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ABSTRACT: Persistent airway inflammation may require the use of different markers
for monitoring airway inflammation. In this study, the authors investigated whether
adenosine, which may be produced in allergic inflammatory conditions, could be
measured with good reproducibility in exhaled breath condensate (EBC), and whether
its concentration was elevated in patients with asthma.

EBC adenosine and exhaled nitric oxide (eNO), a noninvasive marker of asthmatic
airway inflammation, were measured in 40 healthy volunteers and 43 patients with
allergic bronchial asthma. Repeatability of adenosine measurement was checked in 20
pairs of samples collected from healthy control subjects.

Adenosine was detectable in all EBC samples by the applied high-performance liquid
chromatographic method. The mean difference between repeated measurements of
adenosine was -0.1 nM and all differences were within the coefficient of repeatability.
Adenosine concentration was higher in steroid-naive patients (n=23) compared with
healthy control subjects and steroid-treated patients (n=20). In patients with worsening
symptoms of asthma (n=23), adenosine concentration was elevated compared with those
in a stable condition (n=20). Furthermore, adenosine concentrations were related to
eNO levels in asthmatic patients.

These results, showing good reproducibility of adenosine measurements and increased
adenosine concentrations in steroid-naive patients and in patients with worsening
of asthmatic symptoms, indicate that adenosine measurement in exhaled breath
condensate might be an acceptable novel method to investigate the role of local
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production of adenosine in the airways.
Eur Respir J 2002, 20: 1393—-1398.

Some lines of evidence suggest that adenosine may
be produced in asthmatic inflammatory conditions [1].
In patients with asthma, both allergen- and exercise-
induced airway obstruction were related to elevation
of adenosine concentration in plasma [2, 3]. Aside
from the potential role of adenosine as a mediator of
immediate bronchoconstriction [4], this nucleoside
may modulate persistent airway inflammation. Adeno-
sine is able to influence leukocyte chemotaxis; it may
promote chemotaxis by acting on A2b receptors [5, 6]
or may inhibit chemotaxis by coupling to A2a
receptors [7].

Collection of exhaled breath condensate (EBC) has
been suggested as a useful sampling method, obtain-
ing mediators directly and noninvasively from the
airway surfaces [8]. It was assumed that the high-
performance liquid chromatographic (HPLC) method,
which was previously developed to measure adenosine
in plasma [9], would be suitable to detect adenosine in
EBC. In this way, analysis of EBC might provide
information about the local concentration of adeno-
sine in the airways.

In the present study, the authors examined whether
adenosine could be detected with good repeatability in

EBC and whether its concentration differed between
healthy control subjects and patients with allergic
bronchial asthma. Elevation in exhaled nitric oxide
(eNO) level has been implicated as a potential nonin-
vasive marker of airway inflammation in asthma
[10, 11]. To obtain information about the inflamma-
tory status of the airways, the eNO level was measured
in all subjects and its relation to adenosine concentra-
tion was investigated.

Methods
Subjects

A total of 40 healthy volunteers and 43 asthma
patients were studied. All subjects were nonsmokers
without significant smoking history. Healthy control
subjects were nonatopic, nonasthmatic and without
history of any chronic diseases. Patients all met
the American Thoracic Society diagnostic criteria
for bronchial asthma and they were all sensitised to
grass pollen. In 41 of the 43 patients, additional
allergic sensitisation to house dust mite, dog or cat
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Table 1.—Subjects’ characteristics

Healthy Steroid Steroid
control naive treated
Subjects n 40 23 20
Sex F:M 26:14 11:12 8:12
Age yrs 32 (28-35) 33 (27-3%) 35 (29-41)
BDP pg 1246 (927-1565)
FEV1 % 91 (87-94) 85 (81-89)* 82 (77-86)**
Asthmatic 17 6

symptoms™ n

Data are presented as mean (95% confidence interval).
F: females; M: male; BDP: daily dose of inhaled steroids as
beclomethasone dipropionate equivalents; FEVi1: forced
expiratory volume in one second. *: recent worsening of. *:
p<0.05 versus healthy controls; **: p<0.01 versus healthy
controls.

dander was observed (skin-prick tests with Soluprick;
ALK, Abello Copenhagen, Denmark). Asthmatic
subjects were all studied in the grass pollen season
after visiting the outpatient clinic. Some of them
experienced recent worsening of asthmatic symptoms
(decrease in exercise tolerance, wheezing or awakening
during the night because of breathlessness). Steroid-
naive (SN) patients received only short-acting inhaled
B--agonists as needed. Medication of steroid-treated
(ST) patients was limited to inhalation of cortico-
steroids and short-acting B,-agonists. Table 1 shows
characteristics of patients and healthy control
subjects. The local ethics committee approved the
protocol and written informed consent was obtained
from each subject before the study.

Study design

All subjects were instructed to refrain from caffeine-
containing beverages and exercise. Patients were asked
to refrain from using bronchodilators for at least § h
before the study. Twenty healthy control subjects took
part in the repeatability study. Samples were collected
from them at the same time on two successive days.
Amylase activity in EBC samples was determined to
investigate if saliva significantly contaminated the
condensate. Furthermore, adenosine concentrations
were measured in saliva and compared to that in
matched EBC samples (15 healthy controls and 10
asthmatic subjects), to assess the possible effect of
saliva contamination on adenosine concentration in
EBC. All subjects’ details were obtained and eNO
level and forced expiratory volume in one second
(FEV1) values were measured, followed by collection
of EBC at ~09:00 h.

Lung function test and exhaled nitric oxide

measurement

FEV1 was measured by means of an electronic
spirometer (MS-11; MEDICOR, Budapest, Hungary)
and was expressed as percentage of the predicted

normal value for the subjects’ height and age,
according to European Coal and Steel Community
reference values. The best of three consecutive mano-
euvres was accepted for evaluation.

To measure eNO, a chemiluminescence analyser
(Model LR2000; Logan Research, Rochester, UK),
sensitive to NO from 1-5,000 parts per billion (ppb)
by volume and with a resolution of 0.3 ppb [10, 12],
was used. The analyser was designed for online
recording of eNO concentrations. It was calibrated
with a certified NO mixture (90 ppb) in nitrogen
(BOC Special Gases, Guildford, UK). Measurement
of eNO was made by slow exhalation (5-6 L-min™")
from total lung capacity for 20-30s against a
resistance (0.440.05 kPa (3.0+0.4 mmHg)), to prevent
nasal contamination, according to the current
European Respiratory Society guidelines [12].

Collection of expired breath condensate and saliva

EBC was collected using an EcoScreen condenser
(Jaeger, Hoechberg, Germany) by a method pre-
viously published [13]. Subjects breathed through a
mouthpiece and a two-way, nonrebreathing valve,
which also served as a saliva trap. Subjects were asked
to breathe at a normal frequency and tidal volume,
wearing a noseclip for a period of 10 min. Mean
expiratory flow rates were 210-350 mL-s™ both in
healthy control subjects and in asthmatic patients,
with no significant difference between the groups. To
obtain saliva samples, subjects chewed dental tampons
for 1-2 min immediately after collection of breath
condensate. Saliva was collected from tampons by
centrifugation (at 0°C and 1,000xg for 10 min).

Condensate samples were tested for salivary amy-
lase using an enzymatic colorimetric kinetic method
(Reanal Finechemical Co., Budapest, Hungary) with
Olympus AU 400 Automate (Olympus Optica Co.,
Mishima, Japan).

Determination of adenosine

Both the condensate and saliva samples were
deproteinised by ultrafiltration and then analysed by
HPLC immediately [9]. Adenosine concentration was
measured six times from the same ultra-filtered EBC
samples to check the intra-assay coefficient of varia-
tion (CV) of the analytical method. Recovery of
ultrafiltration for adenosine was determined in spiked
samples at three different concentrations. Stability
was assessed in four samples, with adenosine con-
centration at 5.2-38.5 nM, after storage for 4 h at
room temperature.

Statistical analysis

FEV1 values, adenosine concentration and eNO
levels were expressed as mean and 95% confidence
intervals. Comparisons between groups were per-
formed by parametric t-test because data showed
normal distribution. Recovery of ultrafiltration and
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stability of adenosine were calculated by:

Recovery % =100 x

(adenosine in spiked — adenosine in native) sample
adenosine standard

(M

adenosine after 4 h
. . ()
adenosine at time 0

Stability % =100 x

Correlations between the variables were calculated by
Pearson’s product moment correlation test. Differ-
ences were considered significant at p<(0.05. BLAND
and ALT™MAN's [14] test was used to assess repeatability
of adenosine measurement in EBC.

Results

The detection limit, defined as the lowest concen-
tration of adenosine resulting in a signal-to-noise ratio
of 3, was 2 nM of adenosine. Adenosine concentra-
tion was >2 nM in all EBC samples.

The intra-assay CV of the HPLC method was 8.4
and 4.9%, at 11 and 20 nM of adenosine, respectively.
In the samples, spiked with 10, 20 and 30 nM of
adenosine standards, recoveries of ultrafiltration were
98, 92.5 and 98%, respectively. Stability of adenosine
in one native and three spiked samples was 93-106%
during 4 h storage at room temperature (table 2).

The repeated determination of adenosine in healthy
control subjects showed good repeatability in EBC.
Adenosine concentrations (n=20) on day 1 and on
day 2 were 8.8 nM (range 5.9-11.7 nM) and 8.9 nM
(range 6.1-11.7 nM), respectively. The mean differ-
ence with coefficient of repeatability was -0.1+3.6 nM
and all differences were within +2 sp (fig. 1a). The
correlation between adenosine concentrations meas-
ured on two consecutive days was significant (fig. 1b).

Adenosine concentrations were ~10 times higher
in saliva than in EBC samples, with no significant
difference between healthy control subjects (162 nM,
range 108-216, n=15) and asthmatic patients (181 nM,
range 105-257; n=10). Adenosine concentrations,
measured in EBC and matched saliva samples,
did not correlate (correlation coefficient (r)=-0.05,
p=0.818, n=25). There were only five EBC samples
with measurable amylase activity (8 U-L, range
0.1-15.5, n=5]. Salivary amylase activity checked in
two control subjects was >10°> U-L ™.

In SN patients, adenosine concentrations were

Table 2. - Stability of adenosine

Adenosine concentration nM Stability %

To T4

5.2 5.5 106
13.5 12.5 93
25.0 23.5 94
38.5 38.8 102

To: immediately after ultrafiltration of samples; T4: after 4 h
storage of samples at room temperature.
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Fig. 1.-Day-to-day repeated measures in healthy control subjects
(n=20). a) Differences against means for adenosine values. *
difference in adenosine concentrations for each pair of condensate
samples (collected from the same individuals on day 1 and day 2);
Y. average concentrations of adenosine for each pair of condensate
samples (collected from the same individuals on day 1 and day 2).
—: mean adenosine value; - - -: £2SD values. b) Correlation
between adenosine concentrations measured in the same indivi-
duals on day 1 and day 2 (correlation coefficient=0.953; p<0.001).

significantly elevated (15 nM, range 12-18) compared
with healthy control subjects (9 nM, range 7-11) and
ST patients (10 nM, range 8-13). No significant dif-
ference in adenosine concentrations between healthy
control subjects and ST asthmatic patients was found
(fig. 2a). Levels of eNO were significantly elevated in
both SN patients (21.3 ppb, range 15.2-27.4) and ST
patients (9.1 ppb, range 7.0-11.2) compared with
healthy control subjects (3.9 ppb, range 3.4-4.4), and
there was a significant difference in eNO between SN
and ST patients (fig. 2b).

Significant differences were found both in adenosine
and eNO concentrations, but not in FEV1 values
between patients with and without worsening of
asthmatic symptoms (table 3).

There was a statistically significant positive corre-
lation between adenosine concentrations and eNO
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Fig. 2. —Individual and mean (—) values of a) adenosine concen-
trations and b) exhaled nitric oxide (eNO) levels for control (O;
n=40), steroid-naive (SN) patients with allergic bronchial asthma
(/\; n=23) and steroid-treated (ST) patients with allergic bronchial
asthma (V; n=20). *: p<0.05; ***: p<0.001.

levels in asthmatic patients (r=0.399, p<0.01, n=43;
fig. 3). FEV1 values did not correlate with adenosine
concentrations and eNO levels in any groups.

Discussion

In this study, good repeatability for adenosine mea-
surements in EBC was found and elevated concentrations
of adenosine in SN asthmatic patients and patients with
worsening asthmatic symptoms were observed.

Table 3.—Patients with and without worsening of asthmatic
symptoms

With Without
Patients n 23 20
SN/ST 17/6 6/14
FEV1 % 84 (80-88) 83 (79-87)
eNO ppb 19.1 (13.1-25.2)* 11.6 (7.6-15.7)
Adenosine nM 15.5 (12.4-18.5)** 9.5 (7.1-11.8)

Data are presented as mean (95% confidence interval).
SN: steroid-naive asthmatic patients; ST: steroid-treated
asthmatic patients; FEV1: forced expiratory volume in one
second; eNO: exhaled nitric oxide; ppb: parts per billion.
*: p<0.05 between groups; **: p<0.01 between groups.
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Fig. 3.—Correlation between adenosine concentrations and

exhaled nitric oxide (eNO) levels in asthmatic patients (correlation
coefficient=0.399, n=43, p<0.01).

To obtain information about the role of different
mediators in the airways, analysis of EBC samples
were suggested to be a useful, direct and noninvasive
method. Therefore, in this study a previously devel-
oped HPLC method for adenosine measurement in
plasma was adjusted to measure adenosine in EBC.
When adenosine was measured in plasma, a so-called
stop solution was applied to prevent in vitro changes
of adenosine concentration in blood samples. EBC,
unlike plasma, contains cells and/or proteins in very
low concentrations. Furthermore, collection of EBC
samples occurred at -20°C. Therefore, it was surmised
that the use of inhibitors was unnecessary to prevent
in vitro changes of adenosine concentration in EBC. In
this study, the recovery and stability of adenosine was
measured in four samples in the absence of any
inhibitors, within the range representative for adeno-
sine concentration of examined subjects. It was found
that an adenosine concentration of 5.2-38.5 nM
produced >90% recovery and stability.

The observation that amylase activity, which was
detected in only five samples, was low in EBC
compared with saliva (1:1x10% indicated that con-
tamination being caused by salivary adenosine was
not likely to influence the results on adenosine
concentrations in EBC.

Any process which needs energy consumption and
concomitant adenosine triphosphate degradation may
increase adenosine concentration. To decrease this
"biological" change in adenosine concentrations,
which may occur during daily activities of subjects,
all breath condensate samples were collected in the
morning. EBC was collected in a series of healthy
control subjects at 09:00 h on two consecutive days,
resulting in good repeatability for adenosine measure-
ment in EBC. Owing to the fact that adenosine
concentrations were within the same range in healthy
control subjects and asthmatic patients, repeatability
of adenosine measurements in asthmatic patients was
not examined separately. However, before designing
prospective studies, which include repeated adeno-
sine measurements, the intra-individual variability of
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adenosine measurement needs to be analysed rigor-
ously in patients.

ScHLEIss et al. [15] demonstrated that the exhaled
hydrogen peroxide level was flow-dependent at
expiratory flow rates between 48-140 mL-s'. Taking
into consideration the fact that the curve they found
showed flatness at higher flow rates, they concluded
that it was unlikely that flow dependence had
markedly biased the results of studies performed
with normal tidal breathing. In the present study,
tidal breathing was performed for the collection
of EBC with mean expiratory flow rates between
210-350 mL-s™ in all subjects, without significant
difference between healthy control subjects and
asthmatic patients. Therefore, it was assumed that
the differences in individual flow rates did not have a
considerable influence on adenosine concentrations in
EBC.

Elevation in adenosine concentrations and also in
eNO levels in SN patients indicated that there might
be an increase in the number and/or sensitivity
of inflammatory cells in the airways. The lack of
difference in adenosine concentrations between ST
patients and healthy control subjects and the signi-
ficantly lower adenosine concentrations and eNO
levels in ST in comparison with SN patients might
be a consequence of anti-inflammatory effects of
steroid treatment. The higher eNO levels observed in
ST patients rather than in healthy control subjects,
however, indicated that steroid treatment could not
control the airway inflammation entirely. This might
be explained by the fact that all patients were studied
during pollen season when allergen exposure could
worsen inflammation in the airways, despite steroid
treatment.

In asthmatic patients a weak correlation was found
between adenosine concentrations and eNO levels.
However, the different range of eNO levels, but not
adenosine concentrations, in healthy control subjects
and asthmatic patients, and the different patterns of
these two inflammatory metabolites observed in the
ST group, indicated that EBC adenosine and eNO
may reflect different aspects of asthmatic airway
inflammation. This observation is in line with previous
findings showing discrepancies between different
markers of asthma, including airway hyperrespon-
siveness, sputum eosinophils and eNO levels, suggest-
ing that these markers may provide different
information when monitoring asthmatic airway
inflammation [16-18]. In this respect, EBC adenosine
may provide additional information when monitoring
the disease.

In this study, steroid treatment caused a decrease in
the level of both inflammatory mediators, but only
adenosine concentration fell to control level in ST
patients. The difference between the two mediators
may be a consequence of various sources of adenosine
and NO. Some lines of evidence show that adenosine
is mostly released from activated mast cells [19, 20].
Lack of elevated adenosine concentration in ST
patients may reflect that inhaled steroid treatment
could reduce number and/or activation of mast cells
in the airways. This assumption is based on the results
of a previous study, which proved that 6 weeks of

treatment with inhaled corticosteroid could markedly
reduce the number of mast cells in the bronchial
mucosa [21]. At the same time, eNO level was linked
with sputum eosinophil counts in asthmatic patients
[11, 22]. Eosinophils are able to express the inducible
NO synthase and produce NO [23]. TRIGG et al. [24]
found persisting eosinophilic inflammation in bron-
chial (sub)mucosa after long-term inhaled steroid
treatment in some asthmatic patients. If this occurred
in the present study, it could be one of the contribut-
ing factors resulting in elevated eNO levels in ST
patients. Furthermore, airway epithelial cells also
express inducible NO synthase, and increased NO
production by inducible NO synthase in these cells
may also contribute to the elevation of eNO level in
the asthmatic airways [25-27].

In conclusion, the findings of this study show that
adenosine measurement in exhaled breath condensate
is reproducible and that adenosine concentration is
elevated in steroid-naive asthmatic patients and in
patients with worsening of asthma symptoms. Con-
sidering that adenosine concentrations were of similar
ranges in healthy control subjects and in asthmatic
patients, the authors do not think that it is possible
to use adenosine concentrations in exhaled breath
condensate as a diagnostic tool for allergic bronchial
asthma. However, significant elevation in adenosine
concentrations in patients with worsening of asth-
matic symptoms raises the possibility that measure-
ment of adenosine in exhaled breath condensate may
be a valuable method to obtain information on
ongoing airway inflammation. Furthermore, prospec-
tive studies are needed to examine whether during
exacerbation of asthma, and possibly other types of
chronic inflammation (e.g. chronic obstructive pulmo-
nary disease and cystic fibrosis), adenosine formation
might be facilitated. To confirm the potential use of
adenosine concentration in exhaled breath condensate
for the monitoring of either chronic or acute airway
inflammation further studies are needed.
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