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Background: Endogenous nitric oxide protects against airway
hyperresponsiveness (AHR) to bradykinin in mild asthma,
whereas AHR to bradykinin is enhanced by inhaled allergens.
Objective: Hypothesizing that allergen exposure impairs bron-
choprotective nitric oxide within the airways, we studied the
effect of the inhaled nitric oxide synthase (NOS) inhibitor NG-
monomethyl-L-arginine (L-NMMA) on AHR to bradykinin
before and after allergen challenge in 10 subjects with atopic
asthma.
Methods: The study consisted of 3 periods (1 diluent and 2
allergen challenges). AHR to bradykinin (PD20BK) was exam-
ined before and 48 hours after allergen challenge, both after
double-blinded pretreatment with L-NMMA or placebo. The
accompanying expression of the various NOS isoforms
(ecNOS, nNOS, and iNOS) was examined by means of
immunohistochemistry in bronchial biopsies obtained after
diluent and allergen challenge.
Results: After placebo, AHR to BK worsened after allergen
challenge in comparison with before allergen challenge
(PD20BK, 70.8 nmol [range, 6.3-331] and 257 nmol [35.5-2041],
respectively; P = .0004). After L-NMMA, preallergen and
postallergen PD20BK values (50.1 nmol [1.8-200] vs 52.5 nmol
[6.9-204]; P = .88) were similarly reduced (P < .01) and not dif-
ferent from the postplacebo/postallergen value (P > .05). After
allergen challenge, the intensity of staining in bronchial epithe-
lium decreased for ecNOS (P = .03) and increased for iNOS (P
= .009). These changes in immunostaining were correlated with
the accompanying worsening in AHR to BK (Rs = –0.66 and
0.71; P < .04).
Conclusions: These data indicate that allergen exposure in
asthma induces increased airway hyperresponsiveness to

bradykinin through impaired release of bronchoprotective
nitric oxide associated with downregulation of ecNOS. This
suggests that new therapeutic strategies towards restoring the
balance among the NOS isoforms during asthma exacerbations
are warranted. (J Allergy Clin Immunol 2001;108:198-204.)
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Airway hyperresponsiveness (AHR) to nonspecific
bronchoconstrictor stimuli, a hallmark of asthma, is asso-
ciated with the underlying inflammatory process of the
disease.1 Thus the understanding of the mechanism(s) of
AHR might help to unravel the pathogenesis of asthma
and contribute to the development of novel therapeutic
strategies. Allergen exposure in individuals with atopic
asthma causes bronchoconstriction, airway inflamma-
tion, and increased AHR to nonspecific stimuli,2,3 includ-
ing bradykinin (BK).4 Allergen-induced bronchocon-
striction is mostly characterized by biphasic responses,
known as the early and the late asthmatic responses
(EAR and LAR, respectively).2 The LAR also shows air-
way inflammation because of an influx of eosinophils
and lymphocytes,2,5 and it is accompanied by an increase
in AHR.3 Eosinophil-derived proteins that can disrupt the
epithelial barrier, hamper enzymatic degradation of
mediators, or impair epithelium-derived bronchoprotec-
tive factors, including nitric oxide (NO), might con-
tribute to allergen-induced increase in AHR.6-12

NO, a gaseous molecule, is endogenously generated
during the conversion of the amino acid L-arginine to L-
citrulline by a family of NO synthases (NOSs).13 Consti-
tutive and inducible forms of NOS (cNOS and iNOS,
respectively) have been described and are both present in
the airways with divergent effects.13 iNOS expression is
induced by proinflammatory cytokines and releases large
quantities of proinflammatory NO in a sustained man-
ner.14 However, Ca2+-dependent cNOS activity, repre-
sented by neuronal and endothelial NOS isoforms
(nNOS and ecNOS, respectively), rapidly releases small
amounts of bronchoprotective NO.15 BK is a mediator16

that in addition to activating neurally mediated bron-
choconstriction stimulates the cNOS pathway.17,18 We
have previously shown that pretreatment with a nonse-
lective NOS inhibitor, NG-monomethyl-L-arginine (L-
NMMA),19 potentiates AHR to BK in mild,20 but not in
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severe, asthma.21 These findings indicate that the airways
are protected by their ability to release NO15,20 and that
this protective effect is lost in severe asthma.21 It is
unknown whether this loss can be driven by allergen. We
postulated that the allergen-induced increase in AHR to
BK4 is caused by impairment of cNOS-derived NO.

To test this hypothesis, we examined the effect of
inhaled L-NMMA on AHR to BK before and after aller-
gen challenge in patients with mild atopic asthma. As a
secondary objective, we studied the effect of allergen on
the expression of the 3 NOS isoforms (ecNOS, nNOS,
and iNOS) in the epithelium of bronchial mucosal biop-
sies by means of immunohistochemistry.

METHODS

Subjects

Ten nonsmoking, house dust mite–atopic individuals with clini-
cally stable asthma participated in the study (Table I). None of the
participants were on regular medications, and all met the criteria of
mild intermittent asthma1 and were symptom-free at the time of the
study. Their values of baseline FEV1 had to be >70% of predicted,22

whereas the subjects had to be hyperresponsive to inhaled histamine
(provocative concentration producing a 20% fall from baseline
FEV1 [PC20] < 8.0 mg/mL).23 None of the participants had a histo-
ry of relevant allergen exposure or respiratory tract infection in the
6 weeks before and during the study. Inhaled short-acting β2-
agonists and beverages containing xanthines were withheld for at
least 12 hours before testing. The subjects were enrolled in the
study provided that they had a documented EAR (fall in FEV1 ≥
20% from baseline 0 to 3 hours postallergen) and LAR (fall in FEV1
≥ 15% 3 to 7 hours) to inhaled house dust mite extract in the screen-
ing period.23 The study was approved by the Medical Ethics Com-
mittee of the Leiden University Medical Center, and all patients
gave written informed consent. 

Study design 

Each subject was seen within 1 week on 3 separate screening
visits, during which the selection criteria were examined (Table II).
A multidose skin prick test and a standardized allergen inhalation
challenge with house dust mite extract were performed, as previ-
ously reported.23,24

The study had a randomized, double-blinded, placebo-
controlled, crossover design and consisted of 3 periods of 4 study
days each, separated by wash-out intervals of 2 to 4 weeks. During
each randomized study period, the participants underwent a BK

inhalation challenge before (day 3) and 48 hours after (day 10) a
diluent (period 1) or allergen challenge (periods 2 and 3, day 8;
Table III). Patients inhaled either placebo (periods 1 and 2) or L-
NMMA (period 3) before each BK challenge. Tests were performed
at the same time of day (±2 hours) in each subject. 

Baseline FEV1 had to be within 10% on each study day in all
periods, and a control PC20 histamine on day 1 of each study peri-
od had to remain within 1 doubling concentration. After baseline
measurements of FEV1, each participant inhaled an aerosol of either
placebo or L-NMMA for 30 minutes. Then, 5 minutes after the end
of the aerosol delivery, the participant started a BK challenge. In
periods 1 and 2, bronchoscopy was performed in each patient 2
hours after the end of the second BK challenge (day 10), and 6
bronchial biopsies were taken.

Pretreatment

Freshly prepared L-NMMA (10 mg in 3 mL 0.9% NaCl) or
placebo (3 mL 0.9% saline solution)20,21 were nebulized through
use of a jet nebulizer (DeVilbiss 646, Somerset, Pa) operated by
means of oxygen (output, 0.13 mL/min) and connected to the cen-
tral chamber of an inspiratory-expiratory valve box with an expira-
tory aerosol filter (Ultipor BB50T; Pall, Portsmouth, United King-
dom). The aerosols were inhaled by tidal breathing through the
mouth with the nose clipped for 30 minutes.20,21

Bradykinin challenge

BK (0.0024-5.0 mg/mL; Clinalfa AG, Läufelfingen, Switzerland)
was freshly dissolved in 0.9% saline solution on each study day.
Doubling doses of BK (from 0.25 nmol) were aerosolized at 5-
minute intervals by a jet nebulizer connected to a dosimeter (Spiron,
Helsinki, Finland) set to aerosolize for 2-second periods to deliver
16 µL per breath.20,21 The patient, wearing a nose clip, slowly
inhaled 7 breaths of each aerosolized solution from end-tidal volume
to total lung capacity through a mouthpiece. FEV1 was measured 1
and 3 minutes after each aerosolization until it dropped by ≥20%
from baseline. The provocative dose of BK causing the 20% fall in
FEV1 was calculated by log-linear interpolation (PD20BK).20,21

Allergen challenge

Allergen challenge was performed according to a standardized
tidal breathing method.23 Purified aqueous allergen extract (62.5-
2000 BU/mL) of Dermatophagoides pteronyssinus (SQ 503; Vivo-
diagnost, ALK, Benelux), with 0.5% phenol as a preservative, was
prepared from the same production batch for both the multidose
skin prick tests and the bronchoprovocation tests. Doubling con-
centrations of allergen were aerosolized by means of a DeVilbiss
646 nebulizer (output, 0.13 mL/min) and inhaled at 12-minute inter-
vals by tidal breathing for 2 minutes with the nose clipped, until a
fall in FEV1 of ≥20% from baseline was reached. In periods 2 and
3, each subject inhaled the same 3 dilutions of house dust mite
extract. The response to allergen was measured in duplicate 10 min-
utes after each inhalation of allergen and repeated at 20, 30, 40, 50,
60, 90, and 120 minutes and then hourly until 10 hours after the last
inhalation.23 The EAR and LAR were defined either as the maxi-
mum percentage fall from baseline FEV1 or as the area under the
time-response curve (AUC) from 0 to 3 hours (AUC0-3) and from 3
to 10 hours (AUC3-10) after allergen challenge, respectively.23 The
procedure for the diluent challenge was similar to that for the aller-
gen challenge.

Bronchoscopy

Fiberoptic bronchoscopy (outer diameter, 6 mm; Pentax Optical
Co, Tokyo, Japan) was carried out by experienced clinical investi-
gators using a standardized protocol and safety procedures based on

Abbreviations used
NO: Nitric oxide

AHR: Airway hyperresponsiveness
BK: Bradykinin
DD: Doubling dilution

EAR: Early asthmatic response
ecNOS: Endothelial constitutive nitric oxide synthase

LAR: Late asthmatic response
L-NMMA: NG-monomethyl-L-arginine 

PD20BK: Provocative dose producing a 20% fall in FEV1
to BK

nNOS: Neuronal nitric oxide synthase
iNOS: Inducible nitric oxide synthase



200 Ricciardolo et al J ALLERGY CLIN IMMUNOL

AUGUST 2001

international guidelines, as have been used in previous studies in
our department.7 Six bronchial biopsies were taken at the (sub)seg-
mental level from either the right lung (right lower and middle lobe)
or the left lung (lingula and left lower lobe) through use of a pair of
cup forceps (Reda Ø 2.5 mm without spike; Reda, Tuttlingen, Ger-
many). Alternate biopsy sites (right or left lung) were randomized
over the 2 bronchoscopy visits.

Immunohistochemistry

Biopsy samples were immediately fixed in 4% formaldehyde/PBS
(w/v) and embedded in paraffin. Four-micrometer–thick sections
were made, and antigen retrieval was performed by means of
microwave heating of the sections in 0.01-mol/L citrate/PBS (pH
6.0). The sections were incubated overnight with rabbit polyclonal
antibodies for ecNOS, nNOS, and iNOS (dilution, 1:80 in 1%
BSA/PBS; Transduction Laboratories, Lexington, Ky). Next, the sec-
tions were incubated with biotinylated swine-anti-rabbit IgG (1:400
in 1% BSA/PBS; Dako A/S, Glostrup, Denmark) as a secondary anti-

body and with a tertiary complex of streptavidin-biotin conjugated to
horseradish peroxidase (Dako), according to the manufacturer’s
instructions, in 1% BSA/PBS. After being rinsed in 0.1 mol/L sodi-
um acetate (pH 5.0), the sections were stained for 7 minutes through
use of 3-amino-9-ethyl-carbazole as chromogen. The sections were
counterstained with Mayer’s hematoxylin and mounted in Kaiser’s
glycerin. Incubation with PBS supplemented with 1% BSA instead of
the primary antibody served as a negative control.

ecNOS, nNOS and iNOS staining intensity in intact epithelium
was assessed on coded material through use of light microscopy by
semiquantitative analysis7 and expressed as follows: 0, absence of
staining; 1, mild staining; 2, moderate staining; 3, intense staining.
The scoring was done twice over a 2-day period by a single observ-
er. Intraobserver repeatability was assessed by weighted κ (κw).

Statistical analysis

All data are reported as means and SEs unless otherwise noted.
The value of PD20BK was log-transformed for statistical analysis,
and the corresponding geometric means were calculated. A repeat-
ed measures analysis of variance (MANOVA) was applied to test
whether there were any differences in baseline FEV1 and
logPD20BK between the study days. Two-tailed paired Student t
tests were applied to explore the differences. In addition, the differ-
ence in logPD20BK, expressed in terms of doubling dilutions
(DDs), was calculated in each individual by means of the formula
previously described.20 Reproducibility of the allergen and BK
challenges was examined by means of intraclass correlation coeffi-
cients (Ri). Nonparametric statistical analysis (Wilcoxon rank test)
was applied to examine the effect of allergen on NOS immunos-
taining. Correlation analyses were made by means of Spearman
rank correlation testing (Rs). Statistical significance was accepted
for P values less than .05.

RESULTS

The stability of asthma between the chal-

lenge days

Baseline FEV1 was not different between the dilu-
ent/allergen days (mean ± SEM): 3.83 ± 0.17 L (period
1), 3.78 ± 0.15 L (period 2), 3.83 ± 0.18 L (period 3),
respectively (MANOVA, P = .42). Baseline FEV1 did not
change significantly between the BK challenge days and
was not affected by placebo or L-NMMA pretreatment
(Table IV).

TABLE I. Characteristics of participants

Patient no. Sex Age (y) Atopic status* FVC (% predicted)† FEV1 (% predicted)† PC20FEV1 Histamine (mg/mL)‡

1 F 20 5 108 90 0.61
2 F 20 4 95 94 0.29
3 M 21 3 100 81 0.74
4 M 24 6 98 87 1.77
5 M 26 4 112 92 1.0
6 F 21 4 109 103 1.33
7 M 20 5 102 97 0.36
8 M 19 4 93 96 4.23
9 F 26 4 96 100 1.94

10 F 24 3 107 104 3.34

FVC, Forced vital capacity.
*As determined by the number of wheal responses to 10 common allergen extracts (Vivodiagnost, ALK, Benelux).
†Baselines in percentage of predicted values in the screening period.
‡Provocative concentrations of histamine causing a 20% fall in FEV1 in the screening period.

TABLE II. Design schedule of measurements in the
screening period

Screening day

Screening item 1 2 3

Questionnaire × — —
Spirometry × — —
Histamine challenge × — —
Skin prick test × — —
Diluent challenges — × —
Multidose skin prick test — × —
Allergen challenge — — ×

TABLE III. Design schedule of measurements in the
study periods

Study

period Day 1 Day 3 Day 8 Day 10

1 Hist Pla + BK Diluent Pla + BK*
2 Hist Pla + BK Allergen Pla + BK*
3 Hist L-NMMA + BK Allergen L-NMMA + BK

Hist, Histamine challenge; Pla, placebo pretreatment; BK, bradykinin chal-
lenge; L-NMMA, NG-monomethyl-L-arginine pretreatment.
*Bronchoscopy: only in periods 1 and 2.
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The stability of the response to allergen

The response to allergen was well reproducible
between the 2 challenges. The Ri values for AUC0-3,
AUC3-10, and total AUC were 0.82, 0.92 and 0.9, respec-
tively. The maximum percentage fall in FEV1 from base-
line during the EAR (mean ± SEM) was 43.7% ± 3.6%
in period 2 and 41.4% ± 3.8% in period 3 (P = .44),
whereas AUC0-3 of the 2 allergen responses was 51.5% ±
6.4% fall • h in period 2 and 48.7% ± 8.3% fall • h in
period 3 (P = .56). All subjects had an LAR (mean ±
SEM) with 33.2% ± 4.5% fall in period 2 and 32.1% ±
5.4% fall in FEV1 in period 3 (P = .69), and the AUC3-10
was 175.2% ± 29.9% fall • h (period 2) and 176.9% ±
31.0% fall • h (period 3; P = .89). In period 1, diluent did
not affect FEV1 at each time point (data not shown).

Bradykinin hyperresponsiveness

BK inhalation caused a dose-related bronchoconstric-
tion on all study days, and a measurable PD20BK was
obtained in every case. In period 1, PD20BK values before
(day 3: 182 nmol [range, 46.8-676.1 nmol]) and after
diluent (day 10: 195 nmol [range, 45.7-832 nmol]) were
not different (P = .13) and were highly reproducible, as
expressed by an Ri of 0.98. Those values of PD20BK were
also not significantly different from the postplacebo/pre-
allergen value in period 2 (MANOVA, P = .56). As
expected, PD20BK after allergen challenge (70.8 nmol
[range, 6.3-331.1 nmol]) was significantly lower than the
postplacebo/preallergen value in period 2 (257 nmol
[range, 35.5-2042 nmol]; P = .0004; Fig 1), the mean dif-
ference being 1.8 ± 0.38 DDs. However, when L-NMMA
pretreatment was used in period 3, PD20BK did not differ
between before allergen challenge (50.1 nmol [range, 1.8-
200 nmol]) and after allergen challenge (52.5 nmol
[range,6.9-204 nmol]; P = .88; Fig 1). In fact, both
PD20BK values after L-NMMA pretreatment in period 3
were significantly reduced in comparison with the post-
placebo/preallergen value in period 2 (P < .01; DDs, 2.36
± 0.69 and 2.29 ± 0.33, respectively; Fig 1), whereas they
did not differ from the postplacebo/postallergen value in
period 2 (P > .05). 

NOS immunostaining

Positive immunoreactivity for all NOS isoforms was
observed in both columnar and basal cells of the airway
epithelium and was mainly evident on the apical surface
of columnar cells (Fig 2). The intraobserver repeatabili-

ty, expressed as κw of immunohistochemical analysis,
was good for all of the NOS isoforms (ecNOS, 0.83;
nNOS, 0.72; iNOS, 0.71). The intensity of the staining
for iNOS in the epithelium of the bronchial biopsies was
significantly higher 48 hours after allergen inhalation
(period 2; score [mean ± SEM], 2.1 ± 0.18) in compari-
son with biopsies taken 48 hours after diluent exposure
(period 1; 1.3 ± 0.15; P = .009). The intensity of the
staining for ecNOS was, however, lower after allergen
(1.3 ± 0.3) than after diluent exposure (2.1 ± 0.18; P =
.03). In contrast, staining for nNOS in the epithelium was
not different between postallergen exposure (1.8 ± 0.2)
and postdiluent exposure (2.2 ± 0.13; P = .084).

Relationship between BK hyperresponsive-

ness and NOS immunostaining

The difference between postdiluent and postallergen
PD20BK (periods 1 and 2), expressed in DDs (1.5 ± 0.04;
P = .007), was inversely correlated with the accompany-
ing decrease in ecNOS immunostaining (Rs = –0.66; P =
.039; Fig 3) and positively correlated with the increase in
iNOS immunoreactivity (Rs = 0.71; P = .024).

TABLE IV. FEV1 values (L) at baseline and after placebo/L-NMMA pretreatment on all bradykinin days of each study
period

Period 1 Period 2 Period 3

Day 3 Day 10 Day 3 Day 10 Day 3 Day 10

Baseline 3.86 ± 0.21* 3.84 ± 0.22* 3.87 ± 0.17* 3.77 ± 0.20* 3.83 ± 0.20* 3.74 ± 0.19*
Placebo/L-NMMA 3.84 ± 0.21 3.82 ± 0.21 3.84 ± 0.16 3.78 ± 0.21 3.82 ± 0.20 3.72 ± 0.20
P value .17 .19 .22 .53 .59 .23

*MANOVA, P = .13.

FIG 1. Individual changes in PD20FEV1 to inhaled BK within the 3
periods of the study in 10 patients with atopic asthma. Period 1:
BK challenge with placebo pretreatment, before (day 3) and 48
hours after (day 10) diluent challenge. Period 2: BK challenge with
placebo pretreatment, before and after allergen challenge. Period
3: BK challenge with L-NMMA pretreatment, before and after
allergen challenge. Each bar indicates the geometric mean of
PD20FEV1 to BK (nmol) on the respective day, and P values have
been added.
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DISCUSSION

The present study shows that increased AHR to BK,
induced by allergen exposure in asthma, is due to
impaired production of bronchoprotective NO, a phenom-
enon that is associated with downregulation of ecNOS
and upregulation of iNOS within the airway epithelium.
These findings underscore the relevance of bronchopro-
tection by endogenous NO to limit AHR in asthma and
warrant the development of treatment strategies to restore
ecNOS activity during asthma exacerbations. 

This message is derived from the following observa-
tions. First, we confirmed that allergen exposure leads to
increased AHR to BK,4 suggesting that allergen might
either increase bronchoconstrictor or reduce bronchopro-
tective mechanisms. Second, L-NMMA potentiated
AHR to BK in subjects with mild asthma unexposed to
allergen, as previously observed,20 suggesting that in
mild asthma BK not only induces bronchoconstriction25

but also mobilizes bronchoprotective NO.20 Third, there
are the novel observations that the magnitudes of the

FIG 2. Immunohistochemical staining for ecNOS (A and B), nNOS (C and D), and iNOS (E and F) at the high-
est (A, C, and E) and lowest (B, D, and F) intensity scores in the epithelium of 4-µm sections of formalin-
fixed, paraffin-embedded bronchial biopsies of patients with mild atopic asthma taken 48 hours after dilu-
ent (A, C, and F) and allergen (B, D, and E) challenges. Original magnification: 200×.

FIG 3. Correlation of the change in AHR to inhaled BK as induced by
allergen challenge (change in PD20FEV1 between day 10 of periods
1 and 2), expressed in DD, with the accompanying allergen-induced
fall in the expression of bronchial epithelial ecNOS, expressed as
intensity score. The regression line has been drawn. Rs, Spearman
rank correlation coefficient with corresponding P value.
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potentiation of BK-induced bronchoconstriction caused
by L-NMMA and by allergen challenge were not differ-
ent and, more important, that the potentiation of BK-
induced bronchoconstriction caused by allergen was not
further increased by L-NMMA. The latter suggests that
allergen and L-NMMA share a final common pathway to
exaggerate AHR to BK, consisting of the ability to
reduce the release of bronchoprotective NO.

Utmost care was taken to ensure optimization of the
method used in this study. We selected a homogenous
group of nonsmoking subjects with mild atopic asthma
who were not on glucocorticoids, which are known to be
iNOS inhibitors,26 before or during the experiments. The
results in the present study were obtained by applying a
double-controlled design (diluent/allergen and place-
bo/L-NMMA) and carefully validated methods for
inhalation challenge,23 bronchoscopy,7 immunostaining
of biopsies,27 and intensity scoring.7

NO, derived from neural nNOS, is the mediator of the
nonadrenergic, noncholinergic neural relaxation in the
airways of several species of mammal, including human
beings.28 Recently, it has been proposed that NO released
from the epithelium limits bronchoconstriction to spas-
mogens.15 Neurally mediated bronchoconstriction by
BK16,25 is limited by several epithelium-derived factors,
including peptidases,29 prostaglandin E2,29,30 and, more
importantly, NO.8,18,20 Thus, blockade of NOS pathways
in guinea pigs potentiated BK-induced bronchoconstric-
tion17 and changed the BK-induced and epithelium-
dependent relaxation of an isolated trachea into a con-
traction.8 In addition, BK caused a Ca2+-dependent rapid
(cNOS-derived) release of NO from guinea pig airway
segments.18 Finally, allergen (or LPS) increased AHR in
guinea pigs during the LAR by cNOS impairment,9-

11,31,32 whereas after the LAR the partial reversal of AHR
is iNOS-dependent.31,32 Our study suggests that iNOS-
derived bronchoprotective NO in humans is uncertain.

The capability of BK to induce bronchoconstriction in
individuals with asthma but not in normal individuals16

might in part be explained by the shedding of airway
epithelium present in those with asthma. For instance,
eosinophil-derived epithelial damage might result in
reduced peptidase activities and subsequent uncontrolled
kinin levels33 with altered AHR34 or in exposure of sen-
sory nerve endings to noxious agents, including kinins,
that might more easily activate bronchomotor neural
reflexes.16,35 In addition to these mechanisms, we have
here provided evidence for an additional epithelial-
dependent pathway, which, via an altered expression of
NOS isoforms in airway epithelium, results in increased
AHR to BK in asthma.

Eosinophil-derived toxic proteins, proinflammatory
cytokines, and other mediators formed during allergic
inflammation contribute to a change in airway epithelium
toward a proinflammatory phenotype,36 which is charac-
terized by downregulation of protective (cNOS)9,12 and
upregulation of detrimental NOS pathways (iNOS),36,37

among other features. Increased expression of iNOS is a
relatively long-term process that leads to the release of

large quantities of Ca2+-independent proinflammatory
NO.14 Findings obtained after allergen exposure showing
downregulation and upregulation of epithelial ecNOS and
iNOS, respectively, point out that changed expression of
ec/iNOS isoforms is the underlying cause of allergen-
induced increase in AHR to BK. This is further supported
by the correlations between physiologic and immunohis-
tochemical findings. However, despite the fact that nNOS
expression in airway epithelium was not affected by aller-
gen exposure, we cannot rule out a deficiency of nNOS
activity in airways with allergic inflammation.38

What are the clinical implications of these findings?
Increased AHR to BK in individuals with severe asthma
is likely due to the failure of BK to release bronchopro-
tective NO.21 The present study shows that such failure to
activate NO-dependent bronchoprotection can be induced
by allergens. Allergen exposure is thought to be a major
factor in the development,39 maintenance,40 and exacer-
bation41 of asthma. Current therapy is almost exclusively
directed at opposing bronchoconstrictor or proinflamma-
tory stimuli.1 It can be questioned whether this is the most
sensible approach and whether restoring impaired
endogenous protection should not have at least a similar
priority. Our results demonstrate the functional signifi-
cance of endogenous bronchoprotective NO in conjunc-
tion with ecNOS expression within the airways. This war-
rants the development of treatment strategies, such as the
use of calciumlike peptides42 and ecNOS gene transfer,43

aimed at the restoration of downregulated ecNOS in asth-
ma. Such therapeutic targeting might not only be benefi-
cial for patients with severe asthma21 but also afford pro-
tection during exacerbations of the disease.44,45
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