muscle hypertrophy, and subepithelial
inflammation (neutrophils, macrophages, and CDS8" T-cells).
The peripheral airways have many of these same features as well
as subepithelial fibrosis/matrix deposition that contribute to the
fixed airway obstruction associated with the disease. In the
parenchyma, destruction of the respiratory bronchioles (centri-
lobular emphysema), alveolar walls, and capillary beds affect
lung mechanics and gas exchange capabilities (Pauwels et al.,
2001; Hogg, 2004). These morphological changes occur as focal
lesions in the tissue and may vary in degree between affected
patients (Hogg, 2004). There are also systemic consequences
associated with smoking that are observed in COPD patients.
The most notable involves significant skeletal muscle alterations
affecting both the mobility of patients and their ability to respire
properly (Wouters et al., 2002; Barreiro et al., 2005).

Cigarette smoke is a major source of particles, free radicals,
and reactive chemicals and gases, all of which can produce an
overwhelming oxidant burden on the lungs that are thought to

play a central role in the pathogenesis of COPD. The molecular
effect of these highly reactive molecules can explain a number of
the pathologies observed in COPD patients—namely, inflam-
mation, emphysema, airway fibrosis, mucus hypersecretion, and
skeletal muscle wasting. However, only 15—50% of smokers are
diagnosed with COPD; therefore, there must be genetic and/or
environmental factors that play a role in determining suscepti-
bility (Lundback et al., 2003). Because oxidant stress is believed
by many to be central to the disease process, it has been
suggested that differences in individual antioxidant defenses
may hold the key to understanding COPD susceptibility, but no
studies have demonstrated a clear link or plausible mechanism
for this deficiency. We propose that smokers’ acrobic capacity—
that is, a complex, polygenetic trait closely associated with
mitochondrial function and antioxidant capacity—may deter-
mine whether they are susceptible to developing COPD.

2. Hypothesis

Complex diseases, like COPD, result from a diversity of
genetic, developmental, and environmental factors. The vast
majority of COPD patients (80—90%) share chronic cigarette
smoke exposure as a common (and primary) environmental etio-
logical factor. The individual genetic profiles of these patients
are likely to be very different, comprised of multiple allelic
variations across a number of different genes. However, we
propose that their genetic profiles also share at least one common
phenotypic outcome—a deficit in their overall aerobic capacity.

Two billion years of evolution in an oxygen-rich environ-
ment determined that oxygen metabolism is a central feature of
multicellular organisms (Des Marais, 2000). It appears that
evolution followed the increased free energy transfer afforded
by the widened redox potential when oxygen is the final
electron acceptor in oxidation reactions (Baldwin & Krebs,
1981). Obligatory for using oxygen in energy transfer path-
ways was the simultaneous co-evolution of enzymes that
detoxify the reactive species formed as by-products. Thus,
pathways that mediate both oxidation reactions and oxygen
detoxification reactions constitute a large part of our biology
(Myers et al., 2002; Young & Woodside, 2001).

These ideas about evolution are also consistent with the free
radical theory of aging, which proposes that aging is a function
of metabolic rate (Harman, 1956). Age-related pathological
changes and declines in physiological functions are believed to
result from a lifetime of free radical and oxidative damage to
essential cellular components and macromolecules like nucleic
acids, lipids, and proteins. These radicals and oxygen
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metabolites are derived from both exogenous (environmental
pollutants, radiation, etc.) or endogenous sources (cell metab-
olism/mitochondrial function). An individual’s metabolic ca-
pacity is determined clinically by measuring whole-body
aerobic capacity. Therefore, in combination, these ideas imply
that those individuals with higher current aerobic function will
have greater antioxidant and metabolic capacities to deal with
the stresses associated with life, including environmental
stresses such as chronic cigarette smoke exposure.

Our hypothesis proposes that smokers susceptible to
developing COPD have a genetic profile that results in an
attenuated aerobic capacity and therefore deficiencies in their
antioxidant defenses and mitochondrial functions. With a
diminished ability to metabolize and detoxify oxygen, they
are left more susceptible to the oxidant burden associated with
cigarette smoking that progressively worsens with age. We will
provide information in support of this hypothesis by reviewing
(a) how oxidant stress can drive COPD progression, (b) the
importance of mitochondria and how smoke affects this
organelle’s function, and (c) evidence that individual aerobic
capacity may be the major determinant in the continuum
between health and disease.

3. Smoking and oxidant stress

Smoking is the main etiological factor in the development of
COPD (U.S. Department of Health and Human Services, 2004).
Cigarette smoke contains the equivalent of 10'7 radicals per
gram in the tar phase of smoke (the approximate daily intake of
a pack-a-day smoker) and 10'° radicals per puff in the gas phase
(Church & Pryor, 1985). Reactive oxygen species (ROS),
reactive nitrogen species (RNS), and carbon-centered radicals
are constituents in both the tar and gas phases of smoke and
more can be readily produced by the reactive compounds
present in smoke (olefins and dienes). Many of the radicals from
the tar fraction of cigarette smoke are stable, water soluble, and

can form ROS by reducing oxygen to form superoxide anion
(O5), which can dismutate to H,O,. Furthermore, tar can also
chelate divalent iron and copper ions which can in turn produce
damaging hydroxyl radicals (OH-) via the Fenton reaction
(Church & Pryor, 1985) (Fig. 1). In contrast, the organic
radicals present in the gas phase of smoke have short half-lives
(<1 sec). However, radical concentrations in the gas phase are
maintained at high levels for more than 10 min (Church &
Pryor, 1985). To explain this anomaly, it has been suggested that
these radicals exist in a steady state in which they are
continuously formed and destroyed (see Pryor et al., 1983).

In addition, there are also endogenous sources of these ROS
(O3, Hy0O,, and OH") such as those produced by activated
leukocytes recruited to the lungs in response to smoke
(generated by the NADPH oxidase system). Myeloperoxidase
in neutrophils and macrophages can catalyze a reaction
between H,O, and chloride to generate highly reactive and
destructive hyperchlorous acid. In addition, cells can produce
ROS during arachidonic acid metabolism and as by-products of
the mitochondrial respiratory chain (MRC), the largest source
of intracellular ROS.

The radicals, ROS, and RNS derived from cigarette smoke
and endogenous sources can alter and damage lipids, proteins,
and nucleic acids, which in some cases leads to the formation
of more stable reactive molecules, such as 4-hydroxy-nonenal
with half-lives that last for minutes rather than seconds. Thus,
their presence prolongs the oxidant-mediated damage initiated
by smoke inhalation, forms additional ROS and a chain
reaction of oxidant-mediated damage results (Frei et al.,
1991; Halliwell & Chirico, 1993).

4. Oxidant stress and chronic
obstructive pulmonary disease

The proposal of the oxidant/antioxidant imbalance hypoth-
esis for COPD is based on evidence for an increased level of
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Fig. 1. Illustrates the oxidant chemistry in relation to cigarette smoke constituents (from Pryor & Stone, 1993, with permission).
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oxidant damage, both locally and systemically, in COPD
patients compared to healthy smokers (Taylor et al., 1986;
Rahman & MacNee, 1996; Repine et al., 1997). Montuschi et
al. (2000) measured 8-isoprostane, a marker of free radical-
induced lipid peroxidation of arachidonic acid, in the exhaled
breath of the following: (1) healthy subjects, (2) healthy
smokers, (3) COPD patients who are ex-smokers, and (4)
COPD patients who are current smokers. This evaluation
showed that while smoking alone will induce oxidant damage,
there are increased levels of oxidative stress in COPD patients
(both smokers and ex-smokers) compared to both sets of
healthy controls (Fig. 2) (Montuschi et al., 2000). Other groups
have demonstrated increased oxidant damage in the lungs of
both smokers and COPD patients by measuring exhaled ethane
and H,0, levels or systemically by measuring plasma and
urinary isoprostane-2F-a levels (Morrow et al., 1995; Pratico et
al., 1998; Paredi et al., 2000a, 2000b). More recently, Montes de
Oca et al. (2004) reported a correlation between markers of
oxidative stress and the BODE index, a multi-dimensional
staging index that includes measures of body mass index,
airflow obstruction, dyspnea, and exercise performance. More-
over, the molecular actions of oxidants have been linked to most
of the local and systemic pathological features associated with
COPD such as inflammation, emphysema, airway remodeling,
mucus hypersecretion, and skeletal muscle wasting.

4.1. Inflammation

In vitro studies have demonstrated that oxidants increase the
activation of transcription factors NF-«xB and AP-1 (Schreck et
al., 1992; Meyer et al., 1993; Lo & Cruz, 1995; Puri et al.,
1995). Cigarette smoke has also been shown to impair the
function of histone deacetylaces, resulting in a prolonged
duration of transcription (Marwick et al., 2004; Barnes et al.,
2005). In combination, the activation of transcription factors
and inactivation of histone deacetylase can result in the
increased expression of inflammatory genes like tumor necrosis
factor-a, interleukin-1, and interleukin-8 from macrophages
and alveolar/bronchial epithelial cells (reviewed in Rahman,
2003, and Rahman et al., 2002). There is also evidence that
smoke can increase neutrophil sequestration/adherence and
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Fig. 2. Exhaled breath condensate levels of 8-isoprostane from healthy non-
smokers, smokers, and COPD patients (current and ex-smokers) (from
Montuschi et al., 2000, with permission).

macrophage adherence in the lung through oxidant-mediated
mechanisms. This enhances the duration over which they are
able to release additional mediators in the lung and blood
stream and may also affect their ability to function properly
(i.e., phagocytosis) (Selby et al., 1991; MacNee & Selby, 1993;
Kirkham et al., 2003). As such, these may be critical molecular
mechanisms that help orchestrate the “abnormal” inflammato-
ry response associated with COPD.

4.2. Emphysema

Oxidant stress is also believed to be at the center of the
pathogenesis of emphysema by potentiating proteolytic damage,
inducing cell death and inhibiting lung repair mechanisms.
Proteases produced by infiltrating leukocytes and resident cells
can cleave the matrix, specifically the elastin fibers that are vital
for lung mechanics. It is thought that these enzymes become
toxic when their endogenous inhibitors are inactivated by
oxidants, allowing proteases to destroy the structural integrity
ofthe lung (Abboud et al., 1983; Janoffet al., 1984). In addition,
cigarette smoke and related oxidants have been shown to induce
endothelial and epithelial cell death through activation of the
mitochondrial pathway of apoptosis (Tuder et al., 2000; Wang et
al., 2001; Carnevali et al., 2003; Voelkel & Cool, 2003). It has
also been demonstrated that oxidants can interfere with
fibroblast repair processes essential for restoring the correct
architecture in the lung after injury (Kim et al., 2002). The
combined effect of enhanced proteolytic damage, increased cell
death, and decreased lung repair leads to the destroyed the nature
of the emphysematous lung.

4.3. Small airways disease

Airway fibrosis and smooth muscle hypertrophy are typical
pathological consequences of oxidant exposure (Chitano et
al., 1995). ROS are critical signaling molecules in pathways
regulating cell proliferation and smooth muscle hypertrophy
and hyperplasia (Rhee, 1999). Superoxide and H,O,, in
particular, are involved in growth factor-induced proliferative
signaling pathways by inhibiting tyrosine phosphatase activity
and prolonging the kinase activation signal (Callsen et al.,
1999). They are also involved in angiotensin II and serotonin-
mediated smooth muscle hypertrophy and hyperplasia signal-
ing pathways by activating mitogen activated protein kinases,
p38 and ERK (Puri et al., 1995; Ushio-Fukai et al., 1998; Lee
et al., 1999). Tumor growth factor-B1 is a cytokine believed
to contribute to airway remodeling in a number of ways
including stimulating the production of connective tissue
matrix proteins (Hogg, 2004). It, too, uses ROS as signaling
molecules in the pathways which mediate these effects
(Thannickal & Fanburg, 2000; Chapman, 2004). In addition,
a number of oxidant-driven in vivo models have demonstrated
that fibrosis is a primary pathological consequence of their
actions (Chitano et al., 1995; Manoury et al., 2005).
Therefore, these cellular activities may contribute to the
remodeling and thickening of the airways observed in COPD
patients.
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4.4. Chronic bronchitis—mucus hypersecretion

Mucin is a glycoprotein with a structure rich in sulthydryl
and disulfide moieties. Thus, it can act as an effective
scavenging antioxidant and is secreted by goblet cells in the
epithelium as a protective response to a variety of insults
including cigarette smoke. However, the mucus secretory and
mucociliary clearance apparatuses in the lung are also affected
by oxidants. Cigarette smoke and related oxidants have been
shown to induce mucus hypersecretion in a variety of in vitro
and in vivo modeling systems (Jeffery et al., 1982; Kreindler et
al., 2005; Stevenson et al., 2005). It has been suggested that
mucus production may be governed in part by epidermal
growth factor, which uses ROS as signaling molecules in its
activation pathways (Sundaresan et al., 1995; Halvey et al.,
2005). In addition, smoke can also impair mucociliary
clearance through oxidant-mediated mechanisms leading to
damaged ciliary motility and attenuated fluid secretion (Welsh,
1983; Feldman et al., 1994; Verra et al., 1995; Kreindler et al.,
2005). The result is excessive mucus production in the airway
that cannot be moved due to a combination of malfunctioning
cilia and mucus that may not be properly hydrated, thus
forming plaques. This mucus hypersecretory phenotype (sim-
ilar in many ways to cystic fibrosis) leaves portions of the lung
obstructed with mucus plugs (possibly affecting airflow) and
susceptible to bacterial colonization.

4.5. Chronic obstructive pulmonary
disease and skeletal muscle dysfunction

Skeletal muscle wasting is a prominent systemic feature in
COPD patients that can influence symptoms and prognosis.
Here too, oxidant stress is believed to play a key role by
stimulating muscle proteolysis and causing myocyte cell
apoptosis (Stangel et al., 1996; Gosker et al., 2000; Panda et
al., 2001). Oxidant-mediated carbonyl modifications to muscle
proteins can make them more susceptible to proteolytic
degradation (Nagasawa et al., 1997; Panda et al., 2001).

Oxidant activation of Nf-xB may also serve to inhibit
myogenic differentiation preventing the regeneration of dam-
aged tissue (Guttridge et al., 2000). In addition, oxidant stress
can disrupt the mitochondrial respiratory chain (MRC),
disturbing the bioenergetic requirements of the muscle, and
causing a greater oxidant burden (Haycock et al., 1996).

5. Antioxidant capacity and
chronic obstructive pulmonary disease

It is clear that the molecular effects of ROS and RNS can
lead to a number of the pathological and physiological changes
that comprise COPD (Fig. 3). In addition, clinical studies have
demonstrated that oxidant damage is greater in COPD patients
compared to healthy smokers. However, questions remain with
respect to the role that antioxidant capacity plays in the disease
process. First, is antioxidant capacity important for protection
from these cigarette smoke-induced pathologies? And second,
is there evidence for decreased antioxidant capacity in COPD
patients? In vivo data suggest that antioxidant capacity is
important for protection from cigarette smoke. The transcrip-
tion factor Nrf2 controls the transcription of a number of
antioxidant enzymes. Nrf2 knockout mice have a deficient
antioxidant response and compared to wild type develop a
greater degree of inflammation and emphysema after exposure
to cigarette smoke or elastase (Ishii et al., 2004; Rangasamy et
al., 2004). In addition, the catalytic antioxidant, AEOL 10150,
can reduce the level of inflammation by cigarette smoke in rats
(Smith et al., 2002). Both studies suggest increasing antioxi-
dant capacity will lead to greater protection from damage
elicited by cigarette smoke.

So do smokers who develop COPD have lower antioxidant
capacity? In humans, association studies for “susceptibility
genes ” in COPD patients show that there are associated allelic
variants in antioxidant and xenobiotic metabolizing enzymes.
Polymorphisms in microsomal epoxide hydrolase, heme
oxygenase-1, alleles of glutathione-S-transferase, and cyto-
chrome P450A1 have been identified in certain COPD
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populations, although it is difficult to interpret these results. In
some cases, the observations could not be repeated in different
populations and the patients studied often had multiple co-
morbidities (reviewed in Langen et al., 2003, and Molfino,
2004). Clinically, it has been demonstrated that COPD patients
have lower anti-oxidant capacities in their plasma and skeletal
muscle at rest (Sastre et al.,, 1992; Engelen et al., 2000). In
addition, Rabinovich et al. (2001) found that COPD patients
have reduced capacity to adapt their redox potential in response
to exercise training to accommodate the added cellular demand
for O, consumption and transport during exercise.

6. The effects of smoking on mitochondrial function

The observation that COPD patients have less of a change in
redox potential in response to exercise training has interesting
implications for mitochondrial function, which is related to
both O, consumption, and ROS generation during exercise
(Rabinovich et al., 2001). Inefficient mitochondrial function is
known to lead to added oxidant stress levels; therefore,
mitochondrial dysfunction may play a direct role in the
development of COPD.

6.1. Mitochondrial functions

The mitochondria are often referred to as the powerhouse of
the cell because it is where 2 key enzymatic processes occur —
the citric acid cycle and the mitochondrial respiratory chain
(MRC) — resulting in the production of adenosine triphosphate
(ATP). To review these processes in detail is beyond the scope
of this review, but will be summarized very briefly (for more
extensive reviews, see Duchen, 1999, 2004). In the citric acid
cycle, acetyl CoA (derived from the breakdown of pyruvate,
fatty acids, or amino acids) is broken down to CO, and the
reducing equivalents NADH and FADH,. In the MRC,
electrons from these reducing equivalents are then transferred
onto O, through a series of oxidation—reduction reactions to
produce a molecule of H,O and ATP. This has been the
principle function attributed to mitochondria; however, the
importance of this organelle to other important cellular
functions is now just beginning to be understood. In addition
to meeting the cell’s energy requirements via oxidative
phosphorylation, the mitochondria are centrally involved in
calcium signaling, ion transport, apoptosis, and antioxidant
protection (for more in depth descriptions, see Duchen, 2004).
All of these processes appear to be closely linked together,
making the mitochondria vital cellular sensors whose activities
are fundamental for processing internal and external cell
signals. Because they are involved in all these processes, it is
clear that mitochondrial dysfunction can lead to enhanced
oxidant damage, cellular dysfunction and, in some cases,
eventually to disease (Duchen, 2004).

6.2. Smoking damages mitochondrial function

One common defect in mitochondrial function is electron
leak — displacement of electrons from the MRC — leading to

increased intracellular oxidant levels. This flaw is not a
problem short-term, but over the years it is thought that these
insults accumulate and link to the destructive pathological
changes associated with the aging process, such as sarcopenia
and emphysema—also 2 key features of COPD patients
(Ladislas, 2000; Lane, 2003). To limit the amount of damage
that can be done by aberrant function and subsequent ROS
production, mitochondria have evolved with the ability to
produce reducing molecules and house their own enzymatic
antioxidant system (superoxide dismutase-2 and catalase). In
addition to intracellular ROS, it has also been observed that
extracellular ROS appear to specifically attack the mitochon-
dria and that mitochondria are vital for their correct detoxifi-
cation (Thorpe et al., 2004). Several groups have shown that
cigarette smoking can damage mitochondria and the MRC. In
studies using isolated platelets or isolated peripheral blood
lymphocytes from healthy smokers and non-smokers, it was
demonstrated that certain components of the MRC did not
function properly in the cells of smokers resulting in an
increased oxidant burden to those cells (Gairola & Aleem,
1974; Smith et al., 1993; Miro et al., 1999; Cardellach et al.,
2003).

Smoke also causes mutations in mitochondrial DNA
(mtDNA) (Ballinger et al., 1996; Fahn et al., 1998). The genes
in mtDNA encode 13 of the over 100 known polypeptides
involved in the MRC and some of the machinery needed to
translate these proteins. mtDNA is less protected from oxidant
damage and repaired less effectively compared to nuclear
DNA. Mutations can damage mitochondrial functions, again a
process implicated in the aging process and common to those
suffering from primary mitochondrial disorders (Wei & Lee,
2002). Fahn et al. (1998) have demonstrated that chronic
smoking can cause large-scale deletions of mtDNA (4389 bp
deletion). They reported that this deletion correlated to years of
smoking, the lipid peroxide content of lung tissue, and FEV,/
FVC ratio, suggesting a potential link between mitochondrial
dysfunction and COPD (Fahn et al., 1998).

6.3. Consequences of cigarette
smoke-mediated mitochondrial damage

Smoke-induced alterations in mitochondrial function could
have a substantial impact on cellular stability and function—
that is, lead to the impaired function of immune cells,
decreased muscle strength, etc. It has been demonstrated that
smoke can disrupt mitochondrial membrane depolarization in
monocytes and macrophages in vitro and in vivo and this
affects mitochondrial control of apoptosis after DNA damage
(Banzet et al., 1999; Aoshiba et al., 2001). Miro et al. (1999)
showed that the activity of complex IV of the MRC is
decreased in the lymphocytes of smokers leading to an
unbalanced respiratory chain and greater ROS generation.
These changes correlated with increases in lipid peroxidation
of the plasma membranes of the cells from smokers, disrupting
the stability of these barriers (Miro et al., 1999). Other groups
have shown that cigarette smoke can alter mitochondrial
function in endothelial cells by disrupting mitochondrial
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membrane potential, leading to endothelial cell apoptosis and
necrosis (Vayssier-Taussat et al., 2001; Yang & Liu, 2004). In
addition, it has been established that the mitochondria in the
peripheral skeletal muscle of COPD patients do not function as
efficiently as mitochondria from healthy patients (Maltais et al.,
1996). The resulting energetic deficiency leaves their muscles
weaker and the patients are less mobile, which also associates
with a poor prognosis for survival. Whether these changes in
the muscle are a direct result of smoke exposure, a combination
of inactivity and systemic hypoxia or due to an innate
deficiency is difficult to determine. Furthermore, it appears
that peripheral defects in oxygen utilization may also contrib-
ute (Antonucci et al., 2003). At the least, these observations
suggest that mitochondrial function is indeed being altered and
may contribute to the disease process of COPD.

6.4. Mitochondrial function, smoking, and the aging process

The adverse pathological consequences of the mitochondrial
dysfunction due to chronic smoking could take a substantial

length of time to develop. Each cell contains several hundred to
more than a thousand mitochondria depending on cell type and
function. Each mitochondrion contains 2—10 copies of mtDNA
with both wild-type and mutant mtDNA co-existing (hetero-
plasmy). The degree to which these mutations occur varies in
different cells in the same individual. As one ages, mtDNA
mutations accumulate causing mitochondrial dysfunction and a
decline in antioxidant capacity (Wei & Lee, 2002). These
changes also correlate with a decline in aerobic capacity (Short
et al,, 2005). The added insult of chronic heavy cigarette
smoking may accelerate these mutational processes and
advance the decline of normal physiological functions. This
could be why smoking appears to accelerate the aging process
(Fig. 4). This idea is supported by the findings of Lundback et
al. (2003) who found that as many as 50% of elderly smokers
develop COPD. They suggest that the 2 most important factors
in the development of COPD are smoking history and age
(Lundback et al., 2003). The idea of accelerated aging process
within the development of COPD was also put forth by Fahn et
al. These investigators demonstrated that smoking and large-
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scale mtDNA deletions associate with a decline in lung
function and age (Fahn et al., 1998). But if cause were simply
smoke damaging mitochondrial function, all heavy smokers
should get COPD.

7. The etiology of chronic obstructive pulmonary disease

The critical question remains: Is mitochondrial dysfunc-
tion the underlying causative feature in COPD? Once
believed to be uncommon, deficiencies in mitochondrial
function are associated with a number of multi-system
disorders including degenerative diseases like Alzheimer’s
disease, neuromuscular diseases, type Il diabetes, cardiovas-
cular disease, and some cancers (Houten & Auwerx, 2004).
These disorders are adult-onset, their prevalence increases
with age, and smoking has been implicated as an etiological
risk factor in most.

7.1. Low aerobic capacity and disease

In recent work, Britton et al. (Koch & Britton, 2001; Wisloff
et al., 2005) proposed that the strong statistical association of
high aerobic capacity and health suggests a link between
impaired oxygen metabolism and disease. They hypothesized
that artificial selection of rats based on low and high intrinsic
aerobic exercise capacity would yield models that also contrast
for disease risk. After 11 generations of selective breeding, rats
bred for low aerobic capacity scored high on cardiovascular
risk factors that constitute the metabolic syndrome (including
insulin resistance, low heart function, and increased blood
glucose, blood lipids, and visceral adiposity). The decrease in
aerobic capacity was also associated with low levels of
transcription factors required for mitochondrial biogenesis
and oxidative enzymes in skeletal muscle. These results are
consistent with the idea that impairment of mitochondrial
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function may link reduced aerobic capacity to cardiovascular
and metabolic disease.

This hypothesis is also consistent with 2 informative
clinical studies. First, Myers et al. (2002) found that age-
predicted exercise capacity was the most powerful predictor
of mortality for men suffering from cardiovascular disease
(Fig. 5). They demonstrated that lower exercise/aerobic
capacity correlated with increased risk of death in several
chronic diseases including type II diabetes and COPD. The
risk of death for those with an exercise capacity of <5
metabolic equivalent (MET; 1 MET is oxygen consumption at
rest) was about double that compared to those whose exercise
capacity was >8 MET. In general, it appears that each 1| MET
improvement in aerobic capacity is associated with a 12%
improvement in survival (Myers et al., 2002). Second,
Mootha et al. (2003) using gene set enrichment analysis
(GSEA), identified that the expression of genes involved in
oxidative phosphorylation was coordinately decreased in
muscle from humans with type II diabetes and correlated
with total-body aerobic capacity.

7.2. Aerobic capacity, antioxidant
capacity, and chronic obstructive pulmonary disease

The study by Wisloff et al. that provides evidence concer-
ning the centrality of oxygen metabolism in disease has im-
plications for the evolution of both metabolic and antioxidant
pathways. Obligatory for using oxygen in energy transfer
pathways was the simultaneous evolution of enzymes that
detoxify the reactive species formed as by-products.

From this, one can propose that a greater aerobic capacity
is not only associated with enhanced mitochondrial oxidative
function, but simultaneously with a greater level of antiox-
idant capacity. Here we extend these ideas to propose that
those high aerobic capacity individuals with greater antiox-
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Hypothetical Spectrum of Population Aerobic Capacities

More COPD

N\

Less COPD

low capacity high capacity

Fig. 6. Hypothetical plot of aerobic capacity/redox potentials across a
population. Illustration of the idea that those with low aerobic capacity have
more risk for developing diseases such as COPD while those with high aerobic
capacity are at less risk for developing a chronic disease.

idant capacity will be protected from the oxidant damage
elicited by cigarette smoke. In addition, their enhanced
mitochondrial function suggests they will be less susceptible
to the consequences of smoke-mediated damage to the
mitochondria—that is, apoptosis, signaling abnormalities,
and the resulting cellular energetic deficits. Thus, the
heterogeneity that exists for aerobic capacity in humans
may explain why some, but not all smokers are resistant to
the effects of cigarette smoking and do not develop COPD. If
this hypothesis is true, then those smokers with low aerobic
capacity will develop the disease while those with higher
aerobic capacity will be resistant (Fig. 6).

Aecrobic functioning is a polygenetic trait that obviously
involves much more than mitochondrial function and antiox-
idant capacity. Several other components also contribute to
overall aerobic capacity, such as O, conductance and extrac-
tion, which also appear to be affected in the disease process
(Sala et al., 1999; Antonucci et al., 2003). However, we think
that oxygen metabolism and detoxification at the cellular level
are at the core of determining an individual’s aerobic capacity,
and it is why we specifically focused on these processes for this
review. Because total aerobic function is a complex trait, it is
best studied in vivo and indeed, the creation of low and high
aerobic capacity rat models (Wisloff et al., 2005) may be useful
in elucidating mechanisms for resistance and susceptibility for
COPD. We put forward the hypothesis that the low aerobic
capacity rats will be more susceptible to the deleterious effects
of exposure to cigarette smoke relative to the high aerobic
capacity rats.

8. Summary

The concept that aerobic capacity is a major determinant in
the continuum between health and disease could explain the
heterogeneity observed in many multifactorial diseases, like
COPD. Cigarette smoke creates an environmental oxidant
hazard for chronic smokers both in the lung and systemically.
This can lead to a number of destructive changes, but only a
percentage of smokers develop severe pathologies resulting in
COPD. The concept that COPD patients have a reduced ability
to adapt their antioxidant defenses to meet the oxidant burden
associated with chronic smoking has been around for some
time. However, the mechanisms that underlie this proposed
deficiency remain unclear. Variation in the alleles that

determine intrinsic mitochondrial function and antioxidant
capacity could explain the susceptibility of certain individuals
to develop chronic diseases like COPD. Mitochondria are not
only the most significant sources of endogenous ROS, but also
appear to be specifically targeted by cigarette smoke and
related oxidants (Thorpe et al., 2004). The role of mitochondria
in the molecular pathogenesis of COPD is beginning to be
studied more closely as their contribution to other complex
disease conditions becomes better understood. This organelle’s
integral role in ROS generation, energy production, and cell
death pathways make it predictable that mitochondrial dys-
function would lead to disease.

Greater mitochondrial function and antioxidant protection
could provide some smokers with the added protection needed
to escape the toxic effects of cigarette smoke. Others may not
be as fortunate, especially with increased age and the
accompanying decrease in aerobic capacity. The association
between intrinsic aerobic capacity and susceptibility to smoke
can now be tested more rigorously with the use of the new
aerobic rat models (Wisloff et al., 2005) combined with novel
approaches to analysis of array data (Mootha et al., 2003).
Future studies will hopefully provide a greater mechanistic
insight into the common pathways that confer susceptibility to
chronic, complex diseases such as COPD.
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