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Abstract
Chronic obstructive pulmonary disease (COPD) is the fourth leading cause of death in the United
States and the incidence is increasing as the population ages. Cigarette smoking is the primary risk
factor; however, only a minority of smokers develop the disease. Inhalation of cigarette smoke
introduces an abundance of free radicals into the lungs, causing oxidative stress and inflammation.
We hypothesized that after the initial burst of oxidative stress associated with cigarette smoke
exposure, a sustained source of endogenous free radical production is modulated by the
antioxidant enzyme extracellular superoxide dismutase (ECSOD) and the superoxide-generating
complex NADPH oxidase (NOX). Primary mouse macrophages exposed to cigarette smoke
extract exhibited increased oxidative stress as indicated by fluorogenic dyes and isoprostane
concentration, which was suppressed in the presence of both a superoxide dismutase mimetic and
a NOX inhibitor. Similarly, primary macrophages isolated from ECSOD-overexpressing mice or
NOX-deficient mice showed reduced oxidative stress in response to cigarette smoke treatment. In
addition, both reduced glutathione and cytokines (MIP2 and IFNγ) were increased in
bronchoalveolar lavage fluid of wild-type mice exposed to cigarette smoke but not in ECSOD-
overexpressing or NOX-deficient mice. These data suggest that the mechanisms underlying the
host defense against cigarette smoke-induced oxidative damage and subsequent development of
COPD may include endogenous oxidases and antioxidant enzymes.
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Chronic obstructive pulmonary disease (COPD) is the fourth leading cause of death in the
United States and is characterized by a progressive decline in lung function that is often
associated with emphysema or chronic bronchitis [1]. More than 90% of COPD patients
have a history of smoking; however, the majority of smokers do not develop COPD [2]. This
paradox suggests that many smokers exhibit host defenses that protect the lung from the
more than 1015 oxidants per puff of cigarette smoke [3]. The mechanism for this protection
is unclear but antioxidants, including superoxide dismutase (SOD) and glutathione, are
candidate defense systems.
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All eukaryotic cells contain antioxidant enzymes that function to offset oxidative stress. This
conservation during evolution suggests that scavenging and eliminating reactive oxygen
species (ROS) are essential to life. One of the major families of antioxidant enzymes is SOD
[4]. The primary function of SOD is to dismutate superoxide (O−

2) to oxygen (O2) and
hydrogen peroxide (H2O2). In mammals there are three SOD enzymes: cytosolic SOD
(CuZnSOD or SOD1), mitochondrial SOD (MnSOD or SOD2), and extracellular SOD
(ECSOD or SOD3). ECSOD is thought to be the primary source of extracellular enzymatic
antioxidant activity in the lung [5–7]. Deletion of the ECSOD gene (SOD3) leads to severe
lung damage and enzyme dysfunction and has also been associated with pulmonary diseases
such as lung cancer, pulmonary fibrosis, and adult respiratory distress syndrome [8–13].
Recently SOD3 single-nucleotide polymorphisms have been associated with altered lung
function and COPD [14,15]. The mechanism by which ECSOD protects the lung from
cigarette smoke is unknown but may be related to its ability to attenuate oxidative damage
and to reduce lung inflammation [16,17].

Airway and lung inflammation is a hallmark of COPD and is more prominent in patients
with severe disease [18,19]. Cigarette smoke elicits a well-documented initial inflammatory
response in the lungs; however, in patients who develop COPD, the presence of
inflammatory cells in the airways is maintained beyond the cessation of smoking [20–23].
The predominant inflammatory cells in the airways of smokers are macrophages, which
generate ROS when activated [24]. Markers of ROS injury (oxidative footprints) are
elevated in COPD patients [25,26]. Inflammatory cells generate oxidative stress by
activation of NADPH oxidase. NOX and DUOX proteins comprise both membrane-bound
and cytoplasmic components of the NADPH oxidase complex. Upon introduction of an
inflammatory signal, the cytosolic components are recruited to the plasma membrane and
undergo highly regulated assembly to form the active complex [27]. Activated NADPH
oxidase (NOX) produces O−

2, which reacts quickly to produce a burst of additional oxidants
including H2O2 and the highly destructive hydroxyl radical (•OH). Because inflammation
and oxidative stress are coupled through mechanisms including NOX activity and NF-κB
signaling, it follows that inhibition of oxidative stress via antioxidant enzymes affects
inflammation. In this study, we investigated whether ECSOD could attenuate cigarette
smoke-induced macrophage activation using both in vitro and in vivo models. We also
explored the role of NOX in smoke-induced free radical generation by inhibiting its function
or knocking down expression.

Experimental procedures
Genetically modified mice

ECSOD transgenic mice used in this study have a C57BL/6 genetic background and
overexpress human ECSOD constitutively under a surfactant protein C (SPC) promoter.
These mice were maintained at National Jewish Health (Denver, CO, USA). Additionally,
ECSOD transgenic mice with a genetic background of C57BL/6 that over-express human
ECSOD under a β-actin promoter were also maintained at National Jewish Health [28].
NADPH knockout (gp91phox−/−) mice were originally purchased from The Jackson
Laboratory (Bar Harbor, ME, USA) and maintained as a breeding colony housed at National
Jewish Health. All animals received care in accordance with the guidelines and approval of
the Institutional Animal Care and Use Committee and were maintained on food and water ad
libitum.

Isolation and maintenance of primary mouse macrophage cultures
Bone marrow was isolated from the femoral, tibial, and pelvic bones of mice by inserting a
25-gauge needle into the central cavity and expelling the bone marrow with a jet of bone
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marrow medium (Dulbecco’s modified Eagle’s medium (DMEM)+10% fetal bovine serum
+10% L929 preconditioned medium as a source of CSF-1) into a sterile tube. Isolated cells
were centrifuged at 1000 rpm for 10 min, resuspended into 10 ml of medium, and gently
drawn in and out of a large-gauge needle (18 gauge) to break up any cell aggregates. Cells
were plated on plastic tissue culture plates and incubated for 5–7 days at 37 °C before use as
previously described [29].

Preparation of aqueous cigarette smoke extract (CSE)
CSE was prepared daily as previously described [30]. Briefly, commercial cigarettes
(University of Kentucky, batch 3R4F) were smoked continuously over the course of 5 min.
Constant flow was obtained at 2 L/min using an Accucal flowmeter (Gilmont Instruments,
Barrington, IL, USA). Mainstream smoke was drawn through prewarmed (37 °C) DMEM
for 5 min. Three cigarettes were used for every 30 ml of CSE solution. The medium was
filter-sterilized and diluted in cell culture medium to 10%. Aliquots were frozen and stored
at −20 °C so that all experiments reported here were conducted with CSE from the same
preparation. Control solutions were made using an identical preparation except that the
cigarettes were unlit.

In vivo cigarette smoke exposure
Mice (wild type, ECSOD-overexpressing, or NADPH oxidase) were exposed in TE-10z
smoking chambers (Teague Enterprises, Davis, CA, USA). One machine holds 40 mice and
goes through five cigarettes every 10 min. Mice were exposed to smoke for 2 weeks
(Monday through Friday). On day 0 exposure of the mice to cigarette smoke for 5 h per day
(~300 cigarettes) began. Control mice were placed in the same room, but not in the smoking
chamber. At the conclusion of the smoke exposure, the mice were euthanized by isoflurane
overdose and the lungs lavaged.

Mouse bronchoalveolar lavage (BAL)
BAL was performed five times with 1 ml of phosphate-buffered saline (PBS) with 0.1 mM
EGTA (Sigma). The BAL returns were pooled from each sample and centrifuged at 1000 g
for 10 min. The supernatant was removed and frozen at −80 °C and the cell pellet was
resuspended in 1 ml of PBS for cell counting.

ROS-sensitive fluorimetric labeling
Dihydroethidium (DHE) reacts with ROS to produce a fluorescent oxidized product. 5-
(And-6)-carboxy-2′,7′-dichlorodihydrofluorescein diacetate (DCFDA) is also a reliable
fluorimetric marker for ROS in live cells (Invitrogen; Eugene, OR, USA). DHE (0.1 mM) or
DCFDA (0.02 mM) was added to primary macrophage cells cultured on an eight-well
chamber slide, incubated at 37 °C for 30 min, and then washed (2×) with warm Hanks’
buffered saline solution. Slides containing stained, live cells were placed on ice and imaged
immediately. Images were scanned by a long-working-distance Marianas microscope with a
40× lens. Three images from each condition were captured. Slidebook software by
Intelligent Imaging Innovations was used for image processing and analysis.

Determination of glutathione (GSH) concentration
Cell lysate or BALF was mixed with an equal volume of 5% metaphosphoric acid. After a
10-min incubation on ice, samples were centrifuged at 14,000 g for 10 min and supernatants
were stored at −80 °C before analysis. GSH was measured as previously described [31].
Briefly, GSH was incubated with 5,5′-dithiobis-2-nitrobenzoic acid to produce 2-nitro-5-
thiobenzoic acid (TNB). In this reaction, GSH is oxidized to GSSG, which is then
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reconverted to GSH in the presence of glutathione reductase and NADPH. The rate of TNB
formation was measured using a microplate reader at 412 nm.

Immunostaining for ECSOD
Wild-type and ECSOD-overexpressing mice were sacrificed, and their lungs were inflated
with 4% paraformaldehyde at 20 cm of water pressure and then embedded in paraffin. Four-
micrometer sections were rehydrated and boiled in 0.1 M sodium citrate, pH 6.0, for 10 min
for antigen retrieval. The slides cooled for 20 min and were washed in 1× PBS for 5 min,
twice. The slides were then incubated in 3% hydrogen peroxide for 5 min and washed in 1×
PBS for 5 min, twice. A mouse-on-mouse peroxidase kit (M.O.M.) was used according to
the manufacturer’s directions (Vector Laboratories, Burlingame, CA, USA). The sections
were then incubated with 1/1000 mouse monoclonal anti-human ECSOD IgG (clone
4G11G6 available through StressMarq Biosciences, Victoria, BC, Canada) or 1/2000 IgG in
blocking buffer for 30 min at room temperature. Vectastain ABC Elite and
diaminobenzidine (Vector Laboratories) kits were used as described in the kit instructions.
The sections were then stained for 1 min with hematoxylin and washed with distilled H2O.
They were then dehydrated and mounted with coverslips.

ECSOD Western blots
Two million cells or 42 ml of medium was spun for 5 min (800 g). Cells were then placed in
100 μl of lysis buffer (50 mM Tris–HCl, 120 mM NaCl, 1% NP-40, 5 mM EDTA with one
Roche Complete Mini Protease inhibitor tablet per 10 ml of buffer). Samples were boiled 5
min in 1:6 concentrated sample buffer with 10% β-mercaptoethanol to 100 μl of buffer.
Experiments were done in duplicate. Fifty microliters of sample or Kaleidoscope Precision
Plus protein standard (Bio-Rad, Hercules, CA, USA) was pipetted into each well and run on
a 10% Tris–HCl gel (Bio-Rad) at 150 V for 1 h. Proteins were transferred to a PVDF
membrane for 1 h at 100 V and blocked in 5% nonfat milk in TBS-T overnight at 4 °C.
Primary antibody (rabbit anti-human ECSOD) was added at a dilution of 1:5000 in 5%
nonfat milk/TBS-T. Blots were incubated overnight at 4 °C, washed three times for 5 min
each in TBS-T, and then incubated 1 h in conjugated goat anti-rabbit secondary antibody
(1:100,000) in 5% nonfat milk/TBS-T. The blot was washed three times for 5 min and
developed using an ECL-Plus kit (GE Healthcare).

F8-isoprotanes measurement
Two million cells per well of a six-well plastic plate were exposed to 0.5 ml of control
medium or 10% CSE (N=3 each) for 2 h. BHT (0.005%) was added to supernatant and then
spun at low speed (209 g) to remove debris. Free 8-isoprostane was determined using an 8-
isoprostane enzyme immunoassay (Cayman Chemical, Ann Arbor, MI, USA).

Human tissue lysate preparation
Normal donor lungs were obtained through the International Institute for the Advancement
of Medicine (Jessup, PA, USA), and COPD lungs were obtained from the NHLBI Lung
Tissue Research Consortium. Samples were weighed and 1 ml of ice-cold RIPA buffer (50
mM Hepes, pH 7.6; 1 mM EDTA; 0.7% deoxycholate; 1% NP-40; 0.5 M LiCl) containing a
protease inhibitor cocktail (Roche, Basel, Switzerland) was added to approximately 300 g of
tissue. Samples were then sonicated to homogenize the tissue, rotated at 4 °C for 30 min,
and then centrifuged at 12,000 rpm for 20 min at 4 °C. Supernatants were collected and
protein concentrations were determined using a BCA protein assay kit (Pierce, Rockford, IL,
USA). Aliquots of each sample (~20 μg) were diluted in 1× sodium dodecyl sulfate–
polyacrylamide gel electrophoresis sample buffer, boiled for 5 min, and electrophoresed
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through polyacrylamide gels. The resolved proteins were then transferred to PVDF
membranes (Amersham Pharmacia Biotech) for Western blotting.

4-Hydroxynonenal (4-HNE) Western blotting
PVDF membranes were first blocked for 1 h at room temperature in 1% bovine serum
albumin and 0.01% sodium azide diluted in PBS containing 0.1% Tween 20 (PBS-T).
Primary antibody (4-HNE horseradish peroxidase (HRP)-conjugated; abcam 46542) was
diluted in PBS-T and membranes were incubated overnight at 4 °C. Immunoreactive
proteins were detected with enhanced chemiluminescence.

Results
Altered redox environment induced by cigarette smoke exposure in vitro, in vivo, and in
human patients with COPD

To determine the effect of cigarette smoke exposure on redox environment, several markers
of oxidative stress were assessed. First, fluorogenic dyes were employed to measure
oxidative stress in primary mouse macrophages exposed to CSE (Fig. 1). Cultures were
incubated with 10% CSE for 0, 30, 60, or 120 min and exposed to the oxidation-sensitive
dyes DCFDA or DHE for 15 min, and then the mean fluorescence was measured. CSE
exposure caused a marked, time-dependent increase in levels of oxidative stress as indicated
by increased DCFDA fluorescence (Figs. 1A and B) as well as DHE fluorescence (Fig. 1C).
Reduced glutathione (GSH) levels also provide an indication of redox environment within a
cell. Therefore, GSH levels were measured using a colorimetric assay in primary mouse
macrophages exposed to CSE. GSH levels were increased in response to prolonged (24 h)
CSE exposure. This increase was both dose- and time-dependent (Fig. 1D).

Cigarette smoke-induced recruitment of inflammatory cells was also assessed in mice
exposed to cigarette smoke for 5 h/day, 5 days/week for 2 weeks (Fig. 2). Total cell counts
in the BALF of mice exposed to 0, 25, or 100 μg/m3 total suspended particulates (TSP) were
obtained. A TSP concentration of 100 μg/m3 induced a modest, but statistically significant
(p≤0.05) increase in total cell count (Fig. 2A). In addition, the percentage of neutrophils in
the BALF cell pellet was increased in mice exposed to cigarette smoke (Fig. 2B).

ECSOD attenuates cigarette smoke-induced oxidative stress in primary mouse
macrophages

We used a SOD mimetic and ECSOD-overexpressing cells to investigate the protective role
of the antioxidant in smoke-induced oxidative stress. Cultured mouse macrophages were
treated for 60 min with the potent, small-molecule SOD mimetic MnTE-2PyP (30 μM),
before incubation with 10% CSE for 60 min, and mean DCFDA fluorescence was assessed
as a measure of oxidative stress. MnTE-2PyP significantly reduced the amount of
measurable ROS induced by CSE in mouse macrophages (Fig. 3A). Additionally, the effect
of ECSOD on smoke-induced oxidative stress was investigated by isolating primary bone
marrow-derived macrophages from wild-type or ECSOD-overexpressing mice. Wild-type or
transgenic cells were then exposed to 10% CSE for 60 min and mean DCFDA fluorescence
was measured. Oxidative stress induced by CSE was markedly reduced in primary
macrophages that overexpress ECSOD compared to those derived from wild-type mice
(Figs. 3B and C).

Free 8-isoprostanes, a reliable oxidative stress marker, significantly increased in the medium
after 2 h of exposure to 10% CSE; however, free 8-isoprostanes were not significantly
different between wild-type and ECSOD-overexpressing BMMs (Fig. 3D).
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ECSOD overexpression in these mice was controlled by an actin promoter, which allows for
constitutive and ubiquitous expression of the enzyme in all cell types [28]. To verify that
primary macrophages isolated from these mice did in fact show increased ECSOD
expression compared to wild type, we performed immunostaining for ECSOD in lung tissue
and Western blot analysis of medium from cultured BMMs. Intense staining for human
ECSOD was observed in lung tissue sections of ECSOD-overexpressing (OE) mice. Positive
staining was observed predominantly in macrophages and neutrophils from ECSOD-OE
mice but was absent from the lungs of wild-type mice (Fig. 4A). Western blotting revealed
expression of human ECSOD protein in medium from ECSOD-overexpressing BMMs
versus wild-type cells. An approximately 32-kDa band was present in ECSOD-OE medium,
but not in WT medium (Fig. 4B). These data are in concordance with previous work, which
has found inflammatory cells to be a source of ECSOD [32].

NOX enzymes act as an intrinsic source of ROS in an in vitro model of cigarette smoke-
induced oxidative stress

To elucidate the endogenous source of free radical production in smoke-induced oxidative
stress, we investigated the role of NOX enzymes. NOX inhibitors, diphenyleneiodonium
(DPI) and apocynin, were used to determine the role of NOX activity in CSE-induced
oxidative stress. Primary mouse macrophages were incubated for 60 min with DPI (5 μM) or
apocynin (1 μM) followed by 10% CSE for an additional 60 min. Both DPI and apocynin
decreased the amount of measurable DCFDA fluorescence elicited by CSE, although
apocynin was more effective at reducing oxidative stress (Fig. 5A). Additionally, bone
marrow-derived macrophages isolated from wild-type or NOX-deficient mice were exposed
to 10% CSE for 60 min and oxidative stress was measured subsequently by DCFDA
indicator dye fluorescence. NOX knockout macrophages showed almost completely reduced
oxidative stress when exposed to CSE compared to wild-type cells (Figs. 5B and C).

Endogenous enzymes (ECSOD and NOX) regulate oxidative stress induced by cigarette
smoke exposure in mice

We measured cytokine and antioxidant levels in BALF from wild-type and transgenic mice
to determine the role of ECSOD and NOX enzymes in an intact animal model of smoke
exposure. Macrophage-inflammatory protein-2 (MIP2) was measured in the BALF of wild-
type and transgenic mice exposed to cigarette smoke for 5 h/day, 5 days/week for 2 weeks.
MIP2 was increased in BALF from wild-type mice exposed to smoke compared to air
control. However, in ECSOD-overexpressing mice (SPC promoter) and in NOX knockout
mice, MIP2 levels remained similar in mice exposed to smoke versus air control (Fig. 6A).
Interferon-γ (IFNγ) is another proinflammatory cytokine that was measured in wild-type and
transgenic mice exposed to cigarette smoke for 2 weeks. IFNγ was also increased in
response to smoke exposure, although this finding was not significant in our model. Levels
of IFNγ remained steady in ECSOD-over-expressing mice or NOX KO mice exposed to
cigarette smoke (Fig. 6B). Tumor necrosis factor-α levels were also measured in wild-type
and transgenic mice, although no significant differences were observed with this amount of
cigarette smoke exposure (data not shown).

Levels of reduced GSH were increased in BALF of wild-type mice exposed to cigarette
smoke compared to wild-type mice exposed to air. Interestingly, mice that overexpress
ECSOD and, therefore, more efficiently scavenge excess O−

2, did not show the
compensatory increase in reduced GSH levels that was observed in wild-type mice.
Similarly, mice that are deficient for NOX and, therefore, show reduced production of O−

2,
also showed significant attenuation of this compensatory antioxidant mechanism (Fig. 6C).
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Oxidative damage to lung tissue from human patients with COPD
The effects of smoke exposure and disease state on redox environment were also measured
in lysates from lung tissue obtained from human subjects to determine the relevance of
oxidative stress in COPD. Lipid peroxidation, a marker of oxidative damage, was measured
with a 4-HNE-specific antibody. Increased 4-HNE reactivity was observed in patients with
moderate or severe COPD as opposed to those with mild COPD or without a diagnosis of
disease (Fig. 7).

Discussion
COPD is a devastating and increasingly prevalent disease that is closely associated with
oxidative stress induced by chronic exposure to environmental stressors, especially cigarette
smoke. Although tobacco smoke is highly concentrated in oxidants, not all individuals
exposed to this hazard develop lung disease. Therefore, studying the endogenous enzymes
that regulate cigarette smoke-induced oxidative stress may provide important clues to
understand why some people are more susceptible to development of COPD than others. We
hypothesize here that ECSOD may function to protect individuals from cigarette smoke
exposure. This theory is substantiated by the observation that individuals with a particular
ECSOD polymorphism (R213G) are 50% less likely to be diagnosed with COPD than
control patients [14]. In the past 2 years there have been five publications implicating SOD3
polymorphisms as risk factors for lung disease [14,15,33–35]. There are several potential
mechanisms that have been suggested to explain how ECSOD might protect individuals
from diseases such as COPD. For example, ECSOD has been shown to modulate lung
inflammation by preventing oxidative fragmentation of the extracellular matrix of the lung
[17,36–38]. We were therefore interested to investigate the role of ECSOD in both
inflammation and oxidative stress induced by cigarette smoke. NOX enzymes are also
potential endogenous candidates for smoke-induced oxidative stress [39]. We therefore
investigated the potential role of these enzymes in cigarette smoke exposure.

In this study, we show that exposure to cigarette smoke induces oxidative stress as measured
by the fluorogenic indicator dyes DCFDA and DHE (Figs. 1A–C). Although these dyes have
been used extensively to detect H2O2 and O−

2, respectively, there is evidence to suggest that
other ROS are capable of oxidizing the compounds, resulting in a fluorescent signal [40–42].
Therefore, we are careful to report the increased fluorescence observed here as a marker of
global, cellular oxidative stress rather than an indication of the explicit species of free
radical. Because ECSOD and NOX enzymes regulate O−

2 specifically, and we show here
that manipulation of these enzymes modulates oxidative stress, we hypothesize that O−

2, in
particular, is responsible for cigarette smoke-induced oxidative stress and inflammation that
occur in our model. However, because of the highly reactive nature of O−

2, we recognize the
possibility that other ROS may be formed quickly and may also play an important role.
Fluorogenic spin traps or other more specific methods will be employed in future studies to
determine the actual species of ROS responsible for signaling sustained oxidative stress and
inflammation within this smoking model. In addition, measuring reduced GSH levels
provides a sensitive indication of changes in the redox environment, both intracellularly and
extracellularly. Interestingly, GSH levels were increased in response to prolonged (24 h)
CSE exposure in primary mouse macrophage cultures (Fig. 1D). This increase is probably a
compensatory mechanism to offset the marked increase in ROS that are generated upon CSE
exposure.

Discrepancies in the literature exist related to total TSP concentrations used in in vivo
smoking experiments [43,44]. TSP concentrations were therefore assessed to determine an
appropriate level to evoke an inflammatory response in the 2-week exposure time frame
used in our model (Fig. 2A). Total cell counts in the BALF of mice exposed to 0, 25, or 100
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μg/m3 TSP were measured and it was determined that a TSP of 100 μg/m3 was required to
induce a measurable response (Fig. 2A). All subsequent experiments were performed with
this TSP concentration (100 μg/m3). The percentage of neutrophils in the total cell count
(BALF cell pellet) was increased in mice exposed to cigarette smoke, indicating that
inflammatory cell recruitment signals were turned on. This suggests a potential role for
NOX enzymes because they are abundantly expressed in neutrophils (Fig. 2B).

Because ECSOD is substantially expressed in the lung, its role as a protective antioxidant in
smoking-induced lung disease is of primary interest in this field of research. Incubation with
a SOD mimetic or overexpression of ECSOD sufficiently inhibited cigarette smoke-induced
oxidative stress (Fig. 3). These data suggest that ECSOD activity may be an important host
defense mechanism associated with prevention of COPD, despite exposure to the
concentration of oxidants in cigarette smoke.

In addition to understanding the inherent antioxidant defense mechanisms in place to offset
smoke-induced oxidative stress, the source of sustained ROS production is also of interest.
Clearly, cigarette smoke exposure induces the recruitment of neutrophils to epithelial lining
fluid in vivo (Fig. 2). Because of its high expression in this cell type, NOX activity is a
primary candidate for the source of chronic oxidative stress associated with COPD.
Inhibition of NOX with inhibitors (DPI and apocynin) showed protection against CSE-
induced oxidative stress in primary mouse macrophages (Fig. 5A). Apocynin protected more
completely than did DPI and this may be due, in part, to documented scavenging properties
of apocynin and/or slight toxicity observed with DPI [45]. We proceeded to assess the effect
of CSE in a NOX-deficient system, as superfluous activity of pharmacologic inhibitors (DPI
and apocynin) could potentially have an effect on the measurable oxidative stress response
[46]. Primary macrophages isolated from NOX knockout mice also exhibited decreased
CSE-induced oxidative stress (Figs. 5B and C). These data show that NOX enzyme
complexes play an important role in cigarette smoke-induced oxidative stress and suggest a
role for the enzymes in COPD.

Interestingly, we did not find ECSOD overexpression to be protective against the formation
of free 8-isoprostanes in primary BMMs (Fig. 3D). Based upon this observation, we
conclude that cigarette smoke may induce oxidative stress initially at the level of the
membrane via a pathway that is not mediated by ECSOD. However, additional data
presented here suggest that subsequent oxidative signals are mediated via NOX and are
protected against by ECSOD.

Although in vitro studies are useful to elucidate the specific molecules associated with
cigarette smoke-induced oxidative stress, there are several changes observed in intact mice
exposed to cigarette smoke which cannot necessarily be replicated in cell culture. Therefore,
the effects of ECSOD and NOX were measured in vivo by exposing transgenic mice to
cigarette smoke and comparing their response to that of wild-type mice. MIP2 is a
proinflammatory cytokine that has been shown to increase upon exposure to cigarette smoke
[47]. As expected, this cytokine was increased in response to cigarette smoke exposure in
wild-type mice, but interestingly, was not altered by smoke exposure in ECSOD
overexpressers or NOX KO mice (Fig. 6A). In addition, IFNγ was increased in wild-type
mice exposed to CS but not in either of the transgenics (Fig. 6B). These data suggest that the
inflammatory signals that regulate cytokine release are triggered by smoke-induced O−

2
production.

In concordance with data previously reported [48], mice exposed to cigarette smoke showed
increased levels of reduced GSH in their BALF. However, ECSOD-overexpressing and
NOX KO mice did not exhibit the significant increase observed in wild-type mice (Fig. 6C).
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These data suggest that there is a O−
2-dependent signal that induces increased GSH

production in mice exposed to cigarette smoke.

4-HNE, an aldehyde by-product formed by free radical-induced lipid peroxidation, can react
with proteins and is therefore utilized as a reliable marker of oxidative stress by
immunoblot. Lung tissues from human patients with varying diagnoses of COPD severity
were assessed for lipid peroxidation using this method (Fig. 7). 4-HNE levels correlated
with severity of COPD. Interestingly, smoking status alone did not predict lipid
peroxidation, which suggests that there is something inherently different in COPD patients
that makes them susceptible to oxidative lung damage.

These data suggest that the mechanisms underlying the host defense against cigarette
smoke-induced oxidative damage and subsequent development of COPD may include
endogenous oxidases and antioxidant enzymes. Because not all chronic smokers develop
disease, it is essential to understand the mechanisms of endogenous enzymes that regulate
oxidative lung damage. Understanding why some individuals continue to produce free
radicals and suffer oxidative damage even after smoking cessation, whereas others do not,
can provide important insights and potential therapeutic targets for this devastating disease.
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Abbreviations

4-HNE 4-hydroxynonenal

BAL bronchoalveolar lavage

BALF bronchoalveolar lavage fluid

BMM bone marrow-derived macrophage

COPD chronic obstructive pulmonary disease

CSE cigarette smoke extract

CSF-1 colony-stimulating factor-1

DCFDA 5-(and-6)-carboxy-2′,7′-dichlorodihydrofluorescein diacetate

DHE dihydroethidium

DMEM Dulbecco’s modified Eagle medium

DPI diphenyleneiodonium

ECSOD extracellular superoxide dismutase

GSH glutathione

HRP horseradish peroxidase

IFNγ interferon-γ

KO knockout

MIP2 macrophage inflammatory protein-2
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NF-κB nuclear factor-κB

NHLBI National Heart, Lung, and Blood Institute

NOX NADPH oxidase

O−
2 superoxide

PBS phosphate-buffered saline

PVDF polyvinylidene difluoride

ROS reactive oxygen species

SEM standard error of the mean

SOD superoxide dismutase

SPC surfactant protein C

TNB 2-nitro-5-thiobenzoic acid

TSP total suspended particulates
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Fig. 1.
Exposure to cigarette smoke alters redox environment in primary mouse macrophages.
Primary bone marrow-derived mouse macrophages (BMMs) were treated with 0 or 10%
CSE in medium without serum for 0, 30, 60, or 120 min (m). Cells were incubated in the
dark with (A, B) 2 μM DCFDA or (C) 10 μM DHE for 15 min. Three representative images
for each condition were obtained and mean fluorescence intensity was calculated. Images
from one of three independent experiments are shown in (A) and include bright-field images
(far left) to show representative confluency of the cell cultures. (D) BMMs were also treated
with varying CSE concentrations (0, 2.5, 5, and 10%) at the following time points: 5 min, 4
h, 24 h. GSH concentration was measured using a colorimetric microplate assay and
concentration values were normalized to protein. *p≤0.05, ***p≤0.001 compared to 0%
CSE at the corresponding time point. Data represent means±SEM (N=3).
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Fig. 2.
Mice exposed to cigarette smoke show increased recruitment of inflammatory cells. C57BL/
6 wild-type mice were exposed to cigarette smoke in TE-10z smoking chambers for 5 h/day,
5 days/week for 2 weeks. The concentration of TSP was kept at approximately 0 (air
control), 25 (low dose), or 100 μg/m3 (high dose). Mice were sacrificed and BALF was
collected. (A) Total cell counts were obtained using a hemacytometer. (B) Cell pellets were
collected from BALF and cytospin preparations were obtained. Total cell counts as well as
differential cell counts were obtained from 10 images captured at random to determine the
percentage of neutrophils for each condition (using an ImagePro algorithm). *p≤0.05
compared to air control condition. Data represent means±SEM (N=4 mice/group).
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Fig. 3.
Treatment with a SOD mimetic or overexpression of ECSOD blocks oxidative stress
induced by cigarette smoke exposure in primary mouse macrophages. (A) Wild-type BMMs
were treated with 30 μM MnTE-2Pyp (SOD mimetic) for 60 min before incubation with
10% CSE (where indicated) for an additional 60 min. (B and C) ECSOD-overexpressing
(OE) BMMs were cultured and treated with 10% CSE for 0, 30, 60, or 120 min alongside
BMMs isolated from wild-type mice. Three representative images for each condition were
obtained and mean DCFDA fluorescence intensity was calculated. *p≤0.05, **p≤0.01
compared to 0% CSE at the corresponding time point. (D) 8-Isoprostane concentrations in
BMMs that were exposed to 0 or 10% CSE for 2 h. ***p≤0.001 compared to air control for
each condition (WT vs ECSOD). Data represent means±SEM (N=3).
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Fig. 4.
ECSOD expression is increased in BMMs isolated from ECSOD-overexpressing mice
compared to wild type. (A) Immunostaining for transgene-specific ECSOD from lung tissue
sections reveals a pattern of predominantly positive human ECSOD staining in the
macrophages and neutrophils (arrows) of the lung in (image A) the ECSOD-overexpressing
mice (SOD3 gene controlled by a β-actin promoter), with absent staining in (image B) the
wild-type mice. (B) Western blot showing expression of human ECSOD protein in medium
from cultured BMMs isolated from mice that overexpress human ECSOD (OE) versus wild-
type (WT) cells. The arrow shows the approximately 32-kDa band present in OE medium,
but not in WT medium.

Tollefson et al. Page 16

Free Radic Biol Med. Author manuscript; available in PMC 2013 September 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Inhibition of NOX with an inhibitor or genetic knockout reduces oxidative stress induced by
CSE treatment in primary mouse macrophages. (A) Wild-type BMMs were treated with 5
μM DPI or 1 μM apocynin for 60 min before incubation with 10% CSE (where indicated)
for an additional 60 min. (B and C) BMMs isolated from NOX knockout mice were cultured
and treated with 10% CSE for 0, 30, 60, or 120 min alongside BMMs isolated from wild-
type mice. Three representative images for each condition were obtained and mean DCFDA
fluorescence intensity was calculated. *p≤0.05, **p≤0.01 compared to 0% CSE at the
corresponding time point. Data represent means±SEM (N=3).
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Fig. 6.
ECSOD and NOX play regulatory roles in cigarette smoke-induced lung damage in vivo.
Wild-type, ECSOD-overexpressing (SOD3 gene controlled by a SPC promoter), or NOX
knockout mice were exposed to cigarette smoke in TE-10z smoking chambers for 5 h/day, 5
days/week for 2 weeks. (A and B) BALF was collected and cytokines (MIP2 and IFNγ)
were measured from the first 1 ml of lavage fluid collected. (C) GSH concentration was also
measured in the first 1 ml of lavage fluid collected using a colorimetric microplate assay.
Data represent means±SEM (N=4 mice/group).
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Fig. 7.
Markers of oxidative stress are correlated with severity of COPD in human subjects. Lysates
were prepared from human lung lysate. Western blots were performed and blotted with a 4-
HNE antibody conjugated to HRP. NS, nonsmoker; S, smoker.

Tollefson et al. Page 19

Free Radic Biol Med. Author manuscript; available in PMC 2013 September 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


