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ABSTRACT: Nitric oxide production by endothelial cells may have important conse-
quences for the development of airway inflammation as well as for airway ob-
struction. The present study investigated whether the expression of vascular inducible
nitric oxide synthase (iNOS) and endothelial nitric oxide synthase (eNOS) in human
bronchi differs between asthmatic and healthy subjects, and whether it shows a
circadian rhythm, especially in subjects with increased nocturnal airway obstruction.

Bronchial biopsy samples were taken at 16:00 and 04:00 h from 13 healthy and 25
asthmatic subjects, 18±45 yrs. Biopsy samples were snap-frozen and double-im-
munostained for iNOS and eNOS in combination with a common vascular antigen
(CD31). The degree of immunopositivity was expressed as a percentage of CD31-
positive vessels encountered in complete biopsy sections.

Asthmatic subjects showed greater iNOS expression than healthy controls: 23�15
versus 7�17% (mean�SD) at 16:00 h (p<0.001) and 19�15 versus 8�11% at 04:00 h
(p<0.05). Asthmatic subjects with a fall in forced expiratory volume in one second of
>10% of the predicted value between 16:00 and 04:00 h showed greater iNOS
expression at 16:00 than at 04:00 h: 32�16 versus 20�13% (p<0.05). eNOS expression
did not differ between healthy controls and asthmatic patients, nor did it differ
between 16:00 and 04:00 h.

It is suggested that asthmatic subjects with increased nocturnal airway obstruction
demonstrate increased activation of inducible nitric oxide synthase during the day.
The resulting nitric oxide production might protect against airway obstruction during
the day. However, at night, nitric oxide production is probably insufficient to coun-
terbalance the bronchoconstricting forces.
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In recent years, there has been extensive interest in the
role of nitric oxide in the pathophysiology of asthma [1].
Asthmatic patients show higher levels of exhaled NO
than healthy controls, which is thought to be a reflection
of the underlying asthmatic airway inflammation [2, 3].
Increased production of NO is considered not only a
reflection of but also a mediating factor for increased
airway inflammation [4±6]. Increased airway inflamma-
tion may contribute to narrowing of the airways and
increased bronchial hyperresponsiveness [4, 6, 7]. Con-
versely, NO may cause smooth muscles to relax in a
direct way and thus decrease bronchoconstriction [8] and
bronchial hyperresponsiveness [9±12]. This dual effect of
NO on the patency of the airways has been suggested in
several animal studies [13, 14]. The aim of the present
study was to obtain greater insight into the dual effects of
NO by investigating the enzymes responsible for NO
production in patients with nocturnal and non-nocturnal
asthma.

Inducible nitric oxide synthase (iNOS) is one of the
enzymes that has been the focus of attention of many
researchers, especially because it is modulated by inflam-

matory factors. Gradually, the paradigm has evolved that
expression of iNOS is upregulated in epithelial and in-
flammatory cells in asthmatic bronchi [2, 3] and that it is
responsible for the elevated NO levels measured in ex-
haled air [2, 3]. However, to date, only one biopsy study
on iNOS in asthmatic patients has been published, show-
ing increased expression of iNOS in the epithelium [15].
In contrast to iNOS, relatively little attention has been
given to the role of the constitutive synthases (cNOSs),
most probably because these are supposed not to be mod-
ulated by inflammatory factors. Moreover, the cNOSs are
thought to be responsible for the production of only small
amounts of NO. However, new findings indicate that
iNOS can be present constantly [16], whereas endothelial
cNOS (eNOS) can be subject to modest degrees of reg-
ulation [17].

Several vascular mechanisms are thought to be import-
ant for acute and chronic airway wall inflammation [18].
Interestingly, NO may be one of the mediating factors as
it promotes airway blood flow, hyperpermeability and
plasma exudation [6, 19±21]. Conversely, NO inhibits
the recruitment of inflammatory cells by suppressing
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endothelial adhesion molecules [22±26]. The endothe-
lium itself is able to express both iNOS and eNOS [27],
which is important because NO has a high affinity for
haemoglobin. Until now, the close relationship between
iNOS and eNOS expression has not been studied in
human bronchi.

The present study addressed the variable expression of
vascular iNOS and eNOS in the bronchi of asthmatic and
healthy subjects. The main questions of this study were as
follows. 1) Is the expression of vascular iNOS and eNOS
different between asthmatic and healthy subjects? 2) Is
there circadian variation in the expression of vascular
iNOS and eNOS, especially in subjects with increased noc-
turnal airway obstruction? In a study on nocturnal asthma,
bronchial biopsy samples were obtained at 16:00 and
04:00 h from 13 healthy controls and from 25 asthmatic
patients [28]. The presence of vascular iNOS and eNOS,
was examined in these samples and day and night levels
compared.

Material and methods

Thirteen healthy volunteers and 25 asthmatic subjects
aged 18±45 yrs participated in this study (table 1). Asth-
matic subjects were selected on the basis of: a history
consistent with asthma; presence of atopy (positive intra-
cutaneous tests against house dust mite or two other aero-
allergens), forced expiratory volume in one second (FEV1)
>1.5 L and >60% of the predicted value; provocative
concentration of methacholinebromide causing a 20%
fall in FEV1 (PC20 methacholine) methacholinebromide
#9.8 mg.mL-1; PC20 adenosine monophosphate (AMP)
#80 mg.mL-1; and no use of oral corticosteroids within 2
months and no use of inhaled corticosteroids within 1
month before the study. Subjects with a history of smok-
ing within the last 2 yrs or with a respiratory infection
within the last 4 weeks were excluded. The study was
approved by the Medical Ethics Committee of University
Hospital Groningen, and all subjects gave their written
informed consent. The participating subjects were further
characterized by reversibility of FEV1 (% pred) and blood
eosinophil numbers.

Subjects underwent bronchoscopy at 16:00 and 04:00 h
in randomized order, with an interval of 7±14 days. Three

days before the first bronchoscopy, bronchodilators were
withheld and peak expiratory flow (PEF) (Mini-Wright)
was recorded at 08:00, 12:00, 16:00, 20:00, 24:00, and
04:00 h. PEF variation was defined as: (highest -lowest
PEF) / mean of the six daily measurements. Mean PEF
variation was calculated as the mean variation over 3 days.
Thirty minutes before the 16:00 and 04:00 h bronchoscopy,
FEV1 was measured using a calibrated water-sealed spiro-
meter according to standardized guidelines. Asthmatic
subjects were arbitrarily divided into subjects with a fall in
FEV1 of # and >10% pred between 16:00 and 04:00 h.

All bronchoscopy was performed by one experienced
investigator (N. ten Hacken) using an Olympus B1 IT10
flexible fibreoptic bronchoscope (Olympus Optical, To-
kyo, Japan). Biopsy samples were obtained from the sub-
carinae of the left or right lower lobe using fenestrated
forceps (FB-21C, Olympus), according to American Thor-
acic Society guidelines [30].

Biopsy samples were mounted in Tissue Tek1 (Sakura,
Tokyo, Japan) and snap-frozen by immersion in isopentane
(-808C). Serial sections were cut at a thickness of 4 mm.
Every twenty-fifth section was stained with Mayer's hae-
matoxylin and eosin. The series with the morphologically
best and largest sections were selected for immunostaining.
Vessels were double-immunostained using a monoclonal
antibody recognizing all vessels in combination with a
rabbit polyclonal antibody recognizing iNOS or mouse
monoclonal antibody recognizing eNOS, respectively. The
primary antibodies were applied as a mixture in one step.
Previous validation experiments in the authors' laboratory
had demonstrated that applying a mixture produced exactly
the same results as using each antibody separately in a two-
step method, independent of the sequence of the primary
antibodies. Vessels were recognized by anti-CD31 anti-
bodies immunoglobulin G (IgG) 2b isotype, Monosan,
Uden, the Netherlands), which were labelled by isotype-
specific biotinylated goat anti-mouse IgG2b (Southern
Biotechnology Associates, Birmingham, AL, USA) and
subsequently by streptavidin conjugated to alkaline phos-
phatase (DAKO, Glostrup, Denmark) which provided a
blue reaction product with Fast Blue BB. iNOS and eNOS
were recognized by rabbit polyclonal anti-iNOS and
mouse monoclonal (IgG1-isotype) anti-eNOS (Transduc-
tion Laboratories, Lexington, KY, USA), respectively.
These antibodies were labelled by goat antirabbit anti-
bodies (iNOS) and isotype-specific goat antimouse IgG1
(eNOS) conjugated to peroxidase (SBA), using 3-amino-9-
ethylcarbazole as a substrate, which results in a reddish-
brown reaction product. Negative control sections were
used for all subjects by omitting incubation with primary
antibodies. Further, results were compared with species-
specific, isotype-matched nonrelevant antibodies. Positive
controls were included by using lung and tonsil resection
material from routine surgical procedures.

In the present study, only one antibody was used against
each NOS. Selection of these antibodies was based on the
general opinion of experts in the field that these antibodies
were the best at that time, and on extensive research in the
authors' laboratory on the sensitivity and specificity of sev-
eral other antibodies available at the time [31]. In this pilot
study, western blots were performed but were unable to
detect significant cross-reactivity of the selected anti-
bodies. Since iNOS positivity of epithelial cells was not
found it was attempted to increase the signal in several

Table 1. ± Characteristics of participating subjects

Healthy controls Asthmatics

Male/Female n 5/8 15/10
Age yrs 32�8.4 31�9.1
Eosinophils 106 cells.mL-1 0.08

(0.03±0.31)
0.25

(0.08±0.54)**
FEV1 % pred 106�14 93�13**
Reversibility % pred+ 1.5�2.1 11�10***
PEF variation % 7.5�3.2 14.8�8.2***
PC20 methacholine mg.mL-1 >9.8 0.54

(0.08±6.61)
PC20 AMP mg.mL-1 >80 2.80

(0.18±22.8)

Data are expressed as mean�SD or geometric mean (range). +: of
forced expiratory volume in one second (FEV1) on inhalation of
400 mg salbutamol. PEF: peak expiratory flow; PC20: provo-
cative concentration of drug causing a 20% fall in FEV1; AMP:
adenosine monophosphate. **,***: p<0.01, p#0.001 versus
healthy controls.
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ways: potentiation of the second step using an alkaline
phosphatase-antialkaline phosphatase method that was
repeated three times, overnight incubation at 48C to in-
clude low-affinity receptor binding, incubation of the
sections with increasing concentrations of anti-iNOS
(1:50, 1:20, 1:10, and 1:5), and combinations of these
three methods. However, none of these attempts im-
proved the signal. More recently, studies of iNOS and
eNOS reactivity were performed using formalin-fixed
paraffin-embedded biopsy samples from asthmatics, in
which it was also not possible to detect reactivity for
iNOS in the bronchial epithelium.

Whole sections were examined systematically in a blind-
ed way, using an eye grid, at a magnification of 2506.
Vessels were recognized on the basis of morphology and
CD31 immunopositivity. Whenever immunopositivity for
iNOS or eNOS was also present, this was expressed as a
percentage of CD31-positive vessels [32]. Before starting
the official counting procedure, 20 sections were examin-
ed by two observers on several separate occasions. After
reaching acceptable interobserver reproducibility, all sec-
tions were quantified twice by the same observer, the
mean results for each case being entered for analysis. The
mean intraobserver difference (confidence interval) [33]
for iNOS was 1.0% (-2.2±3.8%); the mean intraobserver
correlation was 0.91 (p<0.01). The mean intraobserver

difference (confidence interval) for eNOS was: 1.4% (-1.3±
4.1%); the mean intraobserver correlation was: 0.93
(p<0.001).

An unpaired t-test was used to compare variables be-
tween groups, and a paired t-test to compare 04:00 and
16:00 h values within groups, on condition of a normal
distribution. Because the percentage of iNOS and eNOS
positivity at 16:00 and 04:00 h showed normal distribu-
tions, values are reported as mean�SD. Correlations be-
tween the percentage of iNOS or eNOS expression and
clinical variables were performed using Pearson's rank test,
also assuming a normal distribution.

Results

Vascular inducible and endothelial nitric oxide syn-
thase expression

Expression of iNOS and eNOS on CD31-positive
vessels was found to be "patchy" in asthmatic subjects as
well as in healthy controls (fig. 1). No differences in the
percentages of iNOS- and eNOS- positive vessels were
seen between the superficial layers of the submucosa
(within 50 mm below the basement membrane) and the
deeper parts of biopsy samples.

Fig. 1. ± A and B) Bronchial biopsy sample from an asthmatic subject, double-immunostained for inducible nitric oxide synthase (iNOS); and C and D)
bronchial biopsy sample from another asthmatic subject, double-immunostained for endothelial nitric oxide synthase and CD31 and are labelled by
immunoperoxidase (reddish-brown) and CD31 by immunoalkaline phosphatase (blue) Arrow heads: iNOS- or eNOS-positive vessels; arrows: iNOS-
and eNOS-negative vessels. (Original magnification A and C3100, B and D=3300.)
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Inducible nitric oxide synthase expression relative to
CD31 expression

iNOS expression was significantly greater in asthmatic
subjects than in healthy controls, both at 16:00 and at 04:00
h (table 2). At 16:00 h, asthmatics with a fall in FEV1 of
>10% pred between 16:00 and 04:00 h showed greater
iNOS expression than asthmatics without such a fall:
32�16 versus 19�13 % (p=0.055) (fig. 2). Moreover, the
former showed greater iNOS expression at 16:00 h than at
04:00 h: 32�16 versus 20�13 % (p=0.03). iNOS expres-
sion at both 16:00 h and 04:00 h was not significantly
correlated with FEV1 (% pred), PC20 methacholine, PC20

AMP or number of blood eosinophils.

Endothelial nitric oxide synthase expression relative to
CD31 expression

eNOS expression did not differ significantly between
asthmatic subjects and healthy controls (table 2), nor be-
tween asthmatics with a fall in FEV1 of # versus >10%
pred between 16:00 and 04:00 h. eNOS expression did
not differ significantly between 16:00 and 04:00 h in
either group. eNOS expression did not significantly cor-
relate with iNOS expression, nor with 16:00±04:00 h
changes in eNOS or iNOS expression. The 16:00±04:00 h
change in eNOS expression correlated significantly with
the PEF variation measured at home in asthmatic subjects
(rho=0.48; p=0.03) (fig. 3).

Discussion

The present study demonstrates that the vascular
expression of iNOS is greater in asthmatic subjects than
in healthy controls. These results correspond partly with
the findings of HAMID et al. [15], who showed greater
epithelial expression of iNOS in bronchial biopsy sam-
ples from asthmatic subjects. Greater expression of iNOS
may lead to greater NO production, which is suggested by
in vitro [16] and in vivo findings [2, 3, 34]. Because NO
theoretically may lead to airway obstruction as well as
airway dilatation, this study focused on patients with a
strong and predictable variation in airway diameter, as is
observed in patients with nocturnal asthma.

The greater daytime vascular expression of iNOS in
asthmatic subjects with increased nocturnal airway ob-
struction is an interesting finding. It indicates that the
immune system of asthmatic subjects with increased noc-
turnal airway obstruction becomes more activated in the

day than at night, in contrast to asthmatic subjects without
increased nocturnal airway obstruction. This is in line with
the findings of OOSTERHOFF et al. [35], who demonstrated a
daytime increase in the CD11b expression of alveolar
macrophages in subjects with nocturnal asthma, correlat-
ing with circadian PEF variation. This is also in line with
the higher daytime levels and decreasing night-time lev-
els of NO in the exhaled air of subjects with nocturnal
asthma [36]. In contrast, two other studies demonstrated
more inflammation at night than in the day in patients
with nocturnal asthma [37, 38]. However, this increased
inflammation was demonstrated in bronchoalveolar lav-
age fluid and transbronchial biopsy samples, particularly
in the peripheral airways and lung parenchyma. Two
mechanisms may explain the seeming discrepancy be-
tween the lower levels of iNOS expression and the greater
degree of airway obstruction at night in the present study.
First, inhalation of inflammatory triggers (such as aller-
gens) leads to an increased daytime NOS induction. At
night, these triggers are inhaled to a lesser extent and

Table 2. ± Vascular inducible (iNOS) and endothelial nitric
oxide synthase (eNOS) expression at 16:00 and 04:00 h

Healthy controls Asthmatic subjects

16:00 h 04:00 h 16:00 h 04:00 h

Subjects n 13 25
iNOS/CD31 % 6.6�17 8.0�11 23�15** 19�15*
eNOS/CD31 % 21�22 33�27 28�30 29�29

Data are presented as mean�SD. There were no significant
differences between day and night; *,**: p<0.05, p<0.01 versus
healthy controls.
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iNOS expression becomes downregulated. In contrast to
iNOS expression, the increased airway inflammation is
not resolved within 12 h and is still present at night [28].
Obviously, this explanation assumes that induction of
iNOS is not completely in phase with induction of airway
inflammation. Furthermore, the authors speculate that
daytime NO production may be sufficient to counter-
balance the bronchoconstricting forces of airway inflam-
mation, but that this bronchoprotective mechanism may
be insufficient at night.

The present study also demonstrated that expression of
eNOS is not significantly different between bronchial
biopsy samples from healthy and asthmatic subjects. It was
expected that lesser eNOS expression would be found in
biopsy samples from asthmatic subjects for two reasons.
First, tumour necrosis factor-a, a pro-inflammatory cyto-
kine involved in asthmatic airway inflammation [39], is
known to downregulate eNOS expression by shortening
its half-life [40, 41]. Secondly, in asthmatic airway in-
flammation, vascular expression of iNOS may be strongly
upregulated, and, as a consequence, large amounts of NO
may suppress vascular eNOS activity [42]. Therefore, an
inverse relationship between eNOS and iNOS expression
was expected, but there was no such tendency. In ad-
dition, a significant but weak correlation was found be-
tween 16:00±04:00 h change in eNOS expression and
PEF variation measured at home. These findings may be
partly explained by asthmatic patients with large PEF
variations suffering from increased nocturnal airway ob-
struction, hyperinflation and "auto-positive end-expira-
tory pressure" auto-PEEP, leading to lower levels of
submucosal bloodflow, shear stress and night-time eNOS
expression. Conversely, considering the relatively low
rho, it is possible that the correlation between 16:00±
04:00 h change in eNOS expression and PEF variation is
merely a chance occurrence.

Further, it was questioned why circadian variations in
iNOS expression are related to 16:00±04:00 h FEV1, and
circadian variations in eNOS expression to PEF variation.
One explanation may be that the circadian variations in
eNOS expression are particularly dependent on intrinsic
(endogenous) factors, which are better reflected by re-
peated measurements of PEF on 3 subsequent days. In
contrast, the circadian variations in iNOS expression could
be more dependent on extrinsic (exogenous) factors, which
are better reflected by measurements of airway obstruction
on 1 day. A second explanation might be that the partici-
pating subjects were sleeping in the hospital before the
04:00 h bronchoscopy, but were outside the hospital before
the 16:00 h bronchoscopy. OOSTERHOFF et al. [43] have
shown already that measurements of nocturnal airway
obstruction are lower in hospital than at home, probably
because subjects are less exposed to house dust in
hospital.

Adequate immunohistological detection of iNOS and
eNOS expression is quite difficult and hindered by the
variable specificity and sensitivity of the available (includ-
ing commercially available) antibodies [31]. This is
probably the reason that only a few reports have been
published on this topic, despite the great scientific interest
in this field of research. In this study, two antibodies were
chosen out of a set of 10 commercially available anti-
NOS, principally because they showed the greatest sen-
sitivity and specificity in specimen of human bronchi

[31]. These results may not completely agree with those
of other papers [15, 27, 44±46] since the specific set of
antibodies used in the present study may be different from
those used by others. It should be noted that at least some
studies have used noncommercial antibodies, the speci-
ficity and sensitivity of which are difficult to verify. A
further difference may be caused by the fact that fresh
frozen tissue techniques were used in the present study.
Moreover, lung tissue (biopsy samples) from subjects
with stable disease that were not on a mechanical ven-
tilator were investigated. For example, in contrast to the
results of HAMID et al. [15] no significant anti-iNOS
signal could be detected in epithelial cells. It was attem-
pted to increase the signal in several ways (see Materials
and methods section), but, in contrast to the results of
HAMID et al. [15] positivity of the epithelial cells was only
very scarce, despite all attempts. Because iNOS positivity
of inflammatory cells and vessels was readily clear, the
results were trusted and the iNOS negativity of the epi-
thelium was accepted. More recently, studies of iNOS and
eNOS reactivity using formalin-fixed paraffin-embedded
biopsy samples from asthmatics were performed in which
reactivity for iNOS could not be detected in the bronchial
epithelium.

The authors would like to emphasize that for both iNOS
and eNOS expression, immunohistological detection of
NOS reflects its presence and not its activity per se. In-
flammatory factors theoretically may change its activity
without affecting its level of expression. In addition, in-
flammatory factors (including high levels of NO) may
desensitize the NO receptor guanylate cyclase or decrease
L-arginine availability. Therefore, it is recommended that
both the presence and activity of NOS are determined in
future studies.

It is concluded that asthmatic airway inflammation is
accompanied by increased expression of vascular inducible
nitric oxide synthase. It has been demonstrated that the
expression of vascular endothelial nitric oxide synthase is
not changed in asthma, and that there is no relationship
between inducible nitric oxide synthase and endothelial
nitric oxide synthase expression. Subjects with increased
nocturnal airway obstruction show greater daytime expres-
sion of vascular inducible nitric oxide synthase. The dual
effect of the resulting nitric oxide release may, besides the
damaging effects, also be responsible for relatively less
daytime bronchoconstriction. At night, nitric oxide pro-
duction may be insufficient to counterbalance the broncho-
constricting forces.
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