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Rationale: Cigarette smoke (CS) is the leading cause of chronic
obstructive pulmonary disease, accounting for more than 90% of
cases. The prevalence of chronic obstructive pulmonary disease is
much higher in the elderly, suggesting an age dependency. A
prominent defense against the oxidant burden caused by CS is the
glutathione (GSH) adaptive response in the lung epithelial lining
fluid (ELF) and tissue. However, as one ages the ability to maintain
GSH levels declines.
Objectives: Examine the effect of aging on the GSH adaptive response
toCS andresulting lung sensitizationto inflammationandoxidation.
Methods: Both young (2 mo old) and aged (8, 13, 19, and 26 mo old)
mice were used to study the effects of age on the GSH adaptive
response after an acute exposure to CS.
Measurements and Main Results: Young mice had a robust sixfold
increase inELFGSHaftera singleexposure toCS.TheGSHresponse to
CS decreased as a function of age and diminishes in the older mice to
only a twofold increase over air controls. As a consequence, levels of
CS-induced tumor necrosis factor-a and nitric oxide synthase,
markersof inflammation,and8-hydroxy-2-deoxyguanosine,amarker
of DNA oxidation, were elevated in the aged mice compared with the
young mice. Additionally, depletion of ELF GSH with buthionine
sulfoximine in young mice recapitulated changes in ELF tumor
necrosis factor-a as seen in old mice.
Conclusions: These data suggest that the age-related maladaptive
response to CS sensitizes the lung to both inflammation and oxida-
tion potentially contributing to the development of CS-induced
chronic obstructive pulmonary disease.
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Chronic obstructive pulmonary disease (COPD) is the fourth
leading cause of death in the United States, accounting for more
than 110,000 deaths per year (1). COPD encompasses both
chronic bronchitis and emphysema and is characterized by
airway narrowing, air trapping, alveolar destruction, and exces-
sive airway inflammation and oxidative stress. Cigarette smoke
(CS) is the most common cause of COPD but many of the other
contributing factors leading to the pathogenesis of the disease
are poorly understood. The prevalence of COPD is reported to
be nearly three times higher in individuals over the age of 60
and it has been hypothesized that COPD is actually an
accelerated aging phenotype caused primarily by the inhaled
oxidants in CS (2, 3). Many of the morphologic changes seen
with COPD are also present in the aging lung, independent of
smoking (4). There is ample evidence of an age-dependant

increase in the prevalence of COPD and there is also supporting
evidence that age contributes to the pathogenesis of the disease
(5, 6).

In both aging alone and COPD there are marked increases in
both inflammation and oxidative stress (7, 8). Increases in
proinflammatory cytokines including IL-6, INF-g, and tumor
necrosis factor (TNF)-a in the airways of older humans and
rodents have been previously observed (9). In addition, in-
creases in the oxidation products 4-hydroxynonenal, protein
carbonyls, and 8-hydroxy-2-deoxyguanosine (8OHdG) have
been associated with both aging and COPD (10–12). It is well
known that cellular antioxidants can prevent many of the
oxidation end products but recent research suggests that they
may also play a role in modulating inflammation (13–15).

Glutathione (GSH) is a major low-molecular-weight antiox-
idant thiol and is of particular importance in the lung because it
is concentrated in the epithelial lining fluid (ELF) between 10
and 100 times more than in the plasma (16). Healthy smokers
have been shown to have about two to three times more GSH in
the airways than nonsmokers; conversely, these GSH levels
decline in both aging and COPD (17). GSH has also been
shown to be important in modulating cytokine release from cells
in response to proinflammatory stimuli (18). GSH levels can
influence both inflammation and oxidative stress, two major
contributing factors to COPD. The lung’s ability to produce
a GSH adaptive response to environmental oxidants, like CS,
may be a key factor in minimizing inflammation and oxidative
damage to the lung. Yet, during the aging process normal levels
of GSH are not maintained, potentially contributing to the
pathogenesis of COPD.

Currently, it is unclear whether aging affects the lung’s
ability to increase GSH in response to an oxidative insult, such

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

The effects of cigarette smoke in causing lung diseases
including chronic obstructive pulmonary disease and
emphysema are well known, yet do not manifest until
later in life, which suggests an inherent adaptive mech-
anism of the lung. Although cigarette smoke is known to
induce antioxidant systems including glutathione, the
same antioxidant systems have been shown to decrease
with age.

What This Study Adds to the Field

This study shows that age decreases glutathione and the
glutathione adaptive response to cigarette smoke result-
ing in an exacerbation of inflammation and oxidation in
the lung. Our results also show that a previously over-
looked age factor may have a larger role in contributing
to the sensitivity to cigarette smoke.
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as CS. Therefore in the present study young mice (2 mo old)
and aged mice (8, 13, 19, and 26 mo old) were exposed to either
air or acute CS and the GSH adaptive response in the airways
and tissue was examined. In addition, the ability of aged mice to
induce common antioxidant enzymes in response to CS and the
resulting inflammation and oxidative stress was assessed. These
studies demonstrate a profound age-associated disruption in the
lung GSH adaptive response to CS, which may be a contributing
factor in chronic CS-induced lung disease. Some of the results of
these studies have previously been presented as an abstract (19).

METHODS

Animals and CS Exposure

Both male and female C57B/6 mice aged 2, 8, 13, 19, or 26 months were
used; there were no differences in GSH between males and females with
either air or CS exposure (data not shown). Young mice were obtained
from Jackson’s laboratory and aged mice were either obtained from the
National Jewish Health animal colony or the National Institute on
Aging colony, and there was no difference in basal GSH levels between
the two sources of mice (data not shown). The mice were exposed to
smoke from Kentucky reference cigarette 3R4F (University of Ken-
tucky) for 5 hours per day for 1 or 5 days using a Teague TE-10 smoking
system (Teague Enterprises, Woodland, CA) (20). The average partic-
ulate matter was 100 mg/m3 and carbon monoxide levels were less than
300 ppm. Mice were anesthetized and sacrificed 16 hours after the CS
exposure by cardiac exsanguination and heparinized blood was col-
lected. Bronchoalveolar lavage (BAL) was performed using two 750-ml
rinses of cold isotonic potassium phosphate buffer. The two rinses were
pooled and the resulting bronchoalveolar lavage fluid (BALF) was
stored on ice until analysis. BAL cells were separated by centrifugation
and the resulting cell-free BALF was aliquoted for GSH analysis.
Cytospin (Shandon, Pittsburgh, PA) slides were prepared from the
resulting BAL cell pellet. Lung tissue was harvested after vascular
perfusion, snap frozen in liquid nitrogen, and stored at 2808C until
analyzed. All animal experiments were approved by the National Jewish
Health animal care and use committee.

Treatment with L-Buthionine-Sulfoximine

Mice were administered L-buthionine-sulfoximine (BSO) (Sigma, St.
Louis, MO) in the drinking water at a final concentration of 20 mM for
a total of 11 days. Based on previous reports, the depletion of GSH by
20 mM BSO has been shown to stabilize within 7 to 10 days and be
associated with lowering GSH in the lavage fluid to roughly half of the
control levels (21). Additionally, BSO has been shown to be stable in
drinking water for at least 14 days without significant loss (22).

Measurement of GSH

Both total (GSH) and oxidized (GSSG) GSH were measured spectro-
photometrically in the BALF, plasma, and lung tissues as previously
described (23, 24). GSH was measured by adding the standard or
sample to 100 ml of a 1:1 mixture of 3 units/ml GSH reductase (GR)
with 0.67 mg/ml 5,59-Dithiobis (2-nitrobenzoic acid). The reaction was
initiated by the addition of 20 ml of 0.67 mg/ml NADP reduced and the
increase in absorbance at 450 nm was monitored. For GSSG measure-
ments the samples were incubated with 4-vinyl pyridine (Sigma
Aldrich, St. Louis, MO) for 1 hour to conjugate any reduced GSH
before analysis, GSSG samples were analyzed the same way as GSH
samples. Values measured in BALF are normalized to urea and
GSH values in tissues are normalized to protein content. The limits of
detection were 0.2 mM for both GSH and GSSG.

Determination of ELF Dilution Factor Using Urea

Urea is freely permeable between the plasma and ELF making it
a commonly used marker for the dilution of the ELF from the BALF
(25). Urea was measured in both the BALF and plasma using a blood-
urea-nitrogen reagent kit (Teco Diagnostics, Anaheim, CA). The
blood-urea-nitrogen reagent was added to standards or samples and
monitored at 340 nm for 10 minutes using a SpectraMax 340PC
microplate reader (Molecular Devices, Downington, PA). The plasma

urea values are divided by the BALF urea values to give the ELF
dilution factor, which is then multiplied by the BALF GSH values to
obtain the normalized ELF GSH levels. There was no statistical
difference in dilution values between groups.

Western Blotting for Protein Expression

Frozen lung tissue (z25 mg) was homogenized in phosphate-buffered
saline (PBS) containing protease inhibitors (Roche, Tucson, AZ) and
large debris was removed by centrifugation. A sample containing 35 mg
total protein was run on 7.5% acrylamide gel and transferred to
a polyvinylidene fluoride membrane. Membranes were blocked with
5% bovine serum albumin and probed with primary antibodies for
g-glutamylcysteine ligase (GCL) at 1:2,500, GR at 1:1,000, or glyceral-
dehydes phosphate dehydrogenase 1:5,000 (Abcam, Cambridge, MA) for
2.5 hours at room temperature. The blots were then washed and probed
with the secondary peroxidase conjugated goat antimouse antibody
(Abcam) at a dilution of 1:45,000 for 30 minutes at room temperature.
Proteins were visualized using ECL plus (GE Healthcare, Pittsburgh,
PA) and band density was quantified using NIH ImageJ software.

Measurement of Inflammation in the BALF

TNF-a was used as a marker of inflammation in the BALF. TNF-a was
quantified using a mouse TNF-a ELISA kit (BD Biosciences, Rockville,
MD) based on known standard amounts of TNF-a, with the lowest
standard at 7 pg/ml. The capture antibody was diluted 1:250 in coating
buffer (200 mM sodium phosphate, pH 6.5) and coated on 96-well
plates overnight at 48C. The plate was then washed using wash buffer
(PBS containing 0.05% Tween20) and blocked using assay diluent
buffer (PBS containing 10% fetal bovine serum, pH 7.0) for 1 hour at
room temperature. After washing, standard or sample was added in
duplicate and incubated at room temperature for 2 hours. The plate
was then washed before incubation with the detection antibody and
streptavidin conjugated horseradish peroxidase diluted 1:250 for 1 hour
at room temperature. A substrate solution consisting of tetramethyl-
benzidine and H2O2 mixed 1:1 (BD Biosciences) was added for 30
minutes, after which the tetramethylbenzidine stop solution (BioFX
Laboratories, Owings Mills, MD) was added. The plate was read at 450
nm with correction at 570 nm using a SpectraMax 340PC microplate
reader (Molecular Devices).

Analysis of DNA Oxidation in the Lung

To examine the effect of both age and smoke on oxidation in the lung,
8OHdG was measured. DNA from 25 mg lung tissue was extracted
using DNeasy tissue kit (Qiagen, Valencia, CA). DNA concentration
and purity was measured using a Nanodrop 1000 spectrophotometer
(Thermo Fisher, Waltham, MA). The sample DNA was then subjected
to enzymatic digested and analyzed for 8OHdG and 2-deoxyguanosine,
respectively, by HPLC as previously described (23). Concentrations
were determined based on known standards and expressed as a ratio of
8OHdG/105 2-deoxyguanosine.

Immunocytochemistry of Activated BAL Macrophages

Cytospin slides were air dried then methanol fixed and stored until
stained. The slides were blocked with 5% bovine serum albumin for 1
hour and then again with a biotin/avidin blocking solution (Vector
Laboratories, Burlingame, CA) for 15 minutes each. The cells were
double stained with the macrophage marker F4/80 (Invitrogen, Carlsbad,
CA) conjugated to biotin diluted at 1:100 in PBS and nitric oxide
synthase (NOS2) (BD Biosciences) diluted to 1:100 in PBS incubated
for 2.5 hours each. Goat biotin conjugated secondary (Vector Labora-
tories) was used at a dilution of 1:250 for NOS2 and incubated for
30 minutes. Fluorescein or AMCA conjugated avidin (Vector Labora-
tories) was used to detect bound antibodies with a Leica DM4000B
fluorescent microscope fitted with a SPOT RTke digital camera (Di-
agnostic Instruments, Sterling Heights, MI) at 320 magnification.
Control slides using nonspecific IgG or lacking a primary antibody
were used to assess background fluorescence. Three fields per slide
were captured and the NOS2 fluorescence was quantified using Image J
(National Institutes of Health) and normalized to the number of cells
per field. The three fields were averaged per animal, with an n 5 4–6
animals per group.
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Statistical Analysis

All data are represented as the mean 6 SEM and includes an n 5 4–6.
Significance was set at a P less than 0.05. Correlations were performed
using a Spearman test and other data sets used an unpaired t test or
a two-way analysis of variance with a Bonferroni posttest using Prism 5
software (GraphPad, La Jolla, CA).

RESULTS

Age-Dependant Decrease in Basal ELF GSH Levels

BAL fluid from mice aged 2, 8, 13, 19, and 26 months were
collected and analyzed for GSH to assess whether there are
changes in the ELF GSH content with age alone (Figure 1A).
The basal level of GSH declines to roughly 65% of the young
mice beginning at 8 months, whereas by 13 months and out to 26
months, the age-related decline becomes much more gradual
remaining at roughly 50% of the young controls.

The GSH Adaptive Response Is Diminished in Aged Mice

An acute 1-day CS exposure was performed because the initial
adaptive response is first established at this point, which is then
simply maintained over chronic exposures. Because lower levels
of GSH found in aged mice may make them more susceptible to
inhaled oxidants, we sought to investigate the ability to establish
an ELF GSH adaptive response to acute CS. Both young and
aged mice were exposed to CS for 1 day and BAL fluid was
collected 16 hours after the exposure. Young mice had a typical
robust GSH adaptive response to the CS with levels reaching
roughly six times the air controls, whereas the aged mice had
a significantly lower adaptive response (Figure 1B). Beginning at
8 months of age the CS-induced adaptive response is diminished
with GSH levels only reaching roughly 230 mM compared with
600 mM in the young mice. At 13 months and out to 26 months of
age the CS-induced adaptive response is significantly defective
with ELF GSH levels in all three ages reaching only 120 mM.
There was a significant interaction (P , 0.001) between both age
and CS. Because of both the depletion of the GSH pool and the
dilution of the ELF by BAL, the ELF GSSG levels were not
detectable in the aged mice.

Lung Tissue GSH Is Decreased with Age

Many of the components of the ELF originate from the various
cell types that reside within the lung, and therefore we in-
vestigated changes in lung tissue GSH levels. Similar to
observed changes in the ELF there was an overall decrease in
lung GSH in all of the aged groups (Figure 2A), which was not
affected by acute CS exposure. We also examined the changes
in the amount of GSSG (Figure 2B) within the tissue and found
that although the GSH is down there are age-related increases
in GSSG in the older mice. Although CS only had a slight effect
on GSSG levels there were small increases in the 8- and 13-
month-old mice. The amount of GSSG relative to total GSH is
kept fairly low; therefore, comparing the amount of GSSG
relative to GSH can be a predictor of oxidative stress. When the
percentage of GSSG was determined (Figure 2C) it was not
surprising that the young mice had a very low percentage with
GSSG being only 3% of total GSH, whereas all of the aged
mice had nearly 10 times that amount, with GSSG comprising
more than 25% of total GSH.

Systemic GSH Declines with Age

Because the lung may be partially dependant on GSH used
from other sources, the plasma GSH and GSSG were analyzed.
Interestingly, there is a decline in both GSH (Figure 3A) and
GSSG (Figure 3B) with age, whereas CS had modest effects on
the GSH in the 8-, 13-, and 19-month-old mice and on the

GSSG levels in only the 13- and 19-month-old mice. There was
no significant interaction between age and CS with GSH (P 5

0.3904), whereas there was a significant interaction for GSSG
(P 5 0.0002). To examine the redox balance between GSH and
GSSG, the percentage of GSH was calculated (Figure 3C).
Although the percentage is unchanged with age alone, there
was a significant decrease in the percentage of GSSG with CS
exposure in the 2-month-old mice in contrast to significant
increases in the 13- and 19-month-old mice. There were small
although not significant changes in these parameters with both
the 8- and 26-month-old mice.

Both GCL and GR Expression Are Not Induced

with CS in Aged Mice

There is ample literature showing that during the aging pro-
cess the expression levels of critical enzymes in the GSH
pathway are decreased in the liver (26). GCL and GR,
involved in the synthesis and recycling GSSG, may be differ-
entially modulated in the lung with age and CS exposure. In
the lung, GCL expression is clearly increased in response to
CS in the 2-month-old mice (Figure 4B), whereas not only is
there an age-related decrease in GCL but there is no increase
in expression levels with CS exposure in the aged mice.
Additionally, GR expression (Figure 4C) is increased with
CS in both the 2- and 8-month-old mice, whereas there was no
increase in GR expression in the 13-, 19-, or 26-month-old
mice. Although there was no significant change in GR
expression with age there was a significant interaction between
age and CS (P 5 0.0479).

Figure 1. Age decreases both basal and the adaptive epithelial
lining fluid (ELF) glutathione (GSH) levels. (A) Basal levels of GSH

in the ELF were measured in mice 2, 8, 13, 19, or 26 months of age.

All age groups have significantly reduced ELF GSH compared with

the 2-month-old mice. (B) Both young and aged mice were exposed
to air (open bars) or cigarette smoke (closed bars) for 1 day and the

GSH adaptive response was examined. Data represented as mean 6

SEM with **P , 0.01, and ***P , 0.001; n 5 4–6 compared with
control.
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Increases in Inflammation and Oxidation Occur

with CS in Aged Animals

GSH is important for maintaining a reducing environment even
in the presence of such oxidants as CS. Because the aged mice
clearly have a diminished capacity to maintain elevated levels of
GSH, we sought to determine whether they in turn have
elevated levels of inflammation and oxidation. TNF-a was used
as a marker of inflammation in the airways and the DNA
oxidation product 8OHdG was quantified in the lung tissue.
There was a clear increase in both TNF-a (Figure 5A) and
8OHdG (Figure 5B) with age, whereas the acute 1-day CS
exposure had no significant effect on 8OHdG or TNF-a except
in the 26-month-old mice.

The short CS exposure time frame may not allow for both
TNF-a and 8OHdG to accumulate in the most susceptible 13-,
19-, and 26-month-old mice; therefore, a longer 5-day CS exposure

was done. The young mice had a typical robust CS-induced GSH
response with levels being increased threefold, whereas the aged
mice showed a deficient GSH response with levels only increasing
to near young control levels (Figure 6A). The GSH response in
the young mice with 5-day CS exposure is lower than at 1 day
because of an initial exaggerated GSH response, which then
maintains at a new elevated steady state over the repeated
exposures. When the BALF TNF-a levels (Figure 6B) were
quantified there was both an age and CS effect and a significant
interaction (P 5 0.0171) with the largest differences between air
and CS in the 13- and 26-month-old mice. Additionally, there was
significant negative correlation between TNF-a release and ELF
GSH levels in the air (r 5 20.4299; P 5 0.0259), 1-day (r 5

20.4296; P 5 0.0181), and 5-day (r 5 20.5008; P 5 0.0088) CS

Figure 2. Age is associated with increased oxidative stress in the lung.

Lung homogenate levels of (A) glutathione (GSH) and (B) oxidized

glutathione (GSSG) were measured in both young and aged mice

exposed to either air (open bars) or cigarette smoke (closed bars) for 1
day. (C ) The percentage of glutathione in the oxidized state was

calculated and found to be increased at all ages compared with the

young mice. Data represented as mean 6 SEM with *P , 0.05, **P ,

0.01 compared between air and CS; xP , 0.05, xxP , 0.01, xxxP , 0.001

compared with air-exposed young mice; n 5 4–6.

Figure 3. Aged mice have higher systemic oxidative stress. Blood was

collected and plasma levels of (A) glutathione (GSH) and (B) oxidized
glutathione (GSSG) were examined in both young and aged mice

exposed to air (open bars) or cigarette smoke (closed bars) for 1 day. (C )

The percentage of glutathione as its disulfide was calculated and found

to be higher with cigarette smoke only in the 13- to 26-month-old
mice. Data represented as mean 6 SEM with *P , 0.05, **P , 0.01,

***P , 0.001 compared between air and CS; xP , 0.05, xxxP , 0.001

compared with air-exposed young mice; n 5 4–6.
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exposure groups (see Figure E1 in the online supplement). The
oxidation product 8OHdG (Figure 6C) was even more pro-
nounced with the longer CS exposure with significant effects
from age and CS and a significant interaction (P 5 0.0272). The
longer CS exposure in the aged mice resulted in roughly 2.5–3
times more lung 8OHdG than seen in the young mice.

Smoke Exposure Increases the Number of Activated

Macrophages in Aged Mice

Once activated, macrophages can release a number of proin-
flammatory factors including TNF-a. Inducible NOS2 is a marker
of activated macrophages and is also a major source of nitric
oxide. The BAL cells from mice exposed to air or 5-day CS were
analyzed for NOS2 expression by immunocytochemistry (Figure
7A) and the mean fluorescence was quantified (Figure 7B). The
young mice exposed to CS did not show an increase in NOS2
expression, whereas the 13-, 19-, and 26-month-old mice showed
more than threefold increase in NOS2 expression.

BSO Administration Results in Depletion of ELF GSH

and Increased BALF TNF-a Levels

Because a number of pathways are dysregulated during the
aging process, young mice were treated with BSO to inhibit
GCL activity, thus depleting the levels of GSH to a similar
degree as seen in the aged mice. Mice were administered BSO
chronically in the drinking water over the course of 11 days,
which resulted in the depletion of ELF GSH from 114 to 50 mM
(Figure 8A). Consequently, the BALF TNF-a levels rose from
25 to 120 pg/mL (Figure 8B). These data show a strong link
between ELF GSH and BALF TNF-a levels that is indepen-
dent of any other nonspecific age-related effects.

DISCUSSION

GSH is an important thiol antioxidant that is up-regulated in
chronic smokers but decreased in the airways of patients with
COPD (17). The ability to establish and maintain a GSH

adaptive response to CS may be critical in preventing the
development of COPD. Although COPD is a disease closely
associated with CS, it typically only occurs in older individuals,
suggesting that aging factors influence the development of the
disease (3, 27). However, the ability to induce a GSH adaptive
response to CS and whether it is dysfunctional in an aged lung
has not been investigated.

The ELF contains a number of protective macromolecules to
detoxify inhaled oxidants (16, 28). ELF GSH is of particular
interest because it is maintained at high concentrations com-
pared with plasma. Although others have shown that basal GSH
levels in the BALF decline with age, these measures are largely
dependent on dilution and recovery volumes and can be quite
variable based on technique (29, 30). Here we have shown that
dilution-corrected ELF levels of basal GSH do decline in
accordance with the previous published BALF levels. The
ELF GSH is an important defense against inhaled oxidants,
but in aged airways the decline in GSH may suggest an
increased susceptibility to inhaled xenobiotics, potentially in-
creasing one’s risk for respiratory diseases.

Additionally, to the best of our knowledge we have shown
for the first time that the ability to establish an ELF GSH
adaptive response to CS is impaired in aged mice. Although
others have investigated the role of age on GSH metabolism in
response to CS, these studies are largely based on tissue levels
of GSH (31). In addition to the age-related changes in the
tissue that we and others (26, 32) have demonstrated, there are
important changes that occur in the extracellular space,
particularly in the ELF, that contributes to the sensitivity of
the aged airways to CS. Our data would suggest that as the
lung ages the ability to increase ELF GSH in response to
inhaled oxidants decreases and may contribute to the large
proportion of individuals over 60 years of age with COPD (2).
These findings not only would have consequences for older
individuals who smoke but for any repeatedly inhaled noxious
compounds.

Secondarily, we have demonstrated a defective GSH adap-
tive response in wild-type aged mice, not an accelerated aging

Figure 4. The ability to synthesize and maintain reduced glutathione decreases with age. (A) Representative Western blot probed for

g-glutamylcysteine ligase (GCL), GSH reductase (GR), and glyceraldehyde phosphate dehydrogenase in lung homogenate. Protein expression

levels of both (B) GCL, the rate-limiting enzyme in glutathione synthesis, and (C) GR were quantified. GCL declines with age and is induced with

cigarette smoke (CS) in young mice but not aged mice. GR expression is unchanged with age but is only induced by CS in the 2- and 8-month-old
mice. Data represented as mean 6 SEM with *P , 0.05, **P , 0.01 compared between air and CS; xP , 0.05, xxP , 0.01 compared with air-exposed

young mice; n 5 4–6.

1118 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 182 2010



strain. These strains, which are a common alternative, are
meant to develop senile changes in major organs within a shorter
lifespan, which could present more of an artificial model system
(3). In addition, several senescence accelerated strains have
been shown to have higher levels of GSSG in the BALF and
tissue compared with aged-matched C57B/6 mice (33). These
studies indicate an imbalance in the GSH redox couple even at
young ages, potentially making them an inadequate model to
investigate GSH changes with CS. One could also speculate that
it may ultimately be the changes in the redox couple that
contributes to the accelerated aging phenotype in these mice.

A large shift toward an oxidizing environment in a young
animal might signify a severe disease, whereas with aging this
shift seems to be a natural process. We found that the
percentage of GSSG was greatly elevated in the aged mice in
accordance with the higher state of oxidative stress that occurs
with aging. Clinically, this is supported by the numerous
metabolic and oxidative stress-related diseases that tend to
arise with age (34–36). Contributing to the shift in redox status,
the expression of common antioxidant defenses including Nrf2,
GCL, and GR has been shown to decrease in the liver with age
(26, 37).

Although age may decrease many of the antioxidant de-
fenses, alternatively CS has been shown to induce expression of
these very same defenses (38, 39). In accordance with previous
reports in the liver (26), we found the expression of GCL in the
lung was decreased with age, corresponding with the decline in
GSH levels seen in the lung tissue. Although CS did induce

expression of GCL in the young mice, all the older mice failed
to show any significant increases in GCL, confirming that the
aged mice are unable to increase antioxidant pathways compa-
rable with a young mouse during stress. This inability to
significantly increase GSH synthesis in the lung may increase
the dependence on systemic GSH, ultimately burdening other
organs, such as the liver, which can be a systemic source of GSH
(40, 41). This also signifies that with aging comes an increase in
susceptibility to oxidants, such as CS, as demonstrated by the
higher levels of both inflammation and oxidation in aged mice
exposed to CS.

Chronic inflammation is a hallmark of both aging and
COPD, with higher levels of proinflammatory cytokines, in-
cluding IL-6, INF-g, and TNF-a, independently associated with
both (9, 42). TNF-a is arguably one of the more important
inflammatory cyotkines involved in smoke-induced lung dam-
age because TNF-a has been shown to drive roughly 70% of

Figure 5. Measures of inflammation and oxidation with 1-day ciga-

rette smoke (CS) exposure. (A) bronchoalveolar lavage fluid (BALF)

TNF-a, a marker of inflammation, was measured after 1 day of CS

exposure by ELISA. (B) To measure DNA oxidation, 8-hydroxy-2-
deoxyguanosine (8OHdG) was quantified by HPLC after 1 day of CS

exposure.Agealone increasesbothTNF-a and8-hydroxy-2-deoxyguanosine

in air controls (open bars), whereas 1 day of CS exposure (closed bars) has

little effect. Data represented as mean 6 SEM with, **P , 0.01, compared
between air and CS; xxP , 0.01, xxxP , 0.001 compared with air-exposed

young mice; n 5 4–6.

Figure 6. Inflammation and oxidation are increased in the aged mice

after 5 days of cigarette smoke (CS) exposure. (A) Epithelial lining fluid

(ELF) glutathione was measured after exposure to air (open bars) or CS
(solid bars) for 5 days in the 2-, 13-, 19-, and 26-month-old mice. Both

(B) bronchoalveolar lavage fluid (BALF) TNF-a and (C) 8-hydroxy-2-

deoxyguanosine (8OHdG) were more elevated in the aged mice than
in the young mice with CS exposure. Data represented as mean 6 SEM

with *P , 0.05, **P , 0.01, ***P , 0.001 compared between air and

CS; n 5 4–6.
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smoke-induced emphysema in mice (43). In agreement with
previous published research we observed increases in both
TNF-a and 8OHdG with age (9, 44). Unexpectedly, we found
little change in inflammation and DNA oxidation after an acute
1-day CS exposure. We theorized that this may be caused by the
short time frame and thus longer exposures are necessary for
both markers to accumulate. When we exposed mice repeatedly
over 5 days we did see the expected increase in both TNF-a
and 8OHdG with CS, suggesting that the aged mice do have
increased sensitivity over repeated exposures toward CS-
induced lung inflammation and oxidation because of the defective
GSH adaptive response. The main cell type found in the BAL is
the macrophage, which when activated can release proinflam-
matory factors, such as TNF-a, and a host of different reactive
oxygen and nitrogen species. Corroborating the TNF-a result,
there was an increase in activated macrophages, as measured by
NOS2 expression, in the aged mice suggesting that the GSH
adaptive response influences the degree of macrophage activa-
tion and corresponding TNF-a release. These findings suggest
a mismatch between GSH, which declines with age and in-
flammatory responses that are exaggerated in the older animals
and may be part of the unregulated inflammation that is
associated with many age-related disorders.

Depletion of GSH in alveolar type II cells has previously
been shown to exacerbate the cytokine release in response to
proinflammatory stimuli, whereas supplementation with gluta-
mine to enhance GSH levels has been shown to attenuate
cytokine release (18, 45). In the present study we have shown
that in vivo, depletion of ELF GSH by BSO results in the
increase of BALF TNF-a independent of the effects of aging.
This link between GSH levels and the proinflammatory cyto-
kine response suggests the higher levels of TNF-a in the aged
animals may be caused in part by the decreased GSH, high-
lighted by the significant negative correlation seen between

BALF TNF-a and ELF GSH. Accordingly, the slight decreases
observed in TNF-a with 1-day CS in the 2- and 8-month-old
mice correspond to a larger adaptive response compared with
the old mice suggesting elevated GSH can attenuate lung
inflammation. Our observed increase in 8OHdG may be caused
by the aged animals having a defective DNA repair system but
recent literature would suggest the opposite. Mice that were
25 months old were reported to have the same expression and
activity levels of nucleotide repair enzymes compared with 3-
month-old mice (12), suggesting that the accumulation of
8OHdG observed in the aged mice is not caused by defective
DNA repair but presumably by the lower antioxidant defenses.

Unwittingly, aging is also an unrecognized factor in many
typical animal models of emphysema that are caused by
prolonged CS exposures. Emphysema-like changes arises only
after prolonged exposure to CS when mice are exposed to CS
typically for 6–8 months resulting in a final age of roughly 8–10
months old (46, 47). Interestingly, this corresponds with the age
when we observe a gradual loss of the GSH adaptive response
to CS. The diminished GSH adaptive response seems to be
caused by both a decrease in GSH synthesis and diminished
systemic availability contributing to the differences between 8-
month-old and young mice. Our data would suggest that many
of the CS-induced emphysema studies in the literature are
studies examining the combination of both aging and chronic
CS.

The fact that these changes do not arise until the adaptive
responses decline suggests that lung damage may only begin to
occur when the adaptive response declines. Although CS is
still the primary cause of COPD, it is a highly age-dependant
disease with most cases arising in people over the age of 60 (2).
Half of all people over the age of 65 have at least three chronic
diseases, many of which may adversely affect the adaptive
response (48). Our laboratory has previously demonstrated

Figure 7. Increased cigarette

smoke (CS)–induced activation of
bronchoalveolar lavage (BAL)

macrophages in aged mice. The

macrophage surface marker F4/80

was used to identify BAL macro-
phages and nitric oxide synthase

was used as a marker of macro-

phage activation. (A) Representa-
tive images of F4/80 positive BAL

macrophages from 2- and 26-

month-old mice exposed to air

or CS for 5 days. (B) Fluorescent
quantification of nitric oxide syn-

thase expression in 2-, 13-, 19-,

and 26-month-old mice exposed

to air or 5-day CS. Data repre-
sented as mean 6 SEM with

*P , 0.05, **P , 0.01, ***P ,

0.001 compared between air and
CS; n 5 4–6.
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that infection with mycoplasma also adversely affects GSH
adaptive responses to CS resulting in increased lung oxidation
(20). This would suggest that the development of COPD may
be influenced by a combination of two or more conditions that
overwhelm the natural adaptive responses, which then mani-
fests into disease symptoms. These types of events may also be
important in triggering exacerbation of disease in patients with
COPD.

To the best of our knowledge, we have shown for the first
time that age adversely affects the lung GSH adaptive response
to acute CS exposure in mice. We have also shown that this
maladaptive response leads to increases in inflammation in the
airways and increased DNA oxidation in the lung. We have also
shown that although CS-induced emphysema studies are in-
formative, there exists an underlying age factor that occurs
within 8 months of age. Finally, COPD may be the manifesta-
tion of multiple syndromes and our data suggest that the
combination of age and CS is enough to overwhelm the
adaptive response to the point where inflammation and oxida-
tion begin to accumulate, which could potentially contribute to
the development of COPD in susceptible individuals.
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