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Abstract
Introduction: Nitric oxide (NO) is one of many factors potentially involved in lung remodeling in asthma. The aim of the study
was to assess the effect of pulmonary leukocytes from patients with bronchial asthma on alveolar epithelial cell damage in
relation to NO production.
Materials and Methods: Induced sputum samples were obtained from 25 patients with bronchial asthma and 10 healthy vol-
unteers. Twelve asthmatics were on inhaled corticosteroid treatment and 13 were corticosteroid free. Type II-like alveolar
epithelial (A549) cells were cultured for 48 h in the presence of cell-free media from a 24-h culture of leukocytes obtained
from the induced sputa (IS-Su). The level of NO was measured in supernatants from the cell cultures and the viability of the
A549 cells was established.
Results: The levels of NO in IS-Su from corticosteroid-free asthmatics were significantly higher (p=0.001) than those in
IS-Su from healthy controls. Furthermore, NO production by A549 cells exposed to IS-Su from steroid-free asthmatics
(group A) was significantly higher than that from asthmatics on corticosteroid therapy (group cA) as well as from healthy
controls (p=0.01 and p=0.001, respectively). Lower viability of the epithelial cells exposed to IS-Su was observed in group
A compared with controls (median: 72% vs. 97.5%; p<0.001). In addition, a negative correlation (RS=–0.706, p<0.001) was
found between the levels of NO produced by pulmonary leukocytes and the viability of epithelial cells. 
Conclusions: The results suggest that in the course of asthma, pulmonary leukocytes may interact with alveolar epithelial cells
by inducing an excessive production of NO which, in turn, may contribute to epithelium impairment.
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NO – nitric oxide.

Corresponding author: Jerzy Liebhart, Ph.D., Department of Internal Medicine and Allergology, Wroc³aw Medical University,
Traugutta 57/59, 50-454 Wroc³aw, Poland, tel.: +48 71 370-00-221, e-mail: Jerzy.Liebhart@dilnet.wroc.pl

Arch. Immunol. Ther. Exp., 2006, 54, 201–207 DOI  10.1007/s00005-006-0025-z
PL ISSN 0004-069X

ORIGINAL ARTICLE

INTRODUCTION

Asthma is a chronic inflammatory disease of the air-
ways. Consecutive structural changes in the airway wall
are referred to as airway remodeling. These changes
may be the result of the interaction of inflammatory
mediators with stromal cells or of tissue injury (as a
result of altered repair). In the course of asthma in the
airway lumen, the mucus is mixed with activated pul-
monary leukocytes and shed epithelial cells. Structural
cells of the airway respond to inflammation in a charac-
teristic, coordinated fashion in an attempt to repair the
damage. Recent studies have shown that remodeling in

asthma not only encompasses the bronchial tree, but
also alveolar tissue [10]. Not much is known about the
processes of repair in this part of lung. The recognition
of local interactions between pulmonary leukocytes and
epithelial cells may be an important step towards
improving our knowledge of lung impairment in asthma.

Nitric oxide (NO) is one of many factors potentially
involved in lung remodeling in asthma. NO is a multi-
functional particle and it may play diverse roles in phys-
iological and pathological processes. Elevated concen-
trations of NO were observed in the exhaled air of asth-
matic patients. Recently, the level of this mediator in
exhaled air was considered a useful marker in monitor-



ing inflammation, disease severity, and exacerbations in
asthmatics [16]. NO exerts its effects through interac-
tions with numerous signal transduction pathways and
transcription factors. Large amounts of NO may affect
numerous proteins and enzymes critical for cell survival
and signaling. These include signaling molecules
involved in cytokine signaling such as the JAK or STAT
proteins, the NFκB/IκB pathway as well as MAPK, and
some G proteins and transcription factors. The nitration
of cysteines in these proteins may lead to their activation
or inactivation [1, 3, 18]. NO acts as a double-edged
sword in allergic inflammation and asthma. On the one
hand, it inhibits mast cell activation and vascular adhe-
sion molecule expression, but on the other it may induce
Th2-dependent IgE synthesis [4, 25]. Its role in asthma
is still unclear. It may be produced by various types of
cells and it exerts diverse effects on the airways. NO syn-
thases have been localized in a variety of cells in the res-
piratory tract, including epithelial cells, smooth muscle
cells, as well as pulmonary leukocytes such as macro-
phages, eosinophils, and neutrophils. Depending on
concentration, NO can be involved in neurotransmis-
sion, regulation of the smooth muscle and vascular tone,
vascular permeability, and in immune response. Studies
with NO donors have proved that NO can have cytotox-
ic effects on epithelial cells. In general, NO at low con-
centrations exerts predominantly advantageous impacts
on asthma (smooth muscle relaxation, reduction of
bronchial hyperreactivity), while its main detrimental
effect of cytotoxicity is supposedly observed at higher
concentrations. However, threshold values are, in this
case, difficult to establish in an in vivo experiment.

The aim of this study was to assess the effect of pul-
monary leukocytes from patients with bronchial asthma
on alveolar epithelial cell damage in relation to NO pro-
duction by pulmonary leukocytes.

MATERIALS AND METHODS

Patients

Twenty-five patients (14 males) aged 35–76 years
with bronchial asthma and 10 healthy volunteers
(5 males) aged 22–77 years consented to induction and
to providing induced sputa (IS). All the patients met
the diagnostic criteria of allergic asthma established by
GINA [8]. Asthma severity according to these criteria
ranged from sporadic to persistently severe and the
symptom intensity score ranged from 1–3. Twelve asth-
matics were on systemic and/or inhaled corticosteroid
therapy (group cA), whereas 13 were currently corti-
costeroid free – corticosteroid naive or at least 1 month
after discontinuation of glucocorticoid treatment
(group A). The control group consisted of persons
without lung diseases and allergies. Detailed character-
istics of the patients are summarized in Table 1. There
were no statistically significant differences in the rele-
vant parameters of age, disease duration, spirometric
predicted values, and sex distribution between controls
and asthmatics. The study was approved by the
Bioethics Committee of the Wroclaw Medical Uni-
versity. Informed consent was obtained from all the
subjects examined.
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Table 1. Characteristics of patients and healthy controls

Parameters C A cA
n=10 n=13 n=12

Age (years)* –x (±SD) 46.1 (±21.7) 54 (±11.7) 50.7 (±6.7)

Sex* F/M 5/5 7/6 5/7

Smoking* yes/no 3/7 4/9 4/8

Symptom intensity score – 2 (1–3) 2 (1–3)

median (min–max)
FVC (%)** –x (±SD) 91.3 (±20.1) 72.4 (±28.9) 74.0 (±19.1)
FEV (%)** –x (±SD) 92.5 (±22.7) 66.2 (±28.7) 67.1 (±24.3)

Disease duration (years)** –x (±SD) – 15.9 (±9.7) 16.2 (±12.1)

Dose of inhaled corticosteroids (µg/day) – – 1542 (±967.1)
n=12
–x (±SD)

Dose of systemic corticosteroids – 39.7 (±25.6) 25.8 (±14.2)
(mg of prednisone/day)**
n=22
–x (±SD)

A – asthmatics corticosteroid naive or 1 month after corticosteroid therapy, cA – asthmatics on systemic and/or inhaled 
corticosteroids, C– healthy controls, FEV – forced expiratory volume in one second, FVC – forced vital capacity.
* There were no statistically significant differences between controls and asthmatics.
** There were no statistically significant differences between the asthmatic groups (A vs. cA).



Symptom intensity score

The symptom intensity score (ranging from 1–4) was
assessed according to GINA 2002 guidelines [8] using
the asthma severity scheme without taking into account
corrections related to treatment.

Sputum induction

The procedure of sputum induction was carried out
according to Holz et al. [14]. Sputum was induced by
inhalation of hypertonic 4% saline aerosols. Sodium
chloride solutions were nebulized at room temperature
by an ultrasonic nebulizer (Aerodyne Omega, Kendal,
Germany) at the maximal output setting of 3 ml/min.
The aerosols were inhaled by mouth. Every 5 min after
the start of nebulization, the patients were asked to
rinse their mouths and throats with water and to expec-
torate sputum into clean plastic containers by coughing.

IS leukocyte isolation and culture system

Sputum samples were processed according to the
protocol recently validated by Fahy et al. [5], with the
modification according to Pang et al. [21]. Briefly, spu-
tum was treated by adding four volumes of 10%
Sputolysin (Calbiochem Corp., San Diego, USA) fol-
lowed by four volumes of Dulbecco phosphate-buffered
saline. To dissolve mucus plugs, the mixtures were vig-
orously shaken for 30 s and then incubated with gentle
mixing in a water bath at 37oC for 15 min. Next the sam-
ples were suspended in a PBS solution to a volume of 40
ml and incubated with 100 U/ml of DNAse (Sigma Co.,
St. Louis, MO, USA) at 37oC for 30 min to further dis-
persion. The sputum samples were filtered through 
a 48-µm nylon gauze to remove debris and centrifuged
at 790 g for 10 min. The cell pellets were resuspended in
physiological saline for total cell count and cell viability
assessment by Trypan blue exclusion in a hemocytome-
ter. The pellets of the cells from IS were resuspended at
a cell concentration of 5×105 cells/ml in RPMI 1640
medium without phenol red and supplemented with 5%
heat-inactivated human AB serum and 2 mM of L-glut-
amine (Gibco, Edinburgh, Scotland), 100 U/ml peni-
cillin, 100 mg/ml streptomycin, and 5 mg/ml ampho-
tericin B (Serva, Heidelberg, Germany). The cell sus-
pensions were distributed and cultured in 24-well 
flat-bottom culture plates (Costar, Cambridge, USA)
for 24 h at 37°C with a 5% CO2 atmosphere. At the end
of the incubation period the culture supernatants 
were collected, centrifuged, and filtered through 
0.22-µm filters (Amicon) and frozen at –80°C for further
analysis.

Scheme of experiments

Type II-like alveolar epithelial cells (A549) were cul-
tured in tissue flasks incubated in a 5% CO2 atmosphere
at 37°C in Dulbecco’s medium without phenol red con-

taining 10% heat-inactivated fetal calf serum (FCS) sup-
plemented with 100 units/ml penicillin and 100 µg/ml
streptomycin. Twenty-four-hour monolayers of A549 cells
(105 cells/ml) were cultured in duplicate in 24-well flat-bot-
tom culture plates (Costar, Cambridge, MA, USA) for 
48 h at 37°C in a 5% CO2 atmosphere in the presence of
cell-free media from the 24-h culture of leukocytes
obtained from the IS (IS-Su) of asthmatics and healthy
controls (diluted 1:1 v/v in culture medium supplemented
with FCS and antibiotics). At the end of the incubation
period, cell-free culture supernatants were centrifuged
and frozen at –20o C until further analysis and the viabili-
ty of the A549 cells was determined by the MTT test.

Determination of viability of A549 cell

The viability of A549 cells was established after 48 h
of culture by the MTT test. Following staining of the tar-
get cells with MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
-diphenyltetrazolium bromide; Sigma Chemical Co. St.
Louis, MO, USA) and lysis of the cells with SDS/DMF
solution (13.5% (w/v) sodium dodecyl sulfate (SDS) in
45% (v/v) N,N-dimethylformamide (DMF; Sigma
Chemical)), spectrophotometric measurement at 570 nm
was done.

Measurement of NO

The level of NO was measured in the supernatants
from the cell cultures. In aqueous solutions, NO is me-
tabolized rapidly into nitrite. NO production was mea-
sured by the Griess reaction as nitrite (NO2) accumulated
in the culture medium [24]. The samples were incubated
with 100 µl of Griess reagent (1% sulfanilamide and 0.1%
N-1-naphtylenodiamine dihydrochloride (Sigma Corp.,
USA) in 2.5% H3PO4) at room temperature. Absorbance
was measured at 540 nm using an ELISA plate reader
(Stat Fax 2100 Awareness, Technology Inc.). Sodium
nitrite was used as the standard. The detection limit for
the assay was 1 µM. Production of NO in A549 cells
exposed to supernatants of IS leukocyte (IS-Su) cultures
was estimated according to the formula: 

NOA549+IS-Su – NOIS-Su

were NOIS-Su is the level of NO in the supernatants of
cultures of leukocytes from IS (added on A549 cultures)
and NOA549+IS-Su the level of NO in the supernatants of
cultures of A549 cells exposed to IS-Su.

Statistical analysis

Statistical analysis of the data was performed using
Statistica 6.0 (StatSoft, BXXP 308C083428FA) soft-
ware. Comparison of nitric oxide levels and A549 cell
viability between all groups examined was done using
the Kruskal-Wallis test. Significance of differences
between groups was assessed by the Mann-Whitney U
test and interrelationships between the parameters were
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examined by the Spearman’s rank (RS) correlation test.
A value of p<0.05 was accepted as the level of signifi-
cance. 

RESULTS

Differential cell count

The analysis of the differential cell counts in the
induced sputum showed a significant increase (at the
expense of macrophages) in the percentage of neu-
trophils and eosinophils in asthmatics compared with
controls (Table 2), while there were no significant dif-
ferences between subgroups A and cA.

Viability of A549 cells treated with supernatants 
from IS leukocytes (IS-Su) 

Figure 1 (A–F) presents examples of slides with
A549 cell cultures after 48-h incubation with and with-
out cell-free media from 24-h cultures of IS leukocytes
(IS-Su) from healthy volunteers and asthmatic patients.
A cytotoxic effect on epithelial cells was observed only
in the case of cell cultures exposed to IS-Su from 
asthmatics. 

Figure 2 presents the viability of A549 cells exposed
to IS-Su. The Kruskal-Wallis test showed statistically
significant differences (p=0.0001) between the viability
of epithelial cells treated with the supernatants from the
cultures of pulmonary leukocytes from the studied
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Table 2. Differential inflammatory cell counts in induced sputa obtained from patients with bronchial asthma 
and from healthy subjects

Parameters C A cA p1 p2

n=10 n=13 n=12

Total cell 8.6 11.45 8.3 0.576 0.373
(×105) (2.0–50.9) (3.3–83.9) (2.3–40.7)
Viability 81.9 88.5 85.8 0.576 0.468
(%) (50–91) (50–97) (52–99)
Macrophages 64.2 40.0 55.0 0.002 0.171
(%)* (54.0–69.0) (16.0–60.3) (29.0–58.0)
Lymphocytes 4.6 3.0 3.0 0.059 0.939
(%)* (1.1–7.7) (0.0–9.0) (1.0–4.0)
Neutrophils 28.9 51.0 39.0 0.008 0.323
(%)* (23.1–39.0) (29.0–70.5) (30.0–65.0)
Eosinophils 0.6 7.1 5.0 0.009 0.196
(%)* (0.0–5.9) (0.0–15.0) (1.0–10.0)

Data are presented as medians; ranges (min–max) are given in parentheses.
*Percent of total nonsquamous cells.
A – corticosteroid-free asthmatics, cA – asthmatics on systemic and/or inhaled corticosteroids, C– controls.
p1 – Mann-Whitney test for healthy controls vs. total asthmatic group (A+cA).
p2 – Mann-Whitney test for A vs. cA.

Fig. 1. Representative examples of
A549 cultures treated with: culture
medium only (A); cell-free media
from 24-h cultures of pulmonary
leukocytes obtained from the
induced sputa (IS-Su) of healthy
controls (B) and asthmatic patients
(C, E – from asthmatics on corticos-
teroid therapy, D, F – from asthmat-
ics who were corticosteroid free).



groups. The viability of A549 cells treated with IS-Su
from corticosteroid-free asthmatics (group A) was sig-
nificantly lower than that of cells treated with IS-Su
from healthy controls and from group cA, i.e. asthmat-
ics on corticosteroids (median: 72% vs. 98% and 94%;
p=0.00006 and p=0.0001, respectively). The values for
group cA were insignificantly lower than those of con-
trols (median: 94% vs. 98%; p=0.12).

Production of NO by pulmonary leukocytes 

Leukocytes from asthmatics (Fig. 3) produced sig-
nificantly different (p=0.002) amounts of NO from
those from control subjects. The production of NO by
pulmonary leukocytes from corticosteroid-free asthmat-
ics (group A) was significantly higher than that from
asthmatics on corticosteroid treatment (group cA) as
well as from healthy controls (median: 10.4 µM vs. 7.8
µM and 4.4 µM; p=0.001 and p=0.021, respectively).
There was no statistically significant difference in NO
production by leukocytes isolated from the two groups
of asthmatic patients (median: 10.4 µM vs. 7.8 µM;
p=0.1).

Production of NO by A549 cells treated with cell-free
media from pulmonary leukocyte cultures (IS-Su)

There were statistically significant differences
(p=0.03) in NO production by A540 cells treated with
supernatants from cultures of pulmonary leukocytes
(IS-Su) from all the studied groups (see Fig. 4). Nitric
oxide production by epithelial cells exposed to IS-Su
from steroid-free asthmatics (group A) was significantly
higher than that from asthmatics on corticosteroid ther-
apy (group cA) as well as from healthy controls (medi-
an: 3.2 µM vs. 1.05 µM and 0.95 µM; p=0.01 and
p=0.001, respectively). The levels of NO produced by
A549 cells exposed to IS-Su from healthy controls and

asthmatics on corticosteroids did not differ significantly
(median: 0.95 µM vs. 1.05 µM; p=0.56).

Relationship between NO levels and the viability 
of epithelial cells treated with cell-free media 
from 24-h cultures of IS leukocytes

Negative correlation was noted between the levels of
NO produced by pulmonary leukocytes from IS and the
viability of A549 cells treated with cell-free media from
24-h cultures of IS leukocytes (IS-Su) (RS=–0.731;
p<0.001). Furthermore, negative correlation was also
observed between the production of NO by A549 cells
treated with IS-Su and the viability of these epithelial
cells (RS=–0.342; p=0.044).
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Fig. 2. Viability of A549 cells exposed to cell-free media from 
24-h cultures of leukocytes isolated from induced sputa (IS-Su)
obtained from healthy controls and asthmatic patients. Results are
presented as median values and quartiles (25–75%). Ranges are
shown as whisker plots. 
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Fig. 3. Production of NO by pulmonary leukocytes isolated from
IS obtained from asthmatics and healthy controls. Results are pre-
sented as median values and quartiles (25–75%). Ranges are
shown as whisker plots.
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Fig. 4. Production of NO by A549 cells treated with cell-free media
from 24-h cultures of pulmonary leukocytes (IS-Su) obtained from
the induced sputa of asthmatics and healthy controls. Results are
presented as median values and quartiles (25–75%). Ranges are
shown as whisker plots.
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Relationship between patient symptom intensity score 
and the production of NO and the viability 
of epithelial cells exposed to cell-free media 
from 24-h cultures of IS leukocytes

We analyzed the relationship between the obtained
results and patient symptom intensity scores. Statistical
analysis showed positive correlation between the symp-
tom intensity scores of the studied patients and the lev-
els of NO produced by pulmonary leukocytes obtained
from IS (RS=0.336; p=0.048). There was also negative
correlation between the viability of epithelial cells treat-
ed with cell-free media from cultures of leukocytes from
IS and patient symptom score (RS=–0.428; p=0.01).

DISCUSSION

Chronic airway inflammation with damage to the
epithelium in asthma patients prompts repair mecha-
nisms, which lead to structural and functional changes in
the respiratory tract. Airway remodeling is currently
considered as characteristic of this disease as allergic
inflammation. Recently, Holgate et al. [12, 13] proposed
a new paradigm for asthma pathogenesis termed the
“epithelial-mesenchymal trophic unit”. According to
this concept, signaling between injured epithelium and
fibroblasts activates growth factors that stimulate the
growth and survival of mesenchymal cells. Fundamental
features of asthma are increased bronchial epithelium
susceptibility to injury through the activation of caspase-
-3/apoptosis as well as impaired epithelial repair.
However, in this theory the mechanisms of lung tissue
impairment are not a matter of consideration.

There are some reports which suggest that NO may
contribute to airway remodeling in asthma. Gabazza et
al. [6] showed that the ratio of airway wall thickness to
lumen diameter in asthmatics significantly correlated
with sputum nitrite/nitrate levels. Other authors found
a correlation in patients with asthma between NO output
and reticular basement membrane thickness or concen-
trations of bronchoalveoalar lavage cytokines associated
with remodeling, such as TGF-β1 and TIMP-1/MMP-9
[16, 22]. However, it is not clear whether NO is a cause
or a bystander of these processes. The mechanisms of
lung tissue impairment in asthma are definitely less rec-
ognized. A predominant role is ascribed to IL-1β as well
as to neutrophil and macrophage infiltrates [15]. 

In this study we evaluated the relationship between
NO production by leukocytes obtained from IS of asth-
matic patients and the viability of lung epithelial-like
cells. NO was produced in significantly higher amounts
by the leukocytes of asthma patients than of controls.
The analysis of the differential cell counts of IS suggest-
ed that this increase in NO production was probably
generated mainly by neutrophils. NO production signif-
icantly inversely correlated with the viability of lung
epithelial-like cells and positively correlated with symp-
tom intensity score. Cytotoxic NO effects on A549 cells

were observed only in cultures treated with cell-free
media from cultures of leukocytes obtained from asth-
matic patients. These harmful effects were attenuated in
samples obtained from patients on chronic corticos-
teroid therapy. In our experiment we did not determine
the type of alveolar cell death. Data from the literature
are conflicting. Gavino et al. [7] reported that apoptosis
is involved, while Narula et al. [19] suggested non-
apopototic mechanisms. Though our results provided
only indirect evidence, we can speculate that the NO
produced by pulmonary leukocytes not only reflects the
intensity of inflammation, but may also contribute to
alveolar epithelium damage. This thesis is in line with
the results of Gavino et al. [7], who found increased
apoptosis in fetal rat type II pneumocytes (the stem cells
of the alveolar epithelium) under the influence of expo-
sure to hyperoxia and NO. A cytotoxic effect of NO on
airway epithelial cells has also been described on the
basis of an in vitro study with NO-donors and in an ani-
mal model where NO was given by inhalation [11].
However, in this model the epithelial cells did not have
direct contact with either pulmonary leukocytes or the
reactive forms of NO produced by these leukocytes.

We also observed negative correlation between the
levels of NO produced by epithelial cells treated with
supernatants from pulmonary leukocyte cultures and
the viability of these epithelial cells. This finding sug-
gests that pulmonary leukocytes may also activate the
production of NO by epithelium in asthma, which is
another self-perpetuating process.

We consider this study as a first step in our attempt
to better elucidate the role of NO in lung remodeling in
asthma. In order to demonstrate clearly the causation of
NO products on cellular viability, further experiments
with inhibitors of NO synthesis, potential inducible NO
synthase (iNOS) upregulation, as well as epithelial cell
apoptosis assays have been planned.

At present there is no satisfactorily effective therapy
available to prevent lung remodeling in asthma. Corti-
costeroids have shown limited effects on structural
changes in the lung tissue [2, 20, 23]. Further elucidation
of the role of NO in this process may potentially offer
a novel therapeutic target. There are some expectations
from the introduction of selective inhibitors of iNOS
that may allow limiting the production of NO to close to
constitutive levels [9]. Such compounds might be consid-
ered as complementary to corticosteroids in the treat-
ment of asthmatic patients. 

We are aware of all the difficulties and potential pit-
falls in transposing the results of ex vivo experiments to
in vivo, real situations. Among other things, one must
remember that NO is produced not only by neutrophils,
macrophages, eosinophils, and epithelial cells, but also
by various other cells. It also combines with hemoglobin
to form small quantities of methemoglobin, preventing
spread of its effect [17]. Despite all these objections, we
believe on the basis of our results that in the course of
asthma, pulmonary leukocytes may interact with alveo-
lar epithelial cells by inducing excessive NO production,
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which in turn may contribute to epithelium impairment.
This effect is attenuated in patients on chronic corticos-
teroid therapy.
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