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Summary

Chronic Pseudomonas aeruginosa lung infection in cystic fibrosis (CF)
patients is characterized by persisting mucoid biofilms in hypoxic
endobronchial mucus. These biofilms are surrounded by numerous
polymorphonuclear leucocytes (PMNs), which consume a major part of
present molecular oxygen (O2) due to production of superoxide (O2

−). In this
study, we show that the PMNs also consume O2 for production of nitric
oxide (NO) by the nitric oxide synthases (NOS) in the infected
endobronchial mucus. Fresh expectorated sputum samples (n = 28) from
chronically infected CF patients (n = 22) were analysed by quantifying and
visualizing the NO production. NO production was detected by optode
measurements combined with fluorescence microscopy, flow cytometry and
spectrophotometry. Inhibition of nitric oxide synthases (NOS) with
NG-monomethyl-L-arginine (L-NMMA) resulted in reduced O2 consumption
(P < 0·0008, n = 8) and a lower fraction of cells with fluorescence from the
NO-indicator 4-amino-5-methylamino-2′,7′-difluorofluorescein diacetate
(DAF-FM) (P < 0·002, n = 8). PMNs stained with DAF-FM and the
superoxide indicator hydroethidine (HE) and host cells with inducible NOS
(iNOS) were identified in the sputum. In addition, the production of the
stable end-products of NO in CF sputum was correlated with the concentra-
tion of PMNs; NO3

− (P < 0·04, r = 0·66, n = 10) and NO2
− (P< 0·006, r = 0·78,

n = 11). The present study suggests that besides consumption of O2 for pro-
duction of reactive oxygen species, the PMNs in CF sputum also consume O2

for production of NO.
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Introduction

Cystic fibrosis (CF) is an autosomal recessive inherited dis-
order characterized by accumulation of large volumes of
thick, endobronchial mucus that increase the risk for severe
chronic Pseudomonas aeruginosa infections [1]. Chronic
P. aeruginosa lung infection is characterized by the forma-
tion of biofilm aggregates surrounded by numerous
polymorphonuclear leucocytes (PMNs) in the endobron-
chial mucus [2]. The biofilm mode of growth protects the
bacteria from antibiotics and shields against host defences
such as bactericidal defence mechanisms of the activated
PMNs [2]. Prolonged activation of PMNs in chronic lung
infection can cause progressive lung tissue damage by the

release of proteolytic enzymes and reactive oxygen species
(ROS) [1,3]. However, the activity of PMNs in chronic
P. aeruginosa lung infection in CF patients is, by far, not
fully understood. We recently observed ongoing respiratory
burst in PMNs of expectorated endobronchial secretions
and have demonstrated that the O2 consumption by PMNs
during the respiratory burst is the major cause of O2 deple-
tion, leading to anoxia in the endobronchial mucus in CF
patients with chronic P. aeruginosa lung infection [4,5]. In
addition, only a minute part of the O2 is consumed by
aerobic respiration in endobronchial secretions from CF
patients [5], and the production of nitrous oxide (N2O)
in CF sputum [6] indicates that P. aeruginosa adapts
to the anoxia by employing anaerobic respiration by
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denitrification to obtain energy for growth. Ongoing
denitrification by P. aeruginosa in the infected CF lung is
corroborated further by the increased expression of genes
involved in denitrification in the virulent mucoid isolates
[7]. Besides O2 consumption during the respiratory burst,
where the phagocyte nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase (NOX-2) reduces O2 to
superoxide (O2

−) [8], activated PMNs may also consume O2

for nitric oxide (NO) production [9] by incorporating O2

into both NO and L-citrulline during the enzymatic oxida-
tion of L-arginine and reduction of O2 by nitric oxide
synthases (NOS) [10–13]. Human PMNs exhibit a constitu-
tive expression of inducible nitric oxide synthases (iNOS)
[14], which may participate in the NO production in PMNs
isolated from bacterial infections [10], as well as in the
nitration of bacteria ingested by PMNs in vitro [11] and in
the formation of stable nitrogen species such as nitrate
(NO3

−) and nitrite (NO2
−) resulting from the rapid reaction

of NO with other molecules, such as O2
− [15]. Both iNOS

and the phagocytic NOX-2 can be activated by bacterial and
inflammatory stimuli [16], and we therefore hypothesized
that PMNs, in addition to utilizing O2 for the formation of
O2

−, also consume O2 for the production of NO in the lungs
of CF patients with chronic P. aeruginosa lung infection. In
view of the fact that P. aeruginosa up-regulates genes for
denitrification in response to the presence of NO and to O2

depletion [17], the simultaneous reduction of O2 consump-
tion and NO production without decreasing products from
the NOX-2 in stimulated human PMNs by inhibition with
L-NMMA [9] motivated our use of NG-monomethyl-L-
arginine (L-NMMA) to estimate ongoing NO production
and the associated O2 consumption by PMNs in CF
sputum.

Because NO is an unstable molecule with the ability to
produce various end-products, including NO3

− and NO2
−

[15,18], several methods were applied to display the NO
production by PMNs in fresh expectorated sputum from
CF patients with chronic P. aeruginosa lung infection. These
methods include the demonstration of NO in the sputum
samples by NOS-dependent staining of sputum cells with
fluorescent indicators for NO, estimation of NOS-
dependent O2 consumption, specific staining of iNOS
expression in sputum cells as well as correlating the concen-
tration of PMNs to NO3

− and NO2
− concentrations in

sputum.

Materials and methods

Sputum samples

As defined by the Danish Act on Research Ethics Review of
Health Research Projects, Section 2, the project does not
constitute a health research project and was thus initiated
without approval from the Committees on Health Research
Ethics in the Capital Region of Denmark. Therefore, verbal

informed consent was obtained using waiver of documenta-
tion of consent. The study was carried out on 28 anony-
mous samples of surplus expectorated sputum collected for
routine bacteriology from 22 CF patients with chronic
P. aeruginosa infections (Table 1). Chronic P. aeruginosa
infection was defined as the presence of P. aeruginosa in the
lower respiratory tract in each monthly cultivation from
sputum samples for > 6 months, or for a shorter time in the
presence of increased antibody response to P. aeruginosa
(more than two precipitating antibodies, normal: 0–1) [19].
The experiments were performed before elective intrave-
nous antibiotic treatment of the CF patients for 2 weeks
every 3–4 months [20,21].

Concentration of dissolved O2

Sputum samples were equilibrated to normoxic conditions
by diluting 10 times with Krebs–Ringer buffer [130 mM
NaCl, 5 mM KCl, 0·9 mM CaCl2, 1·2 mM MgCl2, 15 mM
NaH2PO4 (pH = 7·4)] with 10 mM glucose equilibrated in
ambient air. Dissolved O2 in the sample was measured in a
reaction chamber fixed on top of a luminescent dissolved
oxygen (LDO) sensor connected to an HQ40d meter (Hach
Company, Loveland, CO, USA), as described previously [5].
To separate the O2 consumed by NOS from total consump-
tion, sputum was pretreated with the NOS-inhibitor, 2 mM
NG-monomethyl-L-arginine (L-NMMA) (M7033; Sigma, St
Louis, MO, USA) for 10 min at 37°C before recording the
concentration of O2 in the samples for 30 min.

Visualization of NO production

Sputum was stained with 20 μM 4-amino-5-methylamino-
2′,7′-difluorofluorescein diacetate (DAF-FM) (D23842; Life
Technologies, Copenhagen, Denmark) and shaken for
30 min at 37°C. To verify that the NO content was related to
NOS, sputum samples were pretreated with 2 mM
L-NMMA for 10 min before the addition of DAF-FM.
Detection of PMNs engaged in NO production in sputum
was performed by staining with 5 μM DAF-FM and 5 μM
hydroethidine (HE) (D-23107, Life Technologies) to iden-
tify PMNs with an ongoing production O2

−. After incuba-
tion the samples were examined with a fluorescence

Table 1. Demographic data of cystic fibrosis (CF) patients.

Characteristic

Number (male) 22 (9)

Age (years)† 38 (23–47)

Duration of chronic infection (years)† 9 (4–19)

FEV1 (%)† 48 (24–82)

FVC (%)† 84 (27–138)

†Values are medians (range). FEV1 = forced expiratory volume in

1 s; FVC = forced vital capacity.
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microscope (BX40; Olympus, Tokyo, Japan) equipped with
a fluorescein isothiocyanate-propidium iodide (FITC-PI)
filter.

Quantification of intracellular NO

DAF-FM-stained sputum was washed in Krebs–Ringer
buffer and fixated in 2% paraformaldehyde (PFA) (P-6148;
Sigma-Aldrich, St Louis, MO, USA) in phosphate-buffered
saline (PBS), pH 7·4. Cells in the fixed sputum were stained
with PI (100 μg ml−1) (P-4170; Sigma-Aldrich) before flow
cytometry. To avoid influence of the time-period between
the fixation and flow cytometry, fixated samples were ana-
lysed 15 min after fixation.

Intracellular staining of iNOS in sputum

Sputum was fixated in 2% PFA in PBS (126101; USB Cor-
poration, Cleveland, OH, USA). Fixed cells were
permeabilized with 0·2 % Triton X-100 (45H04811; Sigma)
and washed in PBS before incubation with immunoglobu-
lin (Ig)G2a FITC-labelled anti-iNOS (BD 610331; Becton
Dickinson, Albertslund, Denmark) and the FITC-labelled
mouse isotype control (BD 340459; Becton Dickinson)
diluted in mouse sera (X0910; Dako, Glostrup, Denmark)
overnight on ice. Cells were stained with PI before flow
cytometry.

PMN concentration

The concentration of PMNs was estimated as described pre-
viously [5]. Briefly, the concentration of leucocytes in the
sputum was determined by adding 100 μl diluted sputum to
a TrueCount tube (BD 340334; Becton Dickinson) with 400
μl fluorescence activated cell sorter (FACS) lysis solution
(BD 349202; Becton Dickinson) with PI (100 μg ml−1) and
the samples were incubated for at least 10 min prior to flow
cytometry. The frequency of PMNs was estimated by the
addition of 5 μl of each of the following mouse anti-human
monoclonal antibodies from BD Bioscience: phycoerythrin-
labelled CD11b (555388), peridinin chlorophyll A protein-
labelled CD14 (345786), FITC-labelled CD15 (555401) and
allophycocyanin (APC)-labelled CD45 (555485) to 100 μl
diluted sputum. The samples were incubated on ice for
30 min, washed with cold PBS and fixed in PBS with 2%
PFA before they were analysed by flow cytometry. The con-
centration of PMNs was calculated by multiplying the con-
centration of leucocytes with the fraction of PMNs.

Flow cytometry

The samples were analysed using a FACSort (BD Bioscience,
La Jolla, CA, USA) equipped with a 15 mV argon-ion laser
tuned at 488 nm, and a red diode laser emitting at 635 nm
for excitation. Light-scatter, time and exponentially ampli-

fied fluorescence parameters from at least 10 000 events
were recorded in list mode. Host cells were discriminated
according to their DNA content and their morphology by
gating on the PI fluorescence intensity and light-scatter.
Leucocytes were discriminated by gating on CD45 and the
PMNs were discriminated by gating on CD11b, CD14 and
CD15, as described previously [5]. The instrument was cali-
brated using Calibrite beads (BD Bioscience).

NO3
− and NO2

− quantification

The concentration of NO3
− and NO2

− in sputum was meas-
ured in 11 samples using the Griess colorimetric reaction
(no. 780001; Cayman Chemicals, Ann Arbor, MI, USA)
according to the manufacturer’s recommendations. From
each sputum sample, 100 μl were immediately diluted ×10
in PBS and stored at −20°C for later analysis. Frozen
sputum samples were transferred to a 96-well microtitre
plate. NO2

− concentration was estimated by addition of the
Griess reagent for 10 min, whereby NO2

− was converted into
a purple azo-compound, which was quantitated by the
optical density at 540–550 nm measured with an enzyme-
linked immunosorbent assay (ELISA) plate reader (Thermo
Scientific Multiskan EX; Thermo Fisher Scientific Inc.,
BioImage, Søborg, Denmark). Total NO3

− and NO2
− levels

were estimated by a two-step analysis process: the first step
converted NO3

− to NO2
− utilizing NO3

− reductase. After
incubation for 2 h, the next step involved the addition of
the Griess reagent, whereby NO2

− was converted into a
purple azo-compound. After incubation with Griess reagent
for 10 min the optical density at 540–550 nm was measured
with an ELISA plate reader (Thermo Scientific Multiskan
EX; Thermo Fisher Scientific Inc., BioImage). A NO3

−

standard curve was used for determination of total NO3
−

and NO2
− concentration, while a NO2

− standard curve was
used for determination of NO2

− alone. The concentration of
NO3

− was calculated as the difference between the NO3
−

concentration and the total NO3
− and NO2

− concentration.

NO-microprofile

A sputum sample was added to a well in a microtitre plate
(Nunc, Roskilde, Denmark). A NO-microprofile in the
sputum sample was then monitored with an amperometric
microsensor (Unisense, Århus, Denmark). The microsensor
was prepared and calibrated as described previously [22].
The microsensor tip with a tip diameter of 80 μm was
adjusted manually to the upper surface of the sample and
vertical concentration profiles were measured by using a
semi-automated set-up. The microsensor was mounted on a
micromanipulator (Translation Stage VT-80; Micos, Irvine,
CA, USA) and connected to a picoammeter PA2000
(Unisense). Measurements were controlled by Sensortrace
Pro version 2·0 (Unisense). Profile measurements were per-
mitted by movement of the sensor in 100-μm steps through
the sputum sample.
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Statistical methods

Statistical significance was evaluated by Wilcoxon’s signed-
rank test and Spearman’s rank correlation test. A
P-value < 0·05 was considered statistically significant. The
tests were performed with Prism version 4·0c (GraphPad
Software, La Jolla, CA, USA).

Results

NO in host cells infected sputum from CF patients

Staining cells with the NO indicator DAF-FM, a fluorescent
dye that expresses fluorescence after the intracellular reac-
tion with an intermediate of NO formed during the sponta-
neous oxidation of NO to NO2

− [23], allowed quantification
of sputum host cells with NO generation. Flow cytometry
showed that a median of 75% of the cells (range 25–83%)
in untreated sputum were positive for NO expression
(Fig. 1a).

Inhibition of NOS with L-NMMA resulted in an approxi-
mately 90% reduction of DAF-FM-positive cells (Fig. 1b),
indicating that active NOS in PMNs is the major contribu-
tor to the NO formation in sputum. This was confirmed by
visual inspection of untreated and L-NMMA-treated
sputum samples stained with DAF-FM (Fig. 1c,d).

O2 consumption by NOS- and iNOS-positive cells in
infected sputum from CF patients

Initially, the expectorated sputum was diluted 10 times in the
Krebs–Ringer buffer equilibrated in ambient air to ensure
similar O2 concentrations. Subsequently, O2 consumption
was observed in all sputum samples (Fig. 2). When sputum
was treated with L-NMMA the rate of O2 consumption
decreased, which is in accordance with the O2 consumption
by NOS in activated PMNs [9]. The decreased O2 consump-
tion indicates that the contribution of NOS to the total O2

consumption approximated 28% (range 9–37%) (Fig. 2).
The high fraction of cells in sputum with specific FITC-

labelled anti-iNOS antibody, compared to the low fluores-
cence intensity of cells stained with FITC-labelled isotype
control (Fig. 3), suggests that the majority of sputum cells is
equipped with enzymes needed for production of NO.
Because PMNs predominate the host cell population in CF
sputum and CF epithelial cells have low expression of iNOS
[24], this suggests that the PMNs employ iNOS for NO pro-
duction in CF sputum.

NO production in PMNs in infected sputum from
CF patients

Simultaneous staining with DAF-FM and HE in sputum
enabled us to identify sputum PMNs that produce NO
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Fig. 1. Nitric oxide (NO) expression in sputum

samples from cystic fibrosis (CF) patients with

chronic Pseudomonas aeruginosa lung infection.

(a) Mean percentage of cells positive for

4-amino-5-methylamino-2′,7′-difluorofluorescein

diacetate (DAF-FM) fluorescence in untreated

sputum and in sputum treated with 2 mM

NG-monomethyl-L-arginine (L-NMMA)

(P < 0·002, n = 8). Statistical analysis was

performed by Wilcoxon’s signed-rank test. (b)

Representative example of intracellular

DAF-FM fluorescence (FL h1- height) in

untreated sputum cells (blue histogram) and

L-NMMA-treated sputum cells (red histogram).

(c) Visualization of NO production by

fluorescence microscopy (green colour) of cells

stained with (DAF-FM) in untreated sputum

and (d) sputum treated with 2 mM L-NMMA

to inhibit nitric oxide synthase (NOS).
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simultaneously with O2
− due to the green fluorescence from

NO reacting with DAF-FM in the cytoplasm and the red
fluorescent multi-lobed nuclei resulting from staining of the
DNA caused by the product from HE being oxidized by O2

−

[25] (Fig. 4). To ensure that the chemical reaction between
the two probes did not cause an experimental artefact, we
used flow cytometry to compare the green and red fluores-
cence from human PMNs stained with DAF-FM, HE and
DAF-FM together with HE. By this means, the cross-
interaction was calculated to account for less than 5% of the
fluorescence of double-stained PMNs (data not shown).
This level of cross-interaction was considered too low to
interfere with the interpretation of the results.

NO3
− and NO2

− concentration in infected sputum from
CF patients

The simultaneous formation of NO and O2
− observed in

PMNs in CF sputum (Fig. 4) is likely to cause rapid forma-
tion of peroxynitrite (ONOO–) [26]. ONOO− may then dis-
integrate to NO3

− and NO2
− accumulation in sputum [18].

Thus, the concentration of PMNs was compared with the
concentration of NO3

− and NO2
− in infected sputum, result-

ing in significant correlations (Fig. 5).

NO in sputum from CF patients with chronic
P. aeruginosa lung infection

The sputum occasionally revealed discrete occurrences of
NO when we injected a NO microsensor in to the sputum

sample (Fig. 6). We measured a concentration of up to
4 μM of NO in the sputum. We believe that the profile dem-
onstrates localized secretion of NO, which is rapidly lost
due to the instability of NO [13,15,16].

Discussion

NO production by NOS in CF airways infected with
P. aeruginosa has been demonstrated previously by
increased levels of exhaled NO following L-arginine inhala-
tion [27]. However, the cellular sources of NOS activity
have so far not been demonstrated firmly, as iNOS expres-
sion and NO production is reduced in CF lung epithelial
cells during proinflammatory stimulation [28]. In the
present study we now provide substantial evidence for the
presence of ongoing NO production in PMNs in freshly
expectorated sputum from CF patients with chronic
P. aeruginosa lung infection. iNOS was detected in the
majority of sputum cells and iNOS may be activated in
human alveolar macrophages [29], neutrophils [14,30,31]
and inflammatory cells from CF airways [32]. Therefore,
other cell types than PMNs may contribute to the observed
NO production in sputum. The PMNs, however, constitute
the major host cell population in sputum as the host cell
population in CF sputum consists of leucocytes and epithe-
lial cells, which rarely exceed 20% of the total host cell
population [33], and the PMNs constitute from 96 to 99%
of the leucocytes [34,35]. In addition, CF epithelial cells
produce low amounts of NO [28]. Accordingly, we propose
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that PMNs predominate the population of NO-positive
cells found in our study. Other leucocytes or other cells may
have substantial effects on the NOS activity, but only PMNs
are known to have the ability to employ anaerobic glycolysis
to sustain production of energy [36,37] in order to provide
NADPH [38], which is needed to fuel NOS activity [12].
Thus, the minor fraction of O2 consumed in CF sputum by
aerobic respiration and the resistance to treatment with
KCN [5] of the luminol-enhanced chemiluminescence,
which is dependent upon NOS activity [39], suggests that
the influence on the NOS activity in CF sputum by cells
dependent upon aerobic respiration is limited.

It is unknown how iNOS is activated in PMNs in CF
sputum, although the exposure of PMNs to bacterial
lipopolysaccharide (LPS), interferon (IFN)-γ and tumour
necrosis factor (TNF)-α has been suggested as triggers for
iNOS induction [40]. In fact, LPS, IFN-γ and TNF-α are
present in CF sputum [41–43], where they have the poten-
tial to activate PMNs for both the respiratory burst and NO
production.

We have previously demonstrated ongoing rapid O2

uptake during the respiratory burst of PMNs in sputum
from CF patients chronically infected with P. aeruginosa [5].
Both the inhibition of O2 consumption and NO generation
with L-NMMA and DAF-FM demonstrated in the present
study are indications of an ongoing NO generation by the
PMNs in sputum from chronically infected CF patients.
The process of equilibrating the sputum samples to ambient
air by dilution in Krebs–Ringer buffer is unlikely to have
activated iNOS in the sputum cells, as it has been shown
previously that human PMNs are not activated by
resuspension in Krebs–Ringer buffer [5]. We thus argue that
iNOS was already active in the endobronchial mucus prior
to equilibration of the sputum samples. Our demonstration
of ongoing iNOS activity in PMNs from CF sputum thus
suggests strongly that iNOS in PMNs in the endobronchial
mucus of CF patients converts O2 and L-arginine to NO

and L-citrulline, which contributes to the O2 depletion in
sputum. It may be argued that our results are influenced by
endothelial and neuronal NOS activity, as L-NMMA inhib-
its the NOS subtypes with low selectivity [10], but NOS
expression in neutrophils is predominated by iNOS [14,30–
32]. Because NO is highly reactive and diffusible, it is rec-
ommended to apply more than one method for measuring
and visualizing the production of NO [44]. In the present
study, we selected methods allowing us to demonstrate that
inhibition of NOS results in both reduced consumption of
the substrate O2 and reduced fluorescence of the NO indica-
tor, DAF-FM. We found that ∼28% of the O2 consumption
in infected sputum samples were used by NOS activity,
which is in agreement with the O2 consumption by NOS
activity in stimulated human peripheral PMNs [9].
However, in addition to production of NO, active iNOS
may also mediate the formation of minor amounts of O2

−

[12]. We have shown previously that the majority of the O2

consumption in infected sputum is caused by the respira-
tory burst in PMNs, accounting for approximately 60% of
the O2 consumption in sputum [5]. The results from the
present study thus corroborate that activated PMNs are the
major consumers of O2 in infected endobronchial secretions
in CF.

We still need to demonstrate in-vivo NO production by
PMNs directly in the lungs of the CF patients, and our find-
ings do not necessarily reflect the situation of all PMNs in
the endobronchial mucus of chronically infected CF
patients, as the O2 supply can vary [4]. Nevertheless, NO
can persist at micromolar concentrations in solutions for
several minutes before it reacts with other molecules [26],
and a few preliminary measurements of NO microprofiles
with NO microelectrodes in fresh sputum indicated local-
ized concentrations of up to 4 μM NO, which was rapidly
degraded. Furthermore, the large percentage of cells posi-
tive for NO generation in sputum samples strongly suggests
that iNOS in PMNs was active in the lungs even before

Fig. 4. Nitric oxide (NO) and superoxide (O2
−)

expression in polymorphonuclear leucocytes

(PMNs) in sputum from cystic fibrosis (CF)

patients with chronic Pseudomonas aeruginosa

lung infection. Visualization of NO and O2
−

production in PMNs in sputum by fluorescence

microscopy stained with 20 μM

4-amino-5-methylamino-2′,7′-difluorofluorescein

diacetate (DAF-FM) (green colour) and 5 μM

hydroethidine (red colour).
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expectoration. This implies that the iNOS in PMNs
enabled the production of NO from O2, as demonstrated
experimentally [9].

To determine if sputum PMNs consume O2 for simulta-
neous NO and O2

− production, the co-expression of these

reactive species in the PMNs from the sputum samples
further indicates ongoing activity of both iNOS and
NOX-2. The respiratory burst produces O2

− that combines
rapidly with NO to generate ONOO− [18,45]. In fact, O2

−

released by activated PMNs can thus decrease NO [46], and
we suggest that NO consumption by the reaction with O2

−

contributes to the decreased levels of exhaled NO seen in
CF patients [47]. In addition, nitrosative lesions in the lung
tissue of CF patients can occur as a consequence of ONOO−

reacting with tyrosine residues, leading to the increased
content of 3-nitrotyrosine in CF lungs [48]. The combina-
tion of NO with O2

− to generate ONOO− dramatically
enhances the bactericidal effect of NO [49], and
P. aeruginosa relies on the nitric oxide reductase (NOR) to
obtain tolerance against phagocytic NO [50]. Interestingly,
NOR is up-regulated in mucoid clinical isolates, which is
the most virulent phenotype [7], and during hypoxic
growth utilizing physiological levels of NO3

− P. aeruginosa
may transiently release NO in the micromolar range [51],
which may contribute to the DAF-FM fluorescence that
remained during inhibition with L-NMMA.
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concentration of PMNs was estimated by flow cytometry. (a) NO3
−

concentration versus the concentration of PMNs (P < 0·04, n = 10). (b)

NO2
− concentration versus the concentration of PMNs (P < 0·006,

n = 11). Statistical analysis was performed by Spearman’s rank

correlation test.
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Fig. 6. Nitric oxide (NO) profile in sputum from a cystic fibrosis (CF)

patient with chronic Pseudomonas aeruginosa lung infection.

Representative microprofile of NO detected with a microsensor in CF

sputum showing the local distribution of the concentration of NO.
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PMNs can reduce ONOO–, resulting from the reaction of
NO with O2

−, to the stable end-products NO3
− and NO2

− as
the protonated form of ONOOH is decomposed [52].
Accordingly, our demonstration of a correlation between
the density of PMNs with the concentration of NO3

− and
NO2

− in the sputum is in agreement with the spontaneous
release of NO3

− and NO2
− by PMNs isolated from CF

sputum [53]. We therefore suggest that activated PMNs are
involved in the accumulation of the NO3

− and NO2
− in CF

sputum [47,54,55] due to the combined action of iNOS and
NOX-2. Furthermore, the finding of elevated NO3

− and
NO2

− in CF sputum samples caused by inhalation of NO
[56] suggests that O2

− from activated PMNs [5] is able to
react with the inhaled NO.

Both NO3
− and NO2

− can function as terminal electron
acceptors in bacteria either through the assimilatory
pathway, where NO3

− is reduced to ammonia, or through
the dissimilatory pathway, where NO3

− is reduced to nitro-
gen gas (N2) during the denitrification process [57]. Inter-
estingly, denitrification in the anoxic endobronchial
secretions of CF patients with chronic P. aeruginosa lung
infection is indicated by the production of nitrous oxide
[6], the presence of OprF porin [58] and isolates with
up-regulated genes involved in denitrification [7,59,60].
Therefore, we speculate that the activated iNOS and NOX-2
of the PMNs shapes the microenvironment in the infected
CF mucus by accelerating O2 depletion and secretion of
NO3

− and NO2
− to a level which favours pathogens with

anaerobic survival strategies such as denitrification.
P. aeruginosa, which tolerates the assaults from activated
PMNs by forming biofilm aggregates [2], is a facultative
anaerobe capable of denitrification [57]. Therefore,
P. aeruginosa is well adaptable to these changes in the lung
microenvironment enforced by active PMNs. Furthermore,
the microenvironment may have a profound effect on the
action of antibiotics, and improvement of treatment
is likely to rely on knowledge of the infectious
microenvironment [61].

In conclusion, we have demonstrated significant NO pro-
duction in PMNs in sputum from CF patients with chronic
P. aeruginosa lung infection that can further deplete O2 and
facilitate growth and persistence driven by denitrification in
biofilms aggregates of pathogenic bacteria, and can cause
nitrosative lesions in the nearby lung tissue of the patients.
Further research on nitrogen metabolism and its regulation,
both in PMNs and P. aeruginosa, may thus gain important
new insight and yield new targets for anti-microbial treat-
ment of chronic lung infections.
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