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Abstract
COPD is one of the leading causes of death worldwide and the age-adjusted mortality for this disease
has risen significantly over the past thirty years. Current pharmacological treatments do not
effectively address the inflammatory and apoptotic mechanisms that are critical in the development
of this disease. Thus, despite therapy, patients typically experience a continued deterioration of their
clinical status. Markers of oxidative stress are increased in the lungs of COPD patients and
epidemiologic and animal studies indicate that antioxidants can protect the lungs from the damaging
effects of cigarette smoke. To date, however, clinical trials of antioxidants for COPD have yielded
disappointing results. This review discusses the pharmokinetic factors that limit the use of exogenous
antioxidants as a treatment for this disease. In addition, it addresses strategies to overcome these
limitations so that the beneficial properties of antioxidants can be translated into effective therapies
for COPD patients.
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1. Limitations of current pharmacotherapeutic agents in the treatment of
COPD

Chronic Obstructive pulmonary disease (COPD) affects 13.5 million Americans(1) and now
ranks as the fourth leading cause of death nationwide. While great strides have been made in
the treatment of cardiovascular diseases, the age-adjusted mortality for chronic obstructive
pulmonary disease (COPD) has actually risen 71% over the past thirty years(2). Indeed,
estimates predict that COPD will be the third leading cause of death and the fifth leading cause
of disability worldwide by the year 2020(3,4). In order to improve these trends in the future,
it is imperative that pharmacologic agents be developed that can halt or reverse the
pathophysiologic changes that occur in this disease. Current guidelines for COPD management
advocate the use of inhaled β2-agonists, inhaled anticholinergics and inhaled corticosteroids
for symptomatic management(5). Long acting bronchodilators including the anti-cholinergic
tiotropium, given once daily, and the β2-agonists salmeterol and formoterol given twice daily
all improve lung function, quality of life and reduce the time to first exacerbation when
compared to placebo(6-8). Likewise, several clinical trials have shown that inhaled steroids
significantly reduce the rate of exacerbations in COPD(9,10). Importantly, a recent study
demonstrated that combination therapy with salmeterol and fluticasone proprionate reduced
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lymphocytic inflammation in the lung tissue of COPD patients(11). Despite these beneficial
effects, neither bronchodilators nor inhaled steroids are able to alter the rate of decline of lung
function(12) or improve survival(9) for this disease. This may be due in part to the inability of
these drugs to fully reverse the inflammatory changes that occur in this disease(13,14).
Furthermore, these agents do not alter the oxidative or apoptotic processes that are so critical
to the pathogenesis of this disease(15,16). As a result, COPD patients experience an unabated
progression of their disease that decreases their quality of life and increases their risk of
premature death.

Cigarette smoke exposes the lung to extreme levels of oxidative stress(17). These smoke-
derived oxidants damage epithelial cells of the lower respiratory tract by causing direct injury
to membrane lipids, proteins, carbohydrates and DNA. The importance of oxidative stress has
been confirmed by several studies that have identified the presence of markers of free radical
damage in patients with COPD. Increased levels of 8-hydroxy-deoxyguansoine were detected
in the urine of COPD patients(18) and elevated levels of 3-nitrotyrosine(19) and lung lipid
peroxidation products(20) were noted in the airway cells and epithelium of COPD patients and
these markers demonstrated a strong correlation with disease severity as measured by FEV1.
Cigarette smoke exposure induced the expression of IL-1β, IL-8 and GM-CSF in human
bronchial epithelial cells via the activation of both the NF-κB and MAPK pathways(21).
Importantly, the smoke-mediated induction of MAPK and NF-κB signaling in these cells was
blocked by the administration of the antioxidant epigallocatechin gallate (EGCG)(22). This
data indicates that redox factors have a vitally important role in modulating intracellular
signaling events that regulate the inflammatory responses to cigarette smoke exposure. In
addition to its inflammatory effects, oxidative stress promotes alveolar cell apoptosis and
emphysema formation by blocking the binding of vascular endothelial cell growth factor to its
receptor(23). Thus, the oxidant/anti-oxidant balance in the lung has critical effects on the
inflammatory and apoptotic responses that are involved in this disease. Unfortunately, neither
bronchodilators nor inhaled steroids are able to effectively combat the oxidative stress that
occurs in the lungs of patients with COPD(24). Indeed, this may account for the inability of
these agents to significantly modulate the clinical course of this disease(25).

2. Redox Regulation of TNF Signaling
The binding of TNF to the TNF receptor (TNFR) has been linked to apoptosis, proliferation
and the activation of NF-κB and c-Jun N-terminal kinase (JNK)(26). By affecting these key
cell signaling processes, TNF is able to induce the development of smoking related lung
diseases(27-29). TNF-α levels are elevated in the lungs of smokers(30) and COPD patients
(31) and the absence of the TNF receptor renders mice resistant to smoke-induced inflammation
(27). Moreover, animal studies have shown that mice that lack the TNF receptors R1 and R2
are protected against both elastase(32) and cigarette smoke-induced emphysema(33,34).
Though TNF is critical in the pathogenesis of COPD, the mechanisms by which cigarette smoke
alters TNF signaling remain to be determined. Several studies, however, indicate that oxidants
have a central role in this process(35,36). It is estimated that each cigarette puff contains
1014 free radicals(17). These smoke-derived oxidants trigger TNF signaling by directly
stimulating the receptor(36) or by activating TNF-receptor associated proteins such as RIP
(Receptor Interacting Protein) and TRAF2 (TNF receptor associated factor-2)(37) (see arrows
in Figure 1). In addition, reactive oxygen species cause apoptosis signaling kinase-1 (ASK-1),
a MAP Kinase Kinase that is triggered by TNF(38), to dissociate from thioredoxin thus freeing
it to activate JNK(39,40). Aside from enhancing the phosphorylation of JNK, oxidants are
capable of sustaining JNK signaling by inactivating MAPK phosphatases (MKPs) that return
JNK to its basal state(41). Importantly, oxidants can cooperate with TNF in the activation of
both NF-κB (42) and AP-1(43). This is critical since the activation of these transcription factors
have been linked to cigarette smoke-induced lung inflammation(29,44).
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The lung has a rich network of enzymatic antioxidants to protect itself from this oxidative
burden including superoxide dismutase(SOD) and glutathione peroxidase(GPX)(45) (Figure
2). SOD1 which is located in the cytosol and is the primary SOD of the lung(46) detoxifies
superoxide by converting it to hydrogen peroxide. This can then be further detoxified by
enzymes like GPX which convert hydrogen peroxide into water(47). Indeed, the classical GPX,
GPX1, has anti-inflammatory properties in mice(48,49) and can prevent the stress-induced
activation of MAPK proteins in vivo(50).

TNF Signaling and Apoptosis in COPD
Aside from promoting inflammation, another important effect of oxidant-mediated TNF
stimulation is the induction of apoptotic responses in the lung(51). TNF-α receptor binding
initiates two intracellular events that have divergent effects on cell survival and proliferation
(see Figure 3). Upon stimulation, TNFR1 recruits TNFR1-associated death domain (TRADD)
which then forms two signaling complexes. Complex I (pro-survival) consists of TNFR1,
TRADD, Receptor Interacting Protein (RIP) and TNF receptor associated factor 2 (TRAF2).
This complex leads to the rapid activation of NF-κB which antagonizes apoptotic responses
(52) and promotes cellular proliferation(53,54). NF-κB confers resistance to TNF toxicity by
stimulating the expression of Gadd45β which suppresses sustained JNK activation(55). This
is critical since prolonged JNK activation will promote apoptosis by activating caspase-8
(56-58) and inhibiting the anti-apoptotic proteins Bcl-2 and Bcl-x(59,60). On the other hand,
complex II (pro-death), which is comprised of TRADD, RIP, FAS-associated death domain
(FADD) and caspase-8, activates caspase-8 which promotes apoptosis through the activation
of a cascade of cellular caspases(61,62). Ultimately, the effect of TNF on cell survival and
proliferation is determined by the balance of these signaling complexes. This balance is
influenced by the cell type and the co-stimulatory factors to which the cell is exposed. Indeed,
hepatocytes that normally proliferate following TNF-α stimulation under basal conditions
(63) will undergo cell death when co-treated with ethanol(64). COPD patients have an increase
in apoptosis(16,65,66) and cellular proliferation(16) in their lung. It has been theorized that an
imbalance in apoptosis and proliferation could result in a net loss of lung cells and tissue(16).
Indeed, Calabrese and colleagues demonstrated that alveolar epithelial cell apoptosis increased
disproportionately to alveolar cell proliferation in emphysema(67). Tuder and colleagues have
shown that the SOD mimetic M40419 can prevent apoptosis and emphysema formation which
is induced in the lungs of rats by VEGF receptor blockade(23). Furthermore, deficiencies in
antioxidant responses have been linked to apoptosis and emphysema formation in mice
following cigarette smoke exposure(68). Thus, these findings suggest that antioxidants can
influence disease development by altering the apoptotic and proliferative responses that are
mediated by TNF in response to cigarette smoke exposure in the lung.

4. Impact of Antioxidants on Lung Health
Evidence from several epidemiologic studies supports the assertion that antioxidants can
preserve lung health and prevent the development of COPD symptoms. The Second National
Health and Nutrition Examination Survey (NHANES II) found that dietary and serum levels
of vitamin C inversely correlated with chronic respiratory symptoms(69) and a study by Hu
and colleagues showed that dietary vitamin C intake was positively associated with lung
function(70). These reports were complemented by NHANES III which surveyed the lung
health effects of dietary and serum levels of vitamin C, vitamin E, β-carotene and selenium in
18,162 subjects. NHANES III found that dietary consumption of vitamin E and carotene was
positively associated with lung function as determined by FEV1(71) although only vitamin E
consumption continued to show a beneficial effect after stratifying for smoking status. For the
serum studies, each antioxidant evaluated showed a positive correlation with FEV1 though
again the effects were highly dependent on the smoking history of the individual. Importantly,
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vitamin E and selenium had the strongest positive relationship with FEV1 amongst smokers
while the beneficial effects of β-carotene were completely eliminated in heavy smokers. The
protective effects of vitamin E were further confirmed in a cross sectional analysis of 1,616
subjects in western New York(72). Multiple linear regression analyses of this cohort found a
strong correlation between FEV1 and serum vitamin E levels after accounting for smoking
status. In fact, a reduction of one standard deviation in serum vitamin E levels was equivalent
to the negative effects of 1 to 2 years of aging in the lung. Together, these results signify that
antioxidants maintain lung function and deter the development of COPD symptoms. In
addition, the findings indicate that certain antioxidants (i.e. vitamin E) may be more effective
at counteracting the damaging effects of cigarette smoke-derived oxidants.

Flavanoids are a class of polyphenolic compounds with potent anti-inflammatory and
antioxidative effects that are present in high quantities in solid fruits and teas(73). The
MORGEN study evaluated the impact of these compounds on FEV1 and COPD symptoms in
a cohort of 13,651 subjects(74). Total flavanoid intake was associated with improved lung
function and decreased cough and breathlessness. When the flavanoids were divided into
subclasses (i.e. catechins, flavanols and flavones), it was evident that the majority of the
favorable effects were associated with catechin consumption. Indeed, after adjusting for
smoking status, subjects with the highest catechin intake had an FEV1 that was 130 ml greater
than those in the lowest quintile. Furthermore, high catechin intake nearly decreased by half
the symptoms of cough, phlegm and breathlessness in the study subjects. In contrast, flavanol
and flavone intake was independently associated with chronic cough only. Consistent with
NHANES III, the MORGEN study demonstrated that antioxidant consumption had a strong
positive correlation with lung health as assessed by FEV1 and respiratory symptoms.
Moreover, the beneficial effects of these compounds varied depending on the class of
antioxidants. This variation is likely due to the intrinsic potency and bioavailability of the
various antioxidant classes. Indeed, bioavailability will have a critical influence on the
beneficial effects of antioxidants in the lung.

Given the evidence from these epidemiologic studies, researchers have sought to determine
whether antioxidant administration would improve disease outcomes in COPD. The agent most
commonly used for these studies is n-acetylcysteine (NAC), a known precursor of glutathione
(75,76). The advantage of NAC is that it has recognized antioxidant properties, an established
safety profile and is relatively easy to tolerate in its oral form(77,78). Several controlled trials
have shown that prolonged treatment with NAC significantly improved pulmonary symptoms
and decreased the frequency and severity of disease exacerbations(79,80). On the other hand,
a recent clinical trial determined that NAC treatment did not modify the clinical course of acute
exacerbations of COPD(81). Furthermore, the BRONCUS study, which evaluated the effect
of NAC on COPD progression, found that it did not alter the yearly rate of decline of FEV1
(82). Subanalyses, however, did show that NAC lowered the rate of exacerbation in patients
who were not taking inhaled steroids and decreased air trapping as measured by the FRC.
Nevertheless, the negative result for the primary outcome of the BRONCUS study has
dampened the enthusiasm for the use of antioxidants for this disease.

5. The Lung Bioavailability of Exogenous Antioxidants
The ability of a compound to act as a free radical scavenger is related to its standard one-
electron reduction potential (E°’), a measure of the reactivity of an antioxidant as a hydrogen
or electron donor under standard conditions. A lower E°’ signifies that it requires less energy
for an agent to serve as a donor thus indicating that it has more potent antioxidant activity.
Dietary and endogenous antioxidants have differing reduction potentials. Ascorbate (Vitamin
C) has a very low reduction potential and thus a high antioxidant capacity (280 mV) while α-
tocopherol (480 mV), Epigallocatechin gallate (430 mV) and flavanoids (510 mV) have
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comparable levels of antioxidant activity(83,84). Interestingly, the antioxidant potency of all
these compounds is significantly greater than glutathione (920 mV)(83), which is a key
antioxidant present in the epithelial lining fluid of the lung(85). However, it is important to
note that the physiologic role an antioxidant plays depends not only on its reduction potential
but also on its concentration. Although glutathione has a low reduction potential, its
concentration in the lung is much higher than ascorbate or α-tocopherol(86). Thus, it
contributes significantly to the free radical scavenging capacity of the lung(87). Indeed, the
ability of an antioxidant to achieve relevant concentrations within the plasma or lung tissue is
at least as important as its potency in determining its protective effects from the damaging
consequences of cigarette smoke-derived oxidants.

Ultimately, the beneficial effects of an antioxidant will be determined by its unique
pharmokinetic properties. For this reason, it is critical that the bioavailability of an antioxidant
be carefully examined prior to evaluating its potential health effects. Though several
antioxidant compounds exert potent anti-inflammatory and anti-apoptotic effects in vitro, these
effects occur at concentrations that are often impossible to achieve in vivo. As an example, in
cultured lung epithelial cells, NAC administration prevented chromatin remodeling by
blocking the oxidant-mediated decrease in HDAC activity(88). This is critical since chromatin
remodeling and altered HDAC activity are key factors in the pathogenesis of the human disease
(89). However, the positive effects that were observed in this study were obtained at NAC
concentrations that are impossible to achieve in the human lung. In fact, the treatment regimen
of NAC utilized in the BRONCUS study does not generate sustained increases in plasma or
lung tissue concentrations of cysteine or glutathione(90). Thus, the dose used in the BRONCUS
study would be insufficient to increase the antioxidant capacity of the lungs and alter key
signaling events that regulate the development of the disease.

Poor lung bioavailability is an important factor that has limited the use of antioxidant
supplementation as a treatment for COPD. There are several formidable challenges that affect
the bioavailability of dietary and exogenous antioxidants including the release from food
structure (bioaccessibility), the passage from the gut lumen into the body (absorption) and host
metabolism. For example, carotenoids such as lycopene and β-carotene are lipophilic
compounds that function as photoprotective pigments in plants(91). While within the leaf
structure these antioxidants are protected; however, their anti-oxidative properties can be
compromised by light and heat exposure during food processing and preparation(92).
Moreover, carotenoids and other plant-derived antioxidants such as α-tocopherol are
hydrophobic and require the close proximity of dietary lipids in order to be accessible for
absorption(93). When fats are present in the gut lumen, the enterocyte can package these
antioxidants in chylomicrons, which are then able to enter the circulation(94). However, if
these lipophilic antioxidants are consumed apart from a fat-rich meal, then the amount actually
absorbed can be negligible.

Once dietary or supplemental antioxidants are absorbed, they are carried via the portal vein to
the liver where they undergo extensive metabolism by phase II enzymes. These enzyme
modifications can dramatically alter the antioxidant potency and half life of these compounds.
Resveratrol (red wine) and EGCG (green tea) are dietary compounds that are readily absorbed
into the bloodstream after ingestion and are known to exert protective antioxidant effects on
lung epithelial cells in culture(95,96). However, these agents undergo extensive phase II
modifications that severely limit their bioavailability. In fact, resveratrol experiences such rapid
sulfation and glucuronidation by the liver that plasma levels in humans are non-detectable
within minutes after consumption(97). EGCG also goes through extensive phase II metabolism
including glucuronidation and methylation(98,99). These modifications prevent tissue
penetration and accelerate clearance from the plasma(99). Thus, although intravenous
administration is able to achieve high levels of free EGCG in the lung and plasma of rodents
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(100), this effect is transient as liver and lung tissue enzymes rapidly transform EGCG into its
inactive form. Furthermore, multi-drug resistance-related proteins (Mrp) 1 and 2 actively pump
EGCG out of the intracellular compartment of cells which limits its ability to alter redox
regulated intracellular signaling events(101). Similarly, α-tocopherol supplements are well
absorbed in the plasma and become distributed in the tissues. However, studies with
radiolabeled α-tocopherol show that the increase in plasma levels induced by the supplement
are offset by a concomitant decrease in pre-existing α-tocopherol(102). Thus, despite
aggressive supplementation, total levels of this vitamin remain largely unaltered in the plasma.
From these studies it is clear that the pharmokinetic processes that control antioxidant
absorption, activity and clearance are quite complex. An enhanced understanding of the factors
regulating antioxidant homeostasis will be needed in order to develop strategies to generate
clinically relevant increases in the antioxidant capacity in the lung.

6. Future Directions in Antioxidant Therapy
Cigarette smoke exposes the lung to extreme oxidative stress(103) and the accumulation of
free radical damage is linked to the development of COPD(19). Epidemiological studies
indicate that antioxidant administration decreases the incidence and severity of COPD(104);
however, controlled, clinical trials of antioxidants have yielded largely disappointing results
to date(82). Our laboratory has recently published that the transgenic expression of human
superoxide dismutase-1 (SOD) prevents cigarette smoke-induced inflammation and
emphysema formation in mice(105). These findings directly establish the ability of
antioxidants to alter the pathogenic responses that are central to the development of this disease.
Before these findings can be translated into effective therapies for patients, issues of
bioavailability need to be carefully addressed. SOD transgenic mice exhibit a four-fold increase
in superoxide dismutase-1 activity at baseline. Currently, there are no compounds that upon
administration will generate similar enhancements of antioxidant activity in the lung. Thus,
realizing the therapeutic promise of antioxidants will require significant advances in our
understanding of their pharmokinetics coupled with new and innovative strategies of drug
delivery. Importantly, in our transgenic model, the enhanced expression of SOD predated the
exposure to cigarette smoke. Thus, these results demonstrate that augmenting SOD activity
can prevent disease formation; however, it remains to be determined whether SOD or other
antioxidants would be able to reverse the damaging effects of chronic cigarette smoke exposure
in the lung.

As discussed above, dietary and host factors severely limit the absorption, concentration and
half-life of exogenously administered antioxidants. An improved understanding of these
factors would enable researchers to design potent antioxidants that would be better able to
maintain sustained concentrations within the lung tissue compartment. This could involve
creating new antioxidants that are resistant to phase II modification or altering existing
antioxidants so that they would retain their potency and bioavailability even after enzymatic
modification. Indeed, the novel membrane permeable free radical scavenger Tempol has shown
promise in reducing lung inflammation in response to shock(106). Additionally, the
development of improved inhaled delivery techniques would allow clinically relevant
concentrations of antioxidants to be deposited in the lung while avoiding the first pass
metabolism that occurs during systemic absorption(107). Current inhalational devices deliver
the majority of the drug to large and medium size airways of the lung(108). This ignores the
small airways and alveolar regions which are key sites in the pathogenesis of the human disease
(109). Improvements in distal lung deposition would be required prior to using this technology
to deliver effective antioxidant treatment for patients. This may be possible in the near future
as there are promising inhalational techniques that appear to produce uniform distribution in
the distal lung(110). Future antioxidant strategies may also seek to counteract the cigarette
smoke-mediated induction of oxidant forming enzymes such as NADPH oxidase(111) and
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xanthine oxidase(112) that are present within the lung epithelium. Indeed, these enzymes can
contribute significantly to the oxidative injury that is mediated by cigarette smoke exposure
(see Figure 2). In addition, if the exact mechanisms of the effects of antioxidants were
established, it would enable researchers to identify the regulatory proteins that are modulated
by antioxidant activity in the lung. Once these target proteins are determined, pharmacologic
strategies could be developed to alter their levels or activity. This targeted approach could
reproduce the benefits of antioxidants while overcoming the present pharmacodynamic issues
that have hindered the efficacy of antioxidant treatments. The combined approaches that are
outlined here will lead to the development of effective treatment strategies for this disease.
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Figure 1. JNK Stimulation by Cigarette Smoke-Derived Oxidants
Oxidants produced by cigarette smoke activate JNK by directly stimulating TRAF2 and RIP
of the TNF receptor complex. These smoke-derived oxidants also activate apoptosis signaling
kinase-1 (ASK-1), an important MAPK Kinase. Furthermore, oxidants can maintain JNK in
its active state by inactivating map kinase phosphatases (MKP-1) thereby preventing the
dephosphorylation of JNK.
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Figure 2. Antioxidant Defenses Against Cigarette Smoke-Derived Free Radicals
Cigarette smoke produces oxidants such as H2O2 that are able to traverse the cell membrane
and it can stimulate oxidant producing enzymes on the cell surface that result in the production
of superoxide and nitric oxide. In addition, the enhanced metabolic stress caused by cigarette
smoke can increase superoxide production within the cell. The lung epithelium has a network
of cellular antioxidants functions to detoxify superoxide and hydrogen peroxide. If this system
is overwhelmed toxic radicals can accumulate and cause cell damage and death.
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Figure 3. TNF Regulation of Cell Death and Survival
TNF binding to TNFR1 stimulates two signaling complexes with opposing effects on cell
survival. Complex I (pro-survival) triggers the NF-κB pathway which up regulates the
expression of XIAP, a protease that inhibits apoptosis by blocking the caspase signaling
cascade. On the other hand, complex II (pro-death) promotes apoptosis by stimulating Fas
associated death domain (FADD). This induces apoptosis by stimulating cytochrome c release
from the mitochondria and by activating caspases-3, -8 and -10. Cell fate is influenced by the
balance of these signaling effects.
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