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NO in exhaled air is correlated with markers of eosinophilic air-
way inflammation in corticosteroid-dependent childhood asthma
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ABSTRACT: The relationship between nitric oxide in exhaled air, levels of sputum
eosinophils, sputum eosinophil cationic protein (ECP) and urinary eosinophil protein
X (EPX) excretion has not yet been investigated in corticosteroid-dependent childhood
asthma.

Therefore, taking 25 children with stable asthma (mean age 11.2 yrs) treated with
inhaled corticosteroids and nine nonatopic healthy control children (mean age 12.8
yrs) the level of exhaled NO was measured by means of a chemiluminescence analyser
before and after sputum induction. This was conducted as a slow vital capacity
manoeuvre under standardized conditions with a target flow of 70 mL-s! against a
resistance of 100 cmH,O-L™"s. Sputum induction was performed by inhalation of
hypertonic saline (3, 4, and 5%) in a standardized manner and a single sample of
urine was collected.

Exhaled NO (p=0.01), absolute eosinophil cell counts in sputum (p=0.02), sputum
ECP (p=0.09) and urinary EPX excretion (p=0.02) were higher in asthmatics com-
pared to control children. Exhaled NO was positively correlated with sputum ECP
(rs=0.59, p=0.002), urinary EPX (r;=0.42, p=0.03), and sputum eosinophils (r,=0.30,
p=0.15) in the asthmatic children. These correlations appeared to be pronounced after
sputum induction, where NO values had decreased (p=0.01). None of the correlations
were observed in the group of nonatopic control subjects. Additionally there were
significant correlations between sputum ECP and sputum eosinophils (r,=0.69, p<
0.001) as well as between sputum ECP and urinary EPX excretion (r;=0.58, p=0.003)
in the asthmatics.

Exhaled NO provides information about the degree of eosinophilic airway inflam-
mation and thus appears to be a useful and easy-to-perform inflammatory marker in
corticosteroid-dependent asthma.
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It is suggested that eosinophilic inflammation is a hall-
mark of bronchial asthma [1]. Measurement of markers
released by eosinophils, such as eosinophil cationic pro-
tein (ECP) in sputum and urinary eosinophil protein X
(EPX) offer the prospect of relating airway inflammation
to clinical features and treatment response [2, 3]. In recent
years several studies have focused on nitric oxide as an
alternative indicator of inflammatory activity in asthma
[4]. In airway inflammation, NO is released by a calcium-
independent inducible NO synthase (iNOS) and can be
detected in exhaled air [5, 6]. In sputum samples of
asthmatics, increased levels of ECP are closely correlated
to the concentration of nitrite and nitrate, the stable end
products of NO metabolism [7]. Recently JATAKANON et
al. [8] demonstrated a relationship between exhaled NO
and sputum eosinophils in asthmatics not using inhaled
corticosteroids. Since the expression of iNOS is inhibited
by corticosteroids [9], it is not yet clear whether exhaled
NO gives information about the degree of eosinophilic
airway inflammation in asthmatics treated with inhaled
corticosteroids [8]. However, the influence of asthma
therapy on markers of airway inflammation is of practical

relevance. The quantitative relationship between exhal-
ed NO and reference markers of airway inflammation
(sputum eosinophils, sputum ECP, urinary EPX) were
therefore investigated in asthmatic children treated with
inhaled corticosteroids and in nonatopic control subjects.

Methods
Population

Twenty-five children with stable asthma who had been
taking inhaled corticosteroids (400-800 pg-day™ budeso-
nide) regularly for at least 6 months were recruited from
the outpatients department of the University Children's
Hospital. The initial diagnosis of asthma was based upon
clinical symptoms of asthma (e.g., episodic cough, wheez-
ing, and/or dyspnoea) and an increase of =15% in the
forced expiratory volume in one second (FEV1) in re-
sponse to bronchodilator in accordance with the American
Thoracic Society criteria [10]. Of the 25 asthmatic chil-
dren, 24 were sensitized to common inhalant allergens
(skin prick test). Children were asked to withhold the use
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of bronchodilator and corticosteroids for 12 h before the
visit. Additionally, nine children without atopic disorders
(asthma, hay fever, and eczema) and no sensitization to
common inhalant allergens (skin prick test) and no
history of parental asthma were recruited. Mean age of the
25 children with asthma was 11.2 yrs (range 6-16 yrs,
four females) and 12.8 yrs in the nine nonatopic children
(range 8-18 yrs, eight females). All measurements were
prospectively performed at the same time of day (14:00—
17:00 h). The study was approved by the ethics com-
mittee of the Albert-Ludwigs University, Freiburg, and
written informed consent was obtained in advance.

Spirometry

All children underwent spirometry according to inter-
national guidelines [11]. Briefly, the highest FEV1 of two
reproducible flow volume curves (difference between
forced vital capacities (FVC) =5%) was recorded by
using a Masterscope 4.0 (Jacger, Wiirzburg, Germany).
FEV1 was presented as a percentage of predicted value
for each child’s height and weight [12].

Measurement of exhaled nitric oxide

Exhaled NO was measured before and after sputum
induction during a single-breath exhalation by means of a
computerized system for online recordings (Exhaled Breath
Analyser, Aerocrine AB, Stockholm, Sweden) with a
chemiluminescence analyser (CLD 77 AM; Eco Physics,
Duernten, Switzerland). The analyser has a response time
of 100 ms and a detection limit of 0.1 parts per billion
(ppb). Measurements were made according to European
Respiratory Society recommendations [13]. In brief, two-
point calibrations (80 parts per million NO balanced with
N) and NO zeroing (NO-free air) were performed before
the measurements. Children inhaled NO-free air to avoid
contamination with ambient NO [14], and performed a
slow vital capacity (VC) manoeuvre with a target flow of
70 mL-s"'. The flow was measured by a heated pneumo-
tachograph (Hans Rudolph, Kansas City, MO, USA) and
displayed online to provide visual guidance and maintain
the exhalation flow. A fixed expiratory resistance of 100
ecmH,0-L s (Hans Rudolph) was used to increase oral
pressure. This was shown to prevent contamination with
NO from the nasopharynx [15]. Exhaled air was led via a
nonrebreathing valve (Hans Rudolph) into a Teflon tub-
ing system connected to the analyser and continuously
sampled from the exhalation limb of the system. After a
15-20-s period of exhalation, mean NO concentration
and flow were calculated from the 60-90% part of the
exhalation corresponding to the plateau level of NO
concentration [13], and NO output (in pmol-s™) was cal-
culated from these values. VC manoeuvres were made at
2-min intervals before and after sputum induction and the
mean of two reproducible readings (i.e. variation co-
efficient <15%) was used for analysis as calculation of
median and 90% intervals.

Sputum induction

Sputum induction was performed as previously de-
scribed by PIN e al. [16]. Briefly, 10 min after inhalation

of 200 pg salbutamol subjects inhaled hypertonic saline
(3, 4 and 5%) via an ultrasonic nebulizer (Ultraneb 2000;
DeVilbiss, Somerset, PA, USA) with the output set at
maximum (4.5 mL-min™") for three consecutive periods of
10 min for each concentration. Lung function was tested
before the procedure and every 5 min during it. To pro-
duce sputum, subjects were asked to rinse their mouths,
blow their noses, swallow water, and then to expectorate
the sputum onto a plastic petri dish after the first 10 min
period of inhalation and every 5 min thereafter. During
the induction procedure macroscopic characteristics of
the sputum were recorded [16] and adequate plugs of
sputum were selected to reduce contamination with sal-
iva and processed immediately after inhalation [17].

Sputum processing

The weight of the selected plugs was determined and
twice their volume of dithiothreitol 0.1% (Sputalysin;
Calbiochem, Bad Soden, Germany) was added [18]. The
samples were mixed gently by a vortex mixer and placed
in a water bath at 37°C for 15 min to ensure complete
homogenization. The samples were removed from the
water bath periodically for further brief gentle vortex
mixing. Afterwards phosphate-buffered saline (PBS) was
added to the samples to achieve a 20-fold final dilution
[18]. The samples were centrifuged at 600 x g and 4°C for
10 min and supernatants were collected from plugs and
saliva. The material was stored at -70°C until further
analysis. Cells of the selected plugs were resuspended in
PBS - bovine serum albumin (BSA) (1%), and absolute
counts of nonsquamous cells were measured in a haemo-
cytometer. Viability was determined by trypan blue exclu-
sion. A portion of 3-6 x 10* cells was used to prepare
cytospin glass slides (Shandon cytocentrifuge 3; Shandon
Southern Instruments, Sewickley, PA, USA). Differential
cell counting was carried out by one experienced
investigator on cytospins stained with May-Griinwald—
Giemsa, and at least 400 nonsquamous cells were count-
ed. Results of eosinophilic cell counts were expressed as
absolute cell counts.

Analysis of sputum supernatants and urine

Using the Pharmacia CAP system (ECP FEIA; Phar-
macia & Upjohn, Freiburg, Germany) ECP was analysed
in the supernatants of the selected plugs. A single, non-
selectively collected sample of urine was collected and
immediately frozen at -70°C. Levels of urinary EPX were
measured with a double antibody radioimmunoassay (Phar-
macia & Upjohn). Measurement of urine creatinine was
carried out by using the alkaline picrate method (Jaffé
reaction) [19]. Results of urinar}/ EPX excretion were
presented in pLg-mmol creatinine™ .

Statistical analysis

Exhaled NO concentration, NO output, absolute eosino-
phil cell counts in sputum, levels of sputum ECP and
urinary EPX excretion were calculated as median with
90% intervals. ECP levels below the detection limit of 2



EXHALED NO AND EOSINOPHILIC AIRWAY INFLAMMATION 1393

ug-L! (diluted sample: 40 ug-L™") in four children (two as-
thmatics and two control subjects) were set at 1.99 ug-L™
(diluted sample: 39.8 pg-L™"). Comparison of values be-
tween asthmatic and nonatopic children were performed
using the Wilcoxon two sample test. Comparison of NO
levels before and after sputum induction was carried out by
using the Wilcoxon sign rank test. The relation between the
variables was calculated using Spearman'’s rank-correlation
coefficients. A p-value of <0.05 was considered signifi-
cant. Analysis was performed with the Statistical Analysis
System (SAS Institute, Cary, NC, USA).

Results

Exhaled NO and NO output before bronchodilator
application and sputum induction were higher in children
with asthma compared to control subjects (table 1, p=
0.01). After sputum induction, NO concentration and NO
output decreased in the asthmatic and the nonatopic
children, whereas the flow did not change substantially
(table 1). While levels of sputum ECP were not sig-
nificantly different between the two groups (table 1,
p=0.09), the absolute eosinophilic cell counts in sputum
were significantly higher in children with asthma com-
pared to control subjects (table 1, p=0.02). In addition,
urinary EPX excretion was significantly higher in asth-
matics (table 1, p=0.02), whereas FEV1 % predicted was
significantly lower compared to nonatopic children (table
1, p=0.02).

No significant difference between the asthmatic and the
nonatopic children was observed for the total cell counts
(median 290% intervals) 1.61x10° cells (0.29 x 10°—
4.48 x 10°)versus 1.44 x 10°cells (0.33 x 10°-3.30 x 10°),
p=0.31), weight of the selected plugs (74.0 mg (28.5—
306.9) versus 49.8 mg (30.4-103.7), p=0.17) and the per-
centage of viable nonsquamous cells (91% (70-100)
versus 90% (76—100), p=0.9). In one subject sputum in-
duction could not be performed because of an FEV1 <80%
pred. None of the remaining 33 children experienced
discomfort or a fall in baseline FEV1 exceeding 15% dur-
ing sputum induction.

The NO concentration (before sputum induction)
showed a significant correlation with sputum ECP in the
asthmatics (fig. 1, r,=0.59, p=0.002), but not in the control
subjects (r;=-0.48, p=0.19). The correlation between
exhaled NO levels and absolute eosinophil cell counts
was not significant in children with asthma (rs=0.30,
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Fig. 1. — Correlation between the concentration of exhaled nitric oxide
(in parts per billion (ppb)) and the levels of sputum eosinophil cationic
protein (ECP; in pg-L™", on a log scale) in asthmatic (@; n=24) and
nonatopic (O; n=9) children. For asthmatic children r=0.59, p=0.002
and nonatopic children r=-0.48, p=0.19.

p=0.15). NO values (before sputum induction) showed
weaker, yet significant positive correlations with urinary
EPX excretion in the asthmatics (fig. 2, r,=0.42, p=0.03),
but not in the control group (r=0.23, p=0.55).

All correlations were more pronounced in the asthmatics
after sputum induction (correlation between NO values and
sputum ECP 1=0.65, p<0.001; correlation between NO
values and sputum eosinophils r,=0.35, p=0.09; correlation
between NO values and urinary EPX r=0.54, p=0.007).
The same significant correlations were found between NO
output and eosinophilic markers in the asthmatics, but not
in the control group (data not shown). Sputum ECP and
urinary EPX excretion were positively correlated in asth-
matics (r;=0.58, p=0.003, n=24) but not in the control
group (r=-0.32, p=0.40, n=9). In addition sputum ECP
was significantly correlated with the absolute eosinophil
cell counts in the asthmatics (r;=0.69, p=0.0002).

Discussion

These data show for the first time that in asthmatic
patients treated with inhaled corticosteroids, exhaled NO is

Table 1. — Exhaled NO concentration and flow before and after sputum induction, absolute eosinophil cell counts in spu-
tum, levels of sputum eosinophil cationic protein (ECP) and urinary eosinophil protein X (EPX) excretion in asthmatic and

nonatopic children

Absolute Sputum ECP Urinary EPX FEV1

: -1 -1
NO concentration ppb NO output pmol-s Flow mL-s cosinophil ug-L'l excrotion % pred
cell counts 1g-mmol
Before After Before After Before After creatinine™
Asthmatic 9.7 7.9 24.9 20.5 65 67 35.4x10° 453.0 58.2 96
children  (1.8-27.0)** (1.3-26.7)** (4.7-71.4)** (3.3-73.2)** (59-74) (57-72) (6.9—179.0) (<40-2600) (29.2-181.1) (76-131)
Nonatopic 5.2 . 14. 11.6 68 69 5.8x10° 234.0 30.6 113
children  (0.1-10.4)*  (0.7-7.5)" (4.6-28.8)" (2.1-20.2)" (59-87) (59-73) (0-54.0) (<40-4000) (20.8-75.5) (99-124)
p-value" 0.01 .01 0.05 022 022 0.02 0.09 0.02 0.02

Data are presented as medians with 90% intervals in parentheses. ppb: Parts per billion; FEV1: forced expiratory volume in one second.
*: differences between the two groups; **: p=0.01, for the difference between the NO concentration and NO output before and after
sputum induction; *: p=0.07, for the difference between the NO concentration and NO output before and after sputum induction.
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Fig. 2. — Correlation between the concentration of exhaled nitric oxide
(in parts per billion (ppb)) and the levels of urinary eosinophil protein X
excretion (EPX; in wg'-mmol creatinine™’, on a log scale) in asthmatic
(@; n=25) and nonatopic (O; n=9) children. For asthmatic children
1,=0.42, p=0.03 and nonatopic children r;=0.23, p=0.55.

significantly related to sputum ECP and urinary EPX, but
weaker with regard to sputum eosinophils. Additionally,
there are significant correlations between sputum ECP and
both sputum eosinophils and urinary EPX, reflecting con-
sistently the presence of eosinophilic inflammation in the
asthmatic patients.

The comparison of NO exhalation before and after
bronchodilator application and sputum induction suggests
that the decrease in NO concentration is associated with the
decrease in NO output, but not with a change in flow. It
remains unclear whether the decrease of exhaled NO was
due to inhalation of hypertonic saline as reported by DE
Gouw et al. [20], or due to repeated spirometry during
sputum induction as reported by DEYKIN et al. [21]. It was
hypothesized that the decrease in exhaled NO concentra-
tion could be an effect of changes in airway calibre [20].
However, in the present study no correlation between
exhaled NO and dynamic lung function parameters such
as FEV1 % pred was observed (data not shown). A further
explanation for the systematic decrease in NO levels
might be the rinsing of the mouth and swallowing of
water, since salivary NO formation has been shown to
contribute to exhaled NO levels [22]. This hypothesis is
in accordance with the further pronounced correlations
between eosinophilic markers and NO values measured
directly after sputum induction. Nevertheless, it remains
unclear whether initial rinsing of the mouth is a necessary
step to standardize NO measurements.

Earlier studies suggested that neither measuring exhaled
NO nor measuring eosinophilic markers in sputum and
urinary EPX excretion allowed a sufficient discrimination
between stable asthmatic children using inhaled corticos-
teroids and nonatopic children [23-25]. The present data
show that exhaled NO levels, urinary EPX excretion, and
sputum eosinophils were significantly higher in asthma-
tics compared to nonatopic children. Since these patients
were under stable conditions without a history of an acute
exacerbation in the previous month, it appears probable
that the inhaled corticosteroids were regularly used.

Therefore, although there was no direct measure of
eosinophilic airway inflammation in tissue (biopsies), the
significant difference in the sputum eosinophil cell counts
suggests a substantially higher degree of inflammation in
corticosteroid-treated asthmatics compared to control
subjects.

A significant correlation was observed between exhaled
NO and the reference parameters sputum ECP and urinary
EPX excretion in asthmatics (figs. 1 and 2). As expected,
sputum ECP was positively correlated with sputum
eosinophils and with urinary EPX excretion in the asthma
group. The relation between exhaled NO and sputum
ECP found in this study was not substantially different
from the relation between sputum NO derivates (nitrite
and nitrate) and levels of sputum ECP (r,=0.56, p<0.05,
n=18) recently described in adults with asthma [7]. A
significant correlation between exhaled NO and sputum
eosinophils has been observed in adults with mild asthma
undergoing treatment with [-agonists only (r,=0.48,
p<0.05, n=35) [8], whereas in the present study only a
weak correlation was found between exhaled NO and
sputum eosinophils in children with corticosteroid-depen-
dent asthma. However, besides treatment with steroids
other influences such as asthma severity and age-related
factors could have caused the quantitative difference in
correlation between the two studies. Nevertheless, as the
expression of iNOS is inhibited by corticosteroids [9],
these correlations could potentially be more pronounced
in asthmatic children without such medication.

One basis for understanding the correlations between
exhaled NO and eosinophilic markers is the observation
that murine T-helper 1 cell clones produce NO following
activation, and that NO inhibits the cytokine production of
T-helper 1, but not T-helper 2 T-cell clones [26]. In ac-
cordance with these findings, nitric oxide synthase-defi-
cient mice showed an enhanced T-helper 1, but an
impaired T-helper 2 immune response following antigen
stimulation [27]. The consecutive release of T-helper 2-
associated cytokines such as interleukin-5 could then
contribute to the recruitment of eosinophils and the
release of eosinophilic markers into the airways. Thus, the
correlation between exhaled NO and markers of eo-
sinophilic inflam-mation in bronchial asthma might be
based on a causal link [28]. Alternatively, NO production
and eosinophil recruitment might be under the same
transcriptional control, since both inducible nitric oxide
synthase and cytokines involved in eosinophil differ-
entiation (e.g. granulocyte-macrophage colony-stimulat-
ing factor) are regulated by the glucocorticoid-sensitive
transcriptional nuclear factor k-B [29]. In conclusion, the
present data suggest that exhaled NO provides informa-
tion about the degree of eosinophilic activation in chil-
dren with stable asthma treated with inhaled cortico-
steroids. Thus, exhaled NO appears to be a useful and
easy-to-perform inflammatory marker in corticosteroid--
dependent asthma.
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