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Increased nitric oxide metabolites in exhaled
breath condensate after exposure to tobacco

smoke
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Abstract

Background—Cigarette smoking reduces
the level of exhaled nitric oxide (NO) in
healthy subjects, although the mechanism
is unclear. NO is a highly reactive mol-
ecule which can be oxidised or complexed
with other biomolecules, depending on the
microenvironment. The stable oxidation
end products of NO metabolism are
nitrite and nitrate. This study investigated
the effect of smoking on NO metabolites in
exhaled breath condensate.
Methods—Fifteen healthy current smok-
ers were recruited together with 14
healthy non-smokers. Measurement of
exhaled NO, lung function, and collection
of exhaled breath condensate were
performed. Nitrite, nitrite + nitrate,
S-nitrosothiols, and nitrotyrosine levels
were measured. The effect of inhaling two
cigarettes in smokers was also evaluated.
The mean level of exhaled NO in smokers
was significantly lower than in non-
smokers (4.3 (0.3) ppb v 5.5 (0.5) ppb,
p<0.05).

Results—There was no difference in the
levels of nitrite, nitrite + nitrate,
S-nitrosothiols, and nitrotyrosine in the
exhaled breath condensate at the baseline
visit between smokers and non-smokers.
After smoking, nitrite + nitrate levels were
significantly but transiently increased
(from 20.2 (2.8) pM to 29.8 (3.4) pM,
p<0.05). There was no significant change
in the levels of exhaled NO, nitrite,
S-nitrosothiols, or nitrotyrosine 30 and 90
minutes after smoking.
Conclusions—These findings suggest that
acute smoking can increase the level of
nitrate, but not nitrite, S-nitrosothiols, or
nitrotyrosine in breath condensate. The
deleterious effect of oxidant radicals in-
duced by smoking may contribute to the
epithelial damage of airways seen in
smokers.

(Thorax 2001;56:456-461)
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Nitric oxide (NO) is a gaseous mediator which
has an important role in several physiological
processes in the respiratory tract including vas-
cular regulation, neurotransmission, host de-
fence, and cytotoxicity.' > NO may be protec-
tive against oxidant induced cytotoxicity, but it
may also contribute to respiratory tract injury
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via the interaction of NO with reactive oxygen
species resulting in reactive nitrogen
intermediates.”” NO itself is a highly reactive
molecule with a relatively short half life in
vivo.” ® It can be oxidised or complexed with
other biomolecules depending on the microen-
vironment.’ " * NO can undergo a reaction with
superoxide anions (O,) at near diffusion
limited rates to yield peroxynitrite, a potent
oxidising agent that may initiate lipid peroxida-
tion in biological membranes, hydroxylation
and nitration of aromatic amino acid residues,
and sulfhydryl oxidation of proteins.’ ' Fur-
thermore, peroxynitrite may decompose to
yield nitrogen dioxide and species with hy-
droxyl radical-like reactivity responsible for its
toxicity." The stable oxidation end products of
NO metabolism are nitrite (NO,) and nitrate
(NO,)." Peroxynitrite also reacts with tyrosine
residues in protein to form stable
3-nitrotyrosine derivatives.

Cigarette smoking is associated with in-
creased oxidative stress in the lung.”'" The
potent oxidant, superoxide, can be released
from alveolar macrophages as well as polymor-
phonuclear leucocytes.”'” Cigarette smoke
itself is also a rich source of oxidants" and each
puff of cigarette smoke contains approximately
10" oxidant molecules. In habitual cigarette
smokers exhaled NO levels are chronically
decreased,” *' possibly by downregulation of
constitutive NOS (cNOS).” It has recently
been revealed that the reduction in exhaled NO
levels in smokers is reversible and can increase
following smoking cessation.”” It has been
shown that acute exposure to cigarette smoke
causes a reduction in exhaled NO levels 5 min-
utes after smoking which returns to baseline
values within 15 minutes.”' In contrast, a con-
sistent increase in the level of exhaled NO 1-10
minutes after smoking a cigarette has also been
reported.” These findings suggest that NO
might be trapped at the epithelial surface of
airways in the formation of bioequivalent
oxides of nitrogen such as peroxynitrite and
S-nitrosothiols.”

NO metabolites can be detected in the
epithelial lining fluid of the human respiratory
tract as well as in exhaled breath conden-
sate.”*

The aim of this study was to examine the
short and long term effects of cigarette
smoking by smokers on NO metabolism. The
long term effect refers to differences between
smokers and non-smokers, whereas the short
term effect refers to changes in the NO
metabolites in habitual smokers 30 and 90
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minutes after smoking exposure. We would
therefore expect higher baseline levels of NO
metabolites in smokers than in non-smokers
because of the exogenous oxidative stress
caused by cigarette smoke.

The reactive nitrogen metabolites such as
NO,, NO, + NO,, S-nitrosothiols, and nitro-
tyrosine in exhaled breath condensate were
measured, together with lung function and
exhaled NO and carbon monoxide (CO)
concentrations.

Methods

SUBJECTS

Twenty nine healthy volunteers (13 men) were
allocated to two groups: non-smoking (n=14,
mean (SD) age 34.8 (2.3) years) and smoking
(n=15, mean (SD) age 32.3 (2.4) years). The
smokers had smoked a mean of 7.3 (2.0) pack
years. Subjects with asthma, hypertension, or
respiratory infection within the 2 weeks
preceding the study were excluded. Measure-
ment of exhaled NO, exhaled CO, lung
function, and collection of exhaled breath con-
densate were performed. Spirometric tests
showed that all subjects had a forced expiratory
volume in one second (FEV,) within the
normal range. The clinical characteristics of
the subjects are shown in table 1.

Smokers were asked to refrain from smoking
at least 4 hours before the baseline measure-
ments. After assessing the baseline measure-
ments, smokers were asked to smoke two ciga-
rettes and the measurements were then
repeated 30 and 90 minutes later. Each
individual smoked cigarettes from the same
brand during the study (Marlboro filter
cigarettes, Philip Morris, Richmond, USA).

The study protocol was approved by the eth-
ics committee of the Royal Brompton Hospital
and informed consent was obtained from each
subject.

PULMONARY FUNCTION

Forced vital capacity (FVC) % predicted and
FEV, % predicted were measured using a dry
spirometer (Vitalograph Ltd, Buckingham, UK)
and the best value of three manoeuvres was
expressed as a percentage of the predicted value.

EXHALED NO MEASUREMENT

Exhaled NO was measured by chemilumines-
cence analyser (Model LR2000, Logan Re-
search Ltd, Rochester, UK) with a sensitivity to
NO of 1-500 ppb by volume and a resolution of
0.3 ppb. The analyser was designed for online
recording of exhaled NO concentrations. It was

Table 1 ~ Subject characteristics

Healthy smokers (n=15)

Healthy non-smokers (n=14)

Age (years)

Sex (M/F)

FVC (% predicted)
FEV, (% predicted)
Exhaled NO (ppb)

Exhaled CO (ppm)

32 (2) 35 (2)
7/8 6/8
97.1 (3.1) 100.5 (3.1)

90.1 (1.4) [87.07 to 93.11]
4.3 (0.3)* [3.59 to 4.93]
12.5 (2.2)** [7.85 to 17.20]

101.1 (2.6) [95.45 to 106.76]
5.5 (0.5) [4.46 to 6.48]
3.5 (0.3) [2.83 to 4.13]

FEV, = forced expiratory volume in one second; FVC = forced vital capacity; NO = nitric oxide;

CO = carbon monoxide.

monoxide. Values are means (SE) [95% confidence intervals].

*p<0.05; **p<0.001.
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calibrated with certified NO mixtures (55 ppb)
in nitrogen (BOC Special Gases, Guildford,
UK). Measurement of exhaled NO was made by
slow exhalation (5-6 /min) from total lung
capacity (TLC) for 20-25 seconds against a
resistance (3 (0.4) mm Hg) to prevent nasal
contamination. The mean values were taken
from the point corresponding to the plateau of
the end exhaled CO, reading, representing the
lower respiratory tract sample.

EXHALED CO MEASUREMENT

Exhaled CO was measured using a modified
electrochemical sensor with a sensitivity of
1-500 ppm CO simultaneously with NO
measurement by LLR2000 chemiluminescence
analyser (Logan Research Ltd) to control exha-
lation parameters (resistance 3 (0.4) mm Hg;
exhalation flow 5—6 /min). The mean value of
two measurements was recorded. Ambient CO
was recorded before each measurement and
subtracted from the mean value obtained during
the manoeuvres.

EXHALED BREATH CONDENSATE

Exhaled breath condensate was collected using
a condenser which allowed the non-invasive
collection of non-gaseous components of the
expiratory air (EcoScreen, Jaeger, Wiirzburg,
Germany). Subjects breathed through a
mouthpiece and a two way non-rebreathing
valve which also served as a saliva trap. They
were asked to breathe at a normal frequency
and tidal volume, wearing a noseclip, for a
period of 10 minutes. The condensate (at least
1 ml) was collected as ice at —20°C and imme-
diately stored at —70°C.

NITRITE, NITRITE + NITRATE, AND
S-NITROSOTHIOL. MEASUREMENT

Quantification of NO, was assessed by a fluoro-
metric assay based on the reaction of nitrite with
2,3-diaminonaphthalene (DAN) to form the
fluorescent product 1-(H)-naphthotriazole.*
Briefly, a 100 ul sample of exhaled breath
condensate was mixed with 10 pl of 0.05 mg/ml
DAN reagent in 0.625 M HCI. The reaction
was allowed to proceed at room temperature in
the dark and was terminated with 10 pl of 1.4 M
NaOH. The intensity of the fluorescent signal
produced by the product was immediately
measured by a fluorometer (Ex: 360 nm, Em:
460 nm; Biolite F1, Labtech International Ltd,
Uckfield, UK). Incubation of samples with
nitrate reductase allowed the nitrate present in
the sample to be measured by this assay after
being converted to nitrite.

S-nitrosothiols were measured following
release of nitrite from nitrosothiols by 2 mM
mercuric chloride (HgCl,) using the above
mentioned procedure. To calculate
S-nitrosothiols, nitrite levels were subtracted.

NITROTYROSINE ASSAY
Nitrotyrosine was measured using a specific
enzyme immunoassay (EIA) (Cayman Chemi-
cal, Ann Arbor, MI, USA). Assays were initially
performed on unconcentrated condensate
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samples. The lower limit of detection for this
assay was 3.9 ng/ml. If nitrotyrosine was not
detected in unconcentrated condensate sam-
ples, the breath condensates were concentrated
threefold using a freeze dryer (Modulyo,
Edwards, Crawley, UK) and reanalysed.

STATISTICAL ANALYSIS
Data are reported as mean (SE) and confi-
dence intervals. The study population had a
normal distribution so the comparisons be-
tween smoker and non-smoker groups were
performed using Student’s ¢ tests. The time
course of the effect of cigarette smoking was
investigated by repeated measures ANOVA.
The significance level was defined as p<0.05.
Statistical calculations were carried out using
the Statistica 5.1 statistical program package
(StatSoft Inc, Tulsa, Oklahoma, USA).

Results

BASELINE LEVELS OF EXHALED NO, CO, AND
NITRIC OXIDE METABOLITES

Concentrations of NO in the exhaled air were
significantly decreased in cigarette smokers
compared with normal non-smokers (4.3
(0.3), 95% CI 3.59 to 4.93 ppb v 5.5 (0.5),
95% CI 4.46 to 6.48 ppb; p<0.05). The differ-
ence in exhaled NO was —1.21 with a lower
95% confidence limit of —2.35 and an upper
confidence limit of -7.41.
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Exhaled CO concentrations were signifi-
cantly higher in smokers than in non-smokers
(12.5 (2.2), 95% CI 7.85 to 17.20 ppm v 3.4
(0.3), 95% CI 2.83 to 4.13 ppm; p<0.001).
The difference in exhaled CO was 9.04 with a
95% lower confidence limit of 4.37 and an
upper confidence limit of 13.72. There was no
significant difference between smokers and
non-smokers in the levels of NO, (2.4 (0.3),
95% CI 1.63 to 30.8 uM v 3.2 (0.5), 95% CI
2.25t0 4.4 uM), NO, + NO, (20.2 (2.8),95%
CI 14.30 to 26.19 uM o 16.0 (1.6), 95% CI
12.56 to 19.50 uM), S-nitrosothiols (0.1 (0.1),
95% CI—-0.03 to 0.33 uM 2 0.5 (0.2), 95% CI
0.02 to 0.94 uM), or nitrotyrosine (7.2
(1.3) ng/ml v 6.3 (0.8) ng/ml; fig 1.

LEVELS OF EXHALED NO, CO, AND NO
METABOLITES AFTER EXPOSURE TO TOBACCO
SMOKE

To determine the effects of cigarette smoke on
exhaled NO, CO and NO metabolites NO,,
NO, + NO,, S-nitrosothiols, and nitrotyrosine
were measured in exhaled breath condensate of
habitual smokers 30 and 90 minutes after
smoking two cigarettes. The effect on NO, +
NO, was investigated by repeated measures
ANOVA and a significant main effect was
found (F(2,28) = 3.89, p<0.03). Mauchley’s
test proved that NO, + NO; did not violate
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Figure 1 Concentrations of (A) exhaled nitric oxide (NO), (B) nitrotyrosine, (C) nitrite + nitrate (NO, + NO; ), and
(D) nitrite (NO,) in breath condensate in healthy non-smokers and smokers. Exhaled NO was significantly decreased in
smokers (p<0.05) but there was no significant difference in the levels of NO metabolites in exhaled breath condensate.
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the sphericity assumption. Planned compari-
sons were performed to compare the levels of
NO, + NO, before and after smoking (30 and
90 minutes, respectively). The change in NO,
+ NO, levels at baseline compared with 30
minutes after smoking (20.2 (2.8) uM v 29.8
(3.4) uM) was significant (F(1,14) = 7.32,
p<0.017) and returned to the baseline level
within 90 minutes (21.8 (3.6) uM, p<0.05);
the difference between the levels measured at
30 and 90 minutes was also significant
(F(1,14) = 6.97, p<0.019); fig 2). There was
no change in exhaled NO concentration (4.3
(0.3) ppb v 4.2 (0.4) ppb) or in the concentra-
tions of NO,, S-nitrosothiols, or nitrotyrosine
at 30 or 90 minutes after smoking exposure.
The main effect of the repeated measures
ANOVA calculated on exhaled CO was signifi-
cant (F(2,28) = 13.28, p<0.003). The F-test

p < 0.05 p < 0.05
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Figure 2 Concentrations of (A) nitrite + nitrate (NO, +
NO;), (B) nitrite (NO,), and (C) nitrotyrosine in
exhaled breath condensate after smoking challenge. NO, +
NO; concentrations were significantly increased 30 minutes
after smoking (p<0.05) and returned to the baseline level
within 90 minutes (p<0.05). There were no significant
changes in the concentrations of NO, and nitrotyrosine
after exposure to tobacco smoke.
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was adjusted by the Greenhouse-Geisser cor-
rection as the Mauchley sphericity test was sig-
nificant. Concentrations of exhaled CO in-
creased significantly from the baseline levels to
the levels measured at 30 minutes after
smoking (12.5 (2.2) ppm v 19.6 (3.0) ppm;
F(1,14) = 35.76, p<0.0003), and there was
also a significant difference between the levels
at 30 and 90 minutes (19.6 (3.0) ppm v 14.1
(2.5) ppm; F(1,14) = 14.88, p<0.0017).

There was no correlation between levels of
exhaled NO and NO metabolites in breath
condensate before and after exposure to
tobacco smoke.

Discussion

In this study the acute and long term effects of
smoking exposure on NO metabolites in
exhaled breath condensate in healthy smokers
were examined and compared with values in
normal subjects.

The concentration of exhaled NO was
reduced significantly in current smokers com-
pared with normal non-smoking subjects, in
agreement with other studies.”> > There was no
significant difference in the levels of NO,,
NO, + NO,, S-nitrosothiols, or nitrotyrosine
between habitual smokers at baseline and non-
smokers. Thirty minutes after smoking two
cigarettes there was no significant change in the
concentration of exhaled NO but the concen-
trations of NO metabolites (INO, + NO,") were
significantly increased. This increase was tran-
sient and returned to the baseline value by 90
minutes.

Many investigators have reported reduced
production of NO in the lower respiratory tract
of habitual smokers between cigarettes™ > and
exhaled NO concentrations return to normal
on cessation of smoking.” Cigarette smoke
itself contains high concentrations of NO and
CO which may directly inhibit NO production
by inhibition of NOS.?” ** However, other con-
stituents of cigarette smoke may play a role in
the reduction of exhaled NO.*® NO itself is a
highly reactive molecule which can be rapidly
oxidised and react with other biomolecules
such as superoxide.’ >® Cigarette smoke not
only contains oxidants, but also generates an
increased release of oxidants from neutrophils
and macrophages.””” NO and superoxide
anion can react to form peroxynitrite by a rapid
near diffusion limited reaction” * which can
nitrate tyrosine residues in proteins yielding
nitrotyrosine derivatives.”® Since the level of
exhaled NO is lower and superoxide release is
increased in habitual smokers, it is possible that
there is increased oxidative metabolism of NO
in cigarette smokers. NO, and NO,, the NO
oxidation products, can be detected in the spu-
tum and epithelial lining fluid of the normal
human respiratory tract, as well as in exhaled
breath condensate.* ' Although lower levels
of exhaled NO were observed in smokers at
baseline in our study, there was no difference in
NO oxidative metabolites in exhaled breath
condensate between healthy smokers and non-
smokers. Taken together, these data suggest
that the exogenous oxidative stress induced by
cigarette smoking may not exert a long term
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effect on NO oxidation in vivo, and the lower
levels of exhaled NO in smokers may be the
result of decreased production from NOS
rather than from increased metabolism.

Data regarding the acute effects of smoking
exposure remain controversial. Kharitonov ez a/
observed a significant decrease in the concen-
tration of exhaled NO 5 minutes after smoking,
suggesting cNOS downregulation by cigarette
smoke.”' In contrast, Chambers et al reported a
small but highly consistent increase in the con-
centration of exhaled NO following smoking,
which suggests that NO is trapped at the
epithelial surface of the normal human lower
respiratory tract in formation of bioequivalent
oxides of nitrogen and that this trapping mech-
anism is redox sensitive.”” Our study partly
supports this hypothesis because we found a
significant increase in NO, + NO, as the acute
effect of smoking. However, there was no
change in the levels of NO,, S-nitrosothiols, or
nitrotyrosine in exhaled breath condensate fol-
lowing smoking exposure. It is unclear why
NO, was high compared with NO,,
S-nitrosothiols, and nitrotyrosine. It has been
shown that superoxide released from activated
polymorphonuclear neutrophils can decrease
NO by conversion to nitrate, suggesting a
potential mechanism for modulation of NO
levels in vivo.” It is possible to convert from
nitrite to nitrate under acidic conditions, which
might be found in the setting of cell death and
lysis.” It suggests that smoking can modulate
NO biochemistry, causing a transiently higher
concentration of reactive nitrogen species.

There was no significant difference in the
levels of nitrotyrosine in breath condensate
between smokers and non-smokers, and there
was no change following smoking exposure.
One possible reason for the lack of change may
be that cigarette smoke itself may either
decrease nitrotyrosine formation or increase its
breakdown.

Our data suggest that the acute oxidative
stress presented to the lung by cigarette smoke
leads to locally transiently increased oxidation
in the lower airways, facilitating oxidation of
NO and resulting in an increase in NO oxida-
tive end products. After oxidant challenge NO
metabolites are likely to be removed from the
airways via the bloodstream and the antioxida-
tive system of the lung. NO metabolites then
return to baseline levels. This recovery might
be more difficult in diseased lung such as in
chronic  obstructive pulmonary disease
(COPD) or asthma.

Although the small sample size limited
the study, all the differences proved to be sig-
nificant. The time course of the effect of ciga-
rette smoking on NO metabolites also revealed
a discernible pattern. Presumably, serial
measurement between baseline and 90 min-
utes after smoking might reveal a more
detailed analysis of the change in NO
metabolites.

In summary, we conclude that cigarette
smoke can modulate NO metabolism by facili-
tating the oxidation of NO to increase
transiently oxidative products, which may con-
tribute to the detrimental effect of cigarette
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smoke on the airways. However, the lack
of a long term effect of exogenous oxidative
stress induced by cigarette smoking on NO
metabolites suggests that other pathways
may play a greater role in its damaging
effect. Further studies are needed to investigate
the complex chemistry of other highly
harmful oxidative products such as peroxyni-
trite in the airways after exposure to tobacco
smoke.

This study was supported by the British Lung Foundation
(NHLI, UK), the Hungarian Respiratory Society, and Founda-
tion for Patients with Lung & Heart Diseases (Hungary).
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We are delighted to announce this forthcoming conference in Sydney. Authors are invited to
submit papers (call for papers closes on Friday 6 April), and delegate enquiries are welcome.

The themes of the Forum are:
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