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Abstract

Oxidant-antioxidant imbalance is implicated in the pathogenesis of chronic obstructive pulmonary
disease (COPD). Exhaled breath condensate (EBC) is a novel and non-invasive method of
assessing the redox status of the local airway in COPD subjects. It was hypothesized that COPD
patients have less antioxidant capacity in their local airway as compared to the control subjects.
The method involved collecting EBC from control and COPD patients (stable and during an
exacerbation). Concentrations of EBC antioxidants, namely Trolox-equivalent antioxidant
capacity (TEAC), bilirubin, urate and ascorbate, were analyzed using ELISA and high
performance liquid chromatography. The mean TEAC level in the stable COPD group
(11 + 2 uM) was significantly reduced compared to the ex-smokers & smokers (45 = 11 uM). The
COPD group during an exacerbation had a mean bilirubin level of 0.22 +0.04 mg/dl, which was
significantly lower than the stable COPD group (0.35 + 0.01 mg/dl), and the non-smoking group
(0.35 + 0.02 mg/dl). Urate and ascorbic acid were undetectable. In conclusion, COPD patients are

Bilirubin; Exhaled breath condensate;
pH; Trolox

likely to have increased oxidative stress and reduced antioxidant capacity in their local airways.

© 2012 GESDAV

INTRODUCTION

Oxidative stress plays an important role in the
pathogenesis of chronic obstructive pulmonary disease
(COPD) via reactive oxygen and nitrogen species,
which lead to the activation of nuclear factor kappa-B
and activator protein-1. Thus the recruitment and
activation of inflammatory cells induces the production
of more reactive oxygen and nitrogen species fueling
the airway inflammatory processes [1-5]. Many studies
have examined a variety of oxidative stress markers
and antioxidants in COPD, but much of the work has
been done in the systemic circulation instead of in the
airway. The level and type of oxidative reactions and
the balance of antioxidants present in the extracellular
compartments of the airway remain largely unknown.
A novel method of assessing the redox status of the
airway is exhaled breath condensate (EBC). This
technique has not been widely applied to the analysis of
the airway redox status in COPD.

http://www.oamsjournal.com

Included among the many endogenous antioxidants
known to play a pivotal role in the homeostasis are
bilirubin, urate, ascorbic acid, as well as many others
[6,7]. While much work has been performed
examining the antioxidant capacity of plasma,
relatively little data is available relating to these
variables in EBC. Bilirubin has been shown to be
elevated in the induced sputum of asthmatic subjects,
but has not been described in regard to the airways of
subjects with COPD [8]. Uric acid or urate has been
detected in the bronchoalveolar lavage (BAL) at
approximately half the usual serum level of about
400 uM and while plasma urate is reduced in asthma,
little is known of the level of urate in the lungs of
COPD npatients [9, 10]. Furthermore, the severity of
COPD has been associated with a decreased serum
ascorbate [11, 12]. However, there is relatively little
information on the amount of ascorbic acid in the
airways of COPD patients, with one study suggesting a
reduction of ascorbic acid in the induced sputum of
COPD patients [13].
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During airway inflammation, hypochlorous,
hypobromous, nitrous and peroxynitrous acids are
produced by the inflammatory cells and which can
contribute to H" ion burden within the airway [14], thus
making pH an indirect index of inflammation, which is
associated with the generation of oxidative stress. EBC
pH correlates with the extent of oxidative stress (as
assessed by H,O, and 8-isoprostane) in COPD and
asthmatic subjects with the EBC from COPD subjects
having the lowest pH compared to the control and
asthmatic subjects [15].

This study aimed therefore to determine if the pH and
the concentrations of antioxidants above in EBC vary
between the COPD and control groups, as well as
between those with stable COPD (SCOPD) and an
exacerbation of COPD (ECOPD). It was hypothesized
that airway acidity (as indicated by EBC hydrogen ion
concentration) would be the lowest in controls when
compared with patients with SCOPD and during an
exacerbation. Antioxidant capacity might be expected
to be highest in the EBC of the control group and to be
depleted in those with an exacerbation of COPD.

MATERIALS AND METHODS

Study design and subjects

This was a cross-sectional observational study.
Informed consent was obtained from the subjects and
ethics approval was obtained from the Prince of Wales’
Hospital (SESIAHS) Research Ethics Committee.

COPD was defined by clinical assessment and lung
function tests [16]. COPD subjects were recruited from
the Prince of Wales” Hospital with the SCOPD patients
recruited from the outpatient respiratory clinic and
ECOPD patients as defined according to criteria
previously established recruited from the inpatient
respiratory wards [17].

Control subjects (healthy non-smokers with less than 1
pack year smoking history, FEV,/FVC ratio of greater
than 75%, or ex-smokers & smokers) were recruited
from the community with the definition of an ex-
smoker being one that had quit active smoking for
more than a year. Patients with other respiratory
ilinesses other than obstructive lung diseases were
excluded from the study.

Dietary questionnaire

A validated dietary questionnaire was completed, from
which the summed dietary and medication antioxidant
intake [18, 19] defined subjects as having either high or
low intake [20].

Exhaled breath condensate collection, processing and
storage

EBC was collected at 4°C by 10-20 minutes of tidal
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breathing in to a condenser with a saliva trap as
previously validated [21, 22]. Samples were aliquoted,
immediately de-aerated with argon gas, and stored
at -80°C.

Measurement of oxidative stress markers and

antioxidant capacity

Not all assays could be performed on all subjects due to
a limited EBC sample volume, particularly in those
who were severely ill and those with a reduced vital
capacity.

TEAC: total antioxidant capacity was measured using
the Antioxidant Assay Kit (#709001, Cayman
Chemical, Ann Arbor, MI, USA) as per protocol.
Values approximating zero were replaced by the value
1 uM. The inter-assay and intra-assay coefficient of
variation were 3% and 3.4% respectively. The linear
dynamic range of the assay was from 0 to 33 uM.

pH: EBC pH was measured using a pH meter with
silicon chip sensor (Model 1Q125, 1Q Scientific
Instruments, Loveland, CO, USA).

Total bilirubin: the modified Jendrassik-Grof method
was used in this assay for the standards [23]. Total
bilirubin level in EBC was determined using the
QuantiChrom  Bilirubin  Assay Kit (DIBR-180,
BioAssay Systems, Hayward, CA, USA). The limit of
detection (LOD) and intra-assay coefficient of variation
were 0.16 mg/dl (2.74 uM) and 5% respectively.

Urate and ascorbic acid: EBC samples were extracted
with 10% (w/v) meta-phosphoric acid (MPA). Iso-
ascorbic acid (IAA; 10 uM final concentration) was
added as an internal standard to confirm efficient
recovery of ascorbate from EBC. Samples were de-
aerated with argon and stored at -80°C prior to HPLC
analysis. Urate and ascorbic acid were assayed using
HPLC with an electrochemical detector (ESA
Coulochem 111), with a guard (0.45 v) and an analytical
cell (0.4v). The mobile phase comprised 40 mM
sodium acetate buffer (pH 4.75), 0.54 mM EDTA,
1.5mM Q12 ion pair reagent (Regis Technologies,
Morton Grove, IL, USA), and 7.5% methanol (v/v).
Samples were injected into the LC-18 column (25 cm X
4.6 mm, 5 p) (Supelco Analytic, Sigma-Aldrich, Castle
Hill, NSW, Australia) running at 1 ml/min [24]. The
LOD of this HPLC assay was 1 uM for both urate and
ascorbic acid.

Statistical analysis

Mean, 95% confidence interval (CI), and standard error
(SEM) were calculated for all parametric data, using
the Shapiro-Wilk test to determine which data were
appropriate for parametric statistical analysis. Unpaired
t-tests compared the groups. One-way ANOVA with
post-hoc unpaired t-test (Tukey’s test) was performed
to compare the subgroups. Spearman’s rank correlation
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examined the relationship between smoking pack years
and pH. Correlation between FEV; and FEV,/FVC
ratio of all subjects excluding non-smokers and each
assay were examined via Pearson’s coefficient.

RESULTS
Subject characteristics

There were 39 COPD patients (23 SCOPD; and 16
ECOPD) and 42 controls (31 non- and 11 ex-smokers
& smokers) recruited. The subjects' characteristics are
illustrated in Table 1.

In terms of gender and the estimated dietary antioxidant
intake, the COPD and control subgroups were matched.
COPD subgroups were significantly older, had a
greater smoking history, and significantly impaired
lung function variables. Of those with ECOPD, 68.8%
(11/16) had a systemic glucocorticoid administered, but
no other subject used systemic glucocorticoids.

The dietary intake of antioxidants of all the subjects
was lower than the recommended daily intake as stated
in the Australian Guide to Healthy Eating [20].

pH

pH was measured in 33 COPD subjects (14 ECOPD, 19
SCOPD), and 35 healthy controls (24 non-smokers, 11
ex-smokers & smokers).

The COPD group had a mean EBC pH of 7.1 +£0.2,
which was significantly lower by -0.5 (95% CI -0.89 to
0.14, p =0.0074) when compared to the mean pH of
the control group (7.6 + 0.1, p = 0.0074; Fig.1).
One-way ANOVA also revealed a significant
difference between the mean pH of the subgroups

(F value = 3.8, p = 0.0044). The SCOPD group had the
lowest mean pH among all subgroups (6.8 + 0.2), and
was significantly reduced when compared to non-
smokers (7.6 0.1, p<0.05) by 0.8 (95% Cl 1.4 to
0.12; p <0.05), and smokers & ex-smokers (7.7 + 0.1,
p <0.05, Fig.2). There was no significant difference
between the mean pH within the COPD or within the
control subgroups.

When pooling all subjects together, there was a
significant negative correlation between EBC pH and
the total amount of cigarette smoking (Spearman
r=-0.48; 95% CI -0.66 to -0.25; p=0.0001). pH
demonstrated a statistically significant positive
correlation with FEV,/FVC ratio of all subjects
excluding non-smokers (Pearson r=0.41; 95% CI
0.067 to 0.67; p < 0.05) but not with FEV1.
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Figure 1. pH of EBC of COPD patients vs control subjects

Table 1. Characteristics of subjects with COPD versus healthy controls

Control subjects (n = 42) COPD (n=39)

Non-smokers Ex-smokers & Smokers Stable Exacerbation
Number 31 11 23 16
Age (years)* 39.3+£35 37.7+3.8 68.7+2.4 753+14
Gender (male/female) 15/16 9/2 12/11 11/5
FEV.* 3+0.2 3.04+£043 1.26 £0.17 0.81+£0.09
% pred FEV,* 92.8+3.9 86.8+ 8.6 50.89 £4.73 34.12+3.52
FVvC* 348 +0.21 3.56 £0.54 2.49+£0.22 1.62 +0.15
% pred FVC* 89.98 +3.64 83.7+£6.05 76.0 +£5.38 51.25+398
% FEV1/FVC* 85.62 £ 1.15 79.9 + 2.27 51.88 £4.27 51.11 +£3.69
Systemic corticosteroid use 0/31 0/11 0/23 11/16
Dietary antioxidants (high/low)** 0/31 0/11 0/23 0/16
Smoking (pack years)* 0+0 10.9+43 514+6.7 534+8.1

Data are normally distributed and presented as mean + SEM. FEV, forced expiratory volume in 1 second; FVC, forced vital capacity.

*There is statistically significant difference between the subgroups.

**The threshold between “high” and “low” is defined by the recommended dietary intake as set by the Australian Guide to Healthy Eating.

http://www.oamsjournal.com
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Figure 2. EBC pH comparison of COPD and control subgroups

TEAC

Overall, 34 COPD (19 SCOPD and 15 ECOPD
patients) and 36 control samples (26 non-smokers; 10
ex-smokers & smokers) were analyzed.

The COPD group had a mean TEAC of 12 + 2.8 uM,
which was significantly lower than that of the control
group (29+57uM, p<0.01) by 17+£6.5uM
(p <0.01).

ANOVA and subgroup analysis indicated significant
differences  (One-way  ANOVA,; Fvalue =3.7,
p = 0.005) with a significantly reduced mean TEAC
level in the SCOPD group (11 + 2.4 uM) compared to
the ex-smokers & smokers (post-hoc Tukey’s
comparison test; 45+1.1 uM, p<0.05) (Fig.3) by
34 mM (95% CI 65 to 2.0, p <0.05). There was no
statistically significant difference between the mean
TEAC of ECOPD and that of SCOPD groups or within
the control subgroups. There was also no statistically
significant correlation between TEAC and FEV; or
FEV/FVC ratio.

Bilirubin

A total of 30 COPD (16 with SCOPD and 14 ECOPD)
and 22 control samples were analyzed.

Bilirubin was detectable in EBC. One-way ANOVA of
the COPD and control subgroups demonstrated
significant differences in mean bilirubin level
(F value =4.5, p=0.0017; Fig.4). The ECOPD group

had a mean bilirubin level of 0.21 +0.04 mg/dl
(3.6 £ 0.6 uM), which was significantly lower than the

SCOPD group (0.35+0.01 mg/dl (6+0.2 uM,
p<0.01) by 0.14mg/dl (95% ClI 0.24 to 0.03,
p<0.01), and the non-smoking control group
(0.35+0.02mg/dl  (6+£0.3uM), p<0.01) by
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Figure 3. EBC Trolox equivalent antioxidant capacity (TEAC) of
COPD vs control subjects
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Figure 4. EBC bilirubin of COPD and control subgroups

0.13 mg/dl (95% CI 0.24 to 0.03, p < 0.01). There was
no statistically significant difference among the control
subgroups nor between the mean bilirubin levels of the
COPD group (0.29 +0.02 mg/dl; 5+ 0.3 uM) and the
control group (0.34 +£0.02 mg/dl; 5.8+0.3 uM)
(p =0.093). There was also no statistically significant
correlation between bilirubin and FEV, or FEV,/FVC
ratio.

Urate and ascorbate

Samples from 3 ECOPD patients and 6 control subjects
were analyzed for urate and ascorbate. No urate or
ascorbate could be detected in any EBC samples (LOD
1 uM).

DOl 10.5455/0ams.300812.0r.016
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Table 2. Mean TEAC, bilirubin and pH levels in COPD and control subgroups

Mean TEAC (uM) Mean bilirubin (mg/dL) Mean pH
All COPD 12.1+2.8 0.29 +£0.02 7.1+0.2
All controls 293+5.7 0.34 £0.02 7.6+0.1
SCOPD 112+2.4 0.22 £ 0.04 7.5+£0.2
ECOPD 13.3+5.7 0.35+0.01 6.8+£0.2
Non-smokers 233+6.5 0.35+0.02 7.6+0.1
Ex-smokers & smokers 449 +11 0.31 £0.04 7.7+0.1

Data are normally distributed and presented as mean + SEM

Table 3. Correlations between FEV,, FEV,/FVC and TEAC/bilirubin/pH in all subjects excluding non-smokers

Pearson R value

FEV,/FVC

FEV,
TEAC -0.18 (95% CI -0.49 10 0.17) / p = 0.309
Bilirubin -0.066 (95% CI -0.39 t0 0.27) / p = 0.701
pH 0.34 (95% CI -0.016 t0 0.62) / p = 0.061

-0.18 (95% CI -0.49 10 0.17) / p = 0.309
-0.041 (95% CI -0.36 t0 0.29) / p = 0.813
0.41* (95% CI 0.067 to 0.67)

*marks a value of statistical significance

DISCUSSION

This study found that the mean TEAC level in the
stable COPD group was significantly reduced
compared to the ex-smokers & smokers, and that the
COPD exacerbation group had a significantly lower
mean bilirubin level than the stable COPD group and
the non-smoking group. This is one of the first reports
of the TEAC being measured in EBC of COPD and
control subjects, confirming the presence of radical
scavengers in EBC as previously hypothesized [21, 25].
It establishes that while EBC TEAC does not measure
antioxidant efficiency, it can provide a useful method
to measure the total free radical scavenging capacity in
the airways of COPD patients, overcoming some of the
difficulties in sampling sputum and BAL. In the past, it
has been difficult to measure the antioxidant status in
the lung compartments. While plasma TEAC levels of
ECOPD patients have been shown to be lower than that
of the SCOPD or normal control subjects , it does not
necessarily reflect local airway antioxidant status, and
EBC could therefore provide a more direct and relevant
method using a minimally invasive procedure [26, 27].
This study has detected TEAC in EBC at the level of
10~60 umol/l, which is significantly lower than the
plasma TEAC measured in other studies (in the range
of 300 to 1300 pumol/l) [26, 27].

A previous study by Liu et al showed decreased TEAC
levels in EBC of asthmatic subjects but failed to show a
significant difference between COPD and healthy
controls, possibly due the small sample size [21]. This
paper has extended those observations by
demonstrating that COPD patients indeed have a lower
level of TEAC in their EBC. Thus, COPD patients are
likely to lack antioxidants not only in their diet and

http://www.oamsjournal.com

systemic circulation but also in the airways [1, 11, 12,
26, 28].

An unexpected finding was that ECOPD group did not
have a significantly reduced EBC TEAC level
compared to SCOPD group and control subgroups as
hypothesized. This might possibly be attributed to the
sample size as well as those with an exacerbation of
their COPD already having received, prior to sampling,
high dose systemic glucocorticoids, which could induce
a decrease in airway oxidative stress [14, 15].
Prospective studies could investigate whether systemic
glucocorticoid use would cause an increase in the EBC
TEAC level of patients admitted for exacerbations of
COPD, but obviously this is difficult in subjects who
are very breathless. EBC as a technique can be useful
for assessing the drug effects in patients with stable
COPD [29].

TEAC represents an overall measure of antioxidant
capacity and a minor contributor to this activity may be
bilirubin. This is one of the first time that bilirubin has
been reported in EBC, although bilirubin has been
detected in the induced sputum of other patient groups
[8]. The levels of EBC bilirubin (0.246 mg/dl -
0.379 mg/dl, corresponding to 4.2 uM - 6.47 uM) were
similar to those in induced sputum (2.82 uM to
6.89 uM) measured by timed-endpoint diazo method
[8] while few studies have determined bilirubin in
BAL. Nonetheless, the use of these ELISAs in
measuring bilirubin has been validated using HPLC
[30, 31].

It has been postulated that the pathogenesis of COPD
increases the burden of oxidative stress in the lung via
smoking or infection, which leads to an up-regulation
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of heme oxygenase-1 (HO-1) [32]. This causes an
increased production of exhaled carbon monoxide and
biliverdin, which subsequently is converted to bilirubin,
an antioxidant which counters the elevated oxidative
stress [32]. In an exacerbation of COPD, the excessive
oxidative stress may deplete the bilirubin, or there may
be a reduction of synthesis as suggested by decreased
HO-1 activity in the alveolar macrophages of severe
COPD patients [33]. This is the first time that a
statistically significant reduction in bilirubin derived
from the airways has been found in association with an
exacerbation. The low level in EBC may suggest that it
is not the main contributor to the total radical
scavenging ability in EBC. Nonetheless, these findings
suggest a role for bilirubin in the pathogenesis of
COPD and warrant more study in this field. Our study
was limited by the difficulty in recruiting older control
subjects who had no comorbidities, smoking history or
past lung disease. In addition, it was very difficult to
find subjects who had a comparable smoking history to
those with COPD, yet who were healthy, leading to a
poor match for smoking history in the control group.

Hydrogen ion content or pH has been reported to be
correlated with and may be an indirect indicator of
oxidative stress [15] as it has been suggested to be
indicative of neutrophilic inflammation [15, 34]. Itis a
relatively stable marker, resistant to degradation and
dilution but pH may decrease with age. Breath CO,
lowers the pH of EBC, therefore de-aeration of EBC
samples with argon gas immediately after collection,
freezing and minimizing the length of time the samples
remained at room temperature was undertaken before
analysis in order to standardize EBC pH conditions
[14, 35]. This study showed a significantly negative
correlation between the EBC pH and the amount of
smoking, emphasizing the oxidative damage by
cigarette smoking on the airway. Furthermore, this
study showed a significantly positive correlation
between the degree of airway obstruction (FEV/FVC
ratio) and pH in all subjects excluding non-smokers
without COPD. This study confirmed a significantly
lower EBC pH in severe and stable COPD subjects
[36, 37], and it also extends the finding by showing a
significant difference between the stable COPD group
and the ex-smokers & smokers subgroups. Moreover,
this study suggested that severity of airway obstruction
in subjects with COPD and cigarette exposure is related
to a higher degree of oxidative stress. The mean pH of
the ECOPD group was higher than that of the SCOPD
group. This was unexpected as it would be anticipated
that during an exacerbation of obstructive lung
diseases, there would be a greater infiltration of
inflammatory cells and therefore more acid production
(e.g. HOCI, HNO,, and HOBr), thus lowering the pH
[15]. Again, these results could be due to those with
exacerbations being treated prior to sampling by the
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administration of high dose systemic glucocorticoids
[14]. In the future, incorporation of additional oxidative
stress such as that of HOCI- and HOBr-mediated
oxidative reactions (i.e., 3-chlorotyrosine, 3-bromotyro-
sine) would assist in clarifying which acid moieties
were contributing to the acidosis.

A limitation of this study is that due to the sample size
the stable COPD group could not be further divided
into the different disease severity groups according to
the GOLD classification. In stable COPD patients,
there is a difference between smoking status and EBC
pH measured, as well as a trend of lower pH with
disease severity in the stable COPD group [36]. It
would be interesting in the future to explore EBC pH in
different degrees of disease severity in both stable
COPD and exacerbations with smoking as an
independent factor. This may further elucidate the role
of oxidative stress and smoking in the pathogenesis of
COPD. Furthermore, it would also be worth studying
the relationships between other antioxidants such as
secretory leucocyte protease inhibitor [38], 8-isopros-
tane, a stable marker of oxidative stress [39], and
leucotriene B4, a potent pro-inflammatory mediator
[40, 41], in the EBC.

Uric and ascorbic acids are antioxidants which have
been detected in the BAL [9, 10], which might be
expected to comprise the same components as EBC.
Neither urate nor ascorbate could be detected using
HPLC with electrochemical detection. Lack of
detection of these antioxidants is supported by the
finding that these antioxidants exist in low level in the
other body compartments. Urate levels in the BAL and
bronchial wash are in the range of 0.4 to 0.97 uM
[10, 42] although higher values have been reported [9].
Ascorbic acid has been detected in BAL in
concentrations ranging from 0.01 to 0.21 uM [10]. A
low level of urate and ascorbate in EBC might indicate
that they are not the major antioxidants in the local
airway, unlike their significant role in the systemic
circulation [9, 43, 44]. It is possible, however, that
ascorbate degradation could occur during the collection
of the condensate, as it is readily converted by many
redox-active agents, such as the transition metals.

Overall, there is clear evidence of significant oxidative
stress in the local airway of COPD patients. COPD
patients have a decreased level of TEAC in the exhaled
breath condensate, and a more acidic environment in
the local airways. In particular, those with COPD
exacerbations have a reduced level of bilirubin. Not
only does oxidative stress occur in the airways of
patients with COPD exacerbations, oxidative stress also
occurs in patient with stable COPD. The underlying
issue of oxidative imbalances therefore may be an
important area that needs to be addressed in patients
with stable COPD, with the aim to reduce disease

DOl 10.5455/0ams.300812.0r.016
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progression or further exacerbations. The detection of
bilirubin in the EBC suggests that bilirubin potentially
plays a role in modulating the pathogenesis of COPD
and warrants further investigation. However, the low
level, along with the undetectable levels of urate and
ascorbate may suggest that they are not the main
contributors of TEAC in EBC. Thiols and other
unknown agents may therefore be responsible for the
TEAC in EBC. Nonetheless, EBC antioxidants
(bilirubin and TEAC) and oxidative stress markers may
be wuseful in monitoring the effects of COPD
interventions in the future, particularly if the use of
antioxidant strategies is shown to be useful.

ACKNOWLEDGEMENTS

The authors would like to thank Shane R. Thomas and
Mohammed Freewan from the Centre for VVascular Research,
School of Medical Sciences, Faculty of Medicine, the
University of New South Wales for their technical support.

REFERENCES

1. Daga MK, Chhabra R, Sharma B, Mishra TK. Effects of
exogenous vitamin E supplementation on the levels of oxidants
and antioxidants in chronic obstructive pulmonary disease. J
Biosci 2003; 28:7-11.

2. Lee W, Thomas PS. Oxidative stress in COPD and its
measurement through exhaled breath condensate. Clin Transl Sci
2009; 2:150-5.

3. Joppa P, Petrasova D, Stancak B, Dorkova Z, Tkacova R.
Oxidative stress in patients with COPD and pulmonary
hypertension. Wien Klin Wochenschr 2007; 119:428-34.

4. Kluchova Z, Petrasova D, Joppa P, Dorkova Z, Tkacova R. The
association between oxidative stress and obstructive lung
impairment in patients with COPD. Physiol Res 2007; 56:51-6.

5. Santus P, Sola A, Carlucci P, Fumagalli F, Di Gennaro A,
Mondoni M, Carnini C, Centanni S, Sala A. Lipid peroxidation
and 5-lipoxygenase activity in chronic obstructive pulmonary
disease. Am J Respir Crit Care Med 2005;171:838-43.

6. Stocker R, McDonagh AF, Glazer AN, Ames BN. Antioxidant
activities of bile pigments: biliverdin and bilirubin. Methods
Enzymol 1990; 186:301-9.

7. Grootveld M, Halliwell B. Measurement of allantoin and uric
acid in human body fluids. A potential index of free-radical
reactions in vivo? Biochem J 1987; 243:803-8.

8. Horvath I, Donnelly LE, Kiss A, Paredi P, Kharitonov SA,
Barnes PJ. Raised levels of exhaled carbon monoxide are
associated with an increased expression of heme oxygenase-1 in
airway macrophages in asthma: a new marker of oxidative stress.
Thorax 1998; 53:668-72.

9. van der Vliet A, O'Neill CA, Cross CE, Koostra JM, Volz WG,
Halliwell B, Louie S. Determination of low-molecular-mass
antioxidant concentrations in human respiratory tract lining
fluids. Am J Physiol Lung Cell Mol Physiol 1999; 276:289-96.

http://www.oamsjournal.com

10. Kelly FJ, Mudway I, Blomberg A, Frew A, Sandstrom T. Altered
lung antioxidant status in patients with mild asthma. Lancet
1999; 354:482-3.

11. Tug T, Karatas F, Terzi SM. Antioxidant vitamins (A, C and E)
and malondialdehyde levels in acute exacerbation and stable
periods of patients with chronic obstructive pulmonary disease.
Clin Invest Med 2004; 27:123-8.

12. Calikoglu M, Unlu A, Tamer L, Ercan B, Bugdayci R, Atik U.
The Levels of serum vitamin C, malonyldialdehyde and
erythrocyte reduced glutathione in chronic obstructive
pulmonary disease and in healthy smokers. Clin Chem Lab Med
2002; 40:1028-31.

13. Kelly MG, Brockbank S, Elborn JS, Ennis M. Airway
antioxidants in chronic obstructive pulmonary disease. Thorax
2000; 55(Suppl 3):A21.

14. Hunt JF, Fang K, Malik R, Snyder A, Malhotra N, Platts-Mills
TA, Gaston B. Endogenous airway acidification: implications for
asthma pathophysiology. Am J Respir Crit Care Med 2000;
161:694-9.

15. Kostikas K, Papatheodorou G, Ganas K, Psathakis K, Panagou P,
Loukides S. pH in expired breath condensate of patients with
inflammatory airway diseases. Am J Respir Crit Care Med
2002;165:1364-70.

16. American Thoracic Society. Standards for the diagnosis and care
of patients with chronic obstructive pulmonary disease (COPD)
and asthma. Am Rev Respir Dis 1987; 136:225-44.

17. Rodriguez-Roisin R. Toward a consensus definition for COPD
exacerbations. Chest 2000; 117:398-401.

18. McCarty CA, De Paola C, Livingston PM, Taylor HR.
Reliability of a food frequency questionnaire to assess dietary
antioxidant intake. Ophthalmic Epidemiol 1997; 4:33-40.

19. Wu X, Beecher GR, Holden JM, Haytowitz DB, Gebhardt SE,
Prior RL. Lipophilic and hydrophilic antioxidant capacities of
common foods in the United States. J Agric Food Chem 2004;
52:4026-37.

20. Smith A, Schmerlaib Y, Kellett E. The Australian Guide to
Healthy Eating. Commonwealth Department of Health and
Family Services, Canberra, Australia; 1998.

21. Liu J, Chow S, Yates DH, Thomas PS. Exhaled breath
condensate antioxidant capacity in asthma and COPD.
Respirology 2007; 12(Suppl. 1):A31.

22. Liu J, Sandrini A, Thurston MC, Yates DH, Thomas PS. Nitric
oxide and exhaled breath nitrite/nitrates in chronic obstructive
pulmonary disease patients. Respiration 2007; 74:617-23.

23. Mori L. Modified Jendrassik-Grof method for bilirubin adapted
to the Abbott Bichromatic Analyzer. Clin Chem 1978; 24:1841-
5.

24. Levine M, Wang Y, Padayatty SJ, Morrow J. A new
recommended dietary allowance of vitamin C for healthy young
women. Proc Natl Acad Sci USA 2001; 98:9842-6.

25. Nowak D, Kasielski M, Antczak A, Pietras T, Bialasiewicz P.
Increased content of thiobarbituric acid-reactive substances and
hydrogen peroxide in the expired breath condensate of patients
with stable chronic obstructive pulmonary disease: no significant
effect of cigarette smoking. Respir Med 1999; 93:389-96.

26. Rahman |, Morrison D, Donaldson K, MacNee W. Systemic
oxidative stress in asthma, COPD, and smokers. Am J Respir
Crit Care Med 1996; 154:1055-60.

27. Rahman I, Skwarska E, MacNee W. Attenuation of
oxidant/antioxidant imbalance during treatment of exacerbations
of chronic obstructive pulmonary disease. Thorax 1997; 52:565-
8.

159



Lee et al; Oxidative stress in COPD

28.

29.

30.

3L

32.

33.

34.

35.

36.

Drost EM, Skwarski KM, Sauleda J, Soler N, Roca J, Agusti A,
MacNee W. Oxidative stress and airway inflammation in severe
exacerbations of COPD. Thorax 2005; 60:293-300.

Montuschi P, Macagno F, Parente P, Valente S, Lauriola L,
Ciappi G, Kharitonov SA, Barnes PJ, Ciabattoni G. Effects of
cyclo-oxygenase inhibition on exhaled eicosanoids in patients
with COPD. Thorax 2005; 60:827-33.

MacFarlane GD, Shaw LM, Venkataramanan R, Mullins R,
Scheller DG, Ersfeld DL. Analysis of whole blood tacrolimus
concentrations in liver transplant patients exhibiting impaired
liver function. Ther Drug Monit 1999; 21:585-92.

MacFarlane GD, Scheller DG, Ersfeld DL, Shaw LM,
Venkatarmanan R, Sarkozi L, Mullins R, Fox BR. Analytical
validation of the PRO-Trac Il ELISA for the determination of
tacrolimus (FK506) in whole blood. Clin Chem 1999; 45:1449-
58.

Choi AM, Alam J. Heme oxygenase-1: function, regulation, and
implication of a novel stress-inducible protein in oxidant-induced
lung injury. Am J Respir Cell Mol Biol 1996; 15:9-19.

Maestrelli P, Paska C, Saetta M, Turato G, Nowicki Y, Monti S,
Formichi B, Miniati M, Fabbri LM. Decreased haem oxygenase-
1 and increased inducible nitric oxide synthase in the lung of
severe COPD patients. Eur Respir J 2003; 21:971-6.

Carpagnano GE, Barnes PJ, Francis J, Wilson N, Bush A,
Kharitonov SA. Breath condensate pH in children with cystic
fibrosis and asthma: a new noninvasive marker of airway
inflammation? Chest 2004; 125:2005-10).

Borrill Z, Starkey C, Vestbo J, Singh D. Reproducibility of
exhaled breath condensate pH in chronic obstructive pulmonary
disease. Eur Respir J 2005; 25:269-74.

Papaioannou Al, Loukides S, Minas M, Kontogianni K, Bakakos
P, Gourgoulianis Kl, Alchanatis M, Papiris S, Kostikas K.
Exhaled breath condensate pH as a biomarker of COPD severity
in ex-smokers. Respir Res 2011; 12:67-73.

37.

38.

39.

40.

41.

42.

43.

44,

MacNee W, Rennard Sl, Hunt JF, Edwards LD, Miller BE,
Locantore NW, Tal-Singer R. Evaluation of exhaled breath
condensate pH as a biomarker for COPD. Respir Med 2011;
105:1037-45.

Bouloukaki 1, Tsiligianni 1G, Tsoumakidou M, Mitrouska I,
Prokopakis EP, Mavroudi I, Siafakas NM, Tzanakis N. Sputum
and nasal lavage lung-specific biomarkers before and after
smoking cessation. BMC Pulm Med 2011; 11:35.

Baraldi E, Ghiro L, Piovan V, Carraro S, Ciabattoni G, Barnes
PJ, Montuschi P. Increased exhaled 8-isoprostane in childhood
asthma. Chest 2003; 124:25-31.

Montuschi P, Ragazzoni E, Valente S, Corbo G, Mondino C,
Ciappi G, Barnes PJ, Ciabattoni G. Validation of leukotriene B4
measurements in exhaled breath condensate. Inflamm Res 2003;
52:69-73.

Montuschi P, Martello S, Felli M, Mondino C, Chiarotti M. lon
trap liquid chromatography/tandem mass spectrometry analysis
of leukotriene B4 in exhaled breath condensate. Rapid Commun
Mass Spectrom 2004; 18:2723-9.

Schock BC, Young IS, Brown V, Fitch PS, Shields MD, Ennis
M. Antioxidants and oxidative stress in BAL fluid of atopic
asthmatic children. Pediatr Res 2003; 53:375-81.

Nyyssonen K, Porkkala-Sarataho E, Kaikkonen J, Salonen JT.
Ascorbate and urate are the strongest determinants of plasma
antioxidative capacity and serum lipid resistance to oxidation in
Finnish men. Atherosclerosis 1997; 130:223-33.

Kongerud J, Crissman K, Hatch G, Alexis N. Ascorbic acid is
decreased in induced sputum of mild asthmatics. Inhal Toxicol
2003; 15:101-9.

This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License which permits
unrestricted, non-commercial use, distribution and reproduction in any medium, provided that the work is properly cited.

160

DOl 10.5455/0ams.300812.0r.016



