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ABSTRACT: Nitric oxide (NO) is present in the human nasal airways and origi-
nates primarily from the paranasal sinuses. Inmunohistochemical studies and mes-
senger ribonucleic acid (mRNA) in situ hybridization indicate that a type-2 NO
synthase (NOS) is constitutively expressed in healthy sinus epithelium.

We have further characterized sinus NOS activity by studying the enzymatic con-
version of L-arginine to L-citrulline in biopsies from sinus mucosa. Maxillary sinus
biopsies were obtained from nine healthy subjects during reconstructive facial
surgery. In addition, nasal NO concentrations in nine controls were compared with
those found in five patients treated with high systemic doses of glucocorticosteroids.
Finally, the effects of i.v. L-arginine infusion on nasal cavity NO concentrations were
studied in six healthy subjects.

CaZ*-independent NOS activity was found in all biopsies and was five times higher
than Ca2Z+-dependent activity (179+64 and 36117 pmol-g-1-min, respectively). There
was no difference in nasal NO levels between controls (344+21 parts per billion
(ppb)) and steroid-treated patients (34236 ppb). Nasal NO levels increased up to
35% following i.v. infusion of L-arginine.

We conclude that NOS activity in healthy sinus mucosa is predominantly Ca2+-
independent and this NOS is not downregulated by systemic steroids. Furthermore,
L-arginine infusion increases nasal airway NO excretion in vivo, indicating that the
substrate concentration is a rate-limiting factor under basal conditions. These find-
ings further support the notion that sinus NOS is identical or very closely related
to the type-2 NOS; however, the regulation of expression seems to be fundamen-
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tally different from that described previously for this NOS isoform.
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Nitric oxide (NO) is formed in mammalian cells when
the amino acid L-arginine, in the presence of molecular
oxygen, is catalytically converted to L-citrulline by enzymes
known as NO synthases (NOSs). Three different iso-
forms of NOS have so far been cloned and sequenced
[1-3]. Type-1 NOS (neuronal) and type-3 NOS (endothe-
lial) are constitutively expressed in certain tissues, and
produce small amounts of NO in response to agonists
that increase intracellular Ca2*+ concentrations. Thus, these
enzymes are known as Ca2?*-dependent NOSs. In con-
trast, the third cloned NOS (type-2 or macrophage NOS)
is not usually present in resting cells but may be expressed
following induction by a variety of cytokines or by bac-
terial lipopolysaccharide. Once expressed, this enzyme
can produce large amounts of NO over a long period of
time in a Ca*-independent manner [4]. Moreover, the
high-rate NO producing type-2 NOS may increase its
activity if extracellular L-arginine concentrations are raised
[5].

NO produced by the type-2 NOS is involved in macro-
phage killing of a variety of pathogens, including bac-
teria and viruses [4, 6]. It has also been suggested that

NO plays a role in the pathogenesis of inflammation
when produced in excess by a type-2 NOS. The expres-
sion of type-2 NOS is downregulated by anti-inflamma-
tory drugs, such as glucocorticoids [7].

NO is present in exhaled air of humans [8]. Almost
all NO found in exhaled air is derived from the upper
respiratory tract, especially the nasal airways [9, 10].
Further studies have shown that the paranasal sinuses are
the major sources of the NO found in the nasal cavity
[11, 12]. We have suggested a role for NO in sinus host
defence [12], since NO concentrations in air aspirated
directly from the maxillary sinuses greatly exceed those
that are bacteriostatic [13]. Immunohistochemical and
messenger ribonucleic acid (mRNA) in situ hybridiza-
tion studies of sinus mucosa [12] indicate that sinus NOS
is identical or very closely related to the type-2 NOS
that has been cloned in activated human hepatocytes [2].

We wanted to further characterize sinus NOS activity
by the use of an indirect method that measures the con-
version of L-arginine to L-citrulline in vitro. This quan-
titative method can distinguish between Ca2?*-dependent
and CaZ*-independent NOS activity. Furthermore, we
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wanted to compare nasal concentrations in controls and
in patients treated with high doses of systemic gluco-
corticoids. Finally, we have also studied the effect of i.v.
L-arginine infusion on nasal cavity NO concentration in
healthy subjects in vivo.

Methods

NOS activity

Biopsies were obtained from the maxillary sinus muc-
osa in nine healthy subjects (5 males and 4 females; aged
17-36 yrs) undergoing reconstructive facial surgery due
to severe bite dysfunction. None of the subjects had a
history of nasal or sinus disorders, such as allergy or sinu-
sitis, and they were not taking any medicine at the time
of the operation.

NOS activity was measured as the conversion of L-
[U-14C] arginine to L-[U-14C] citrulline. For the citrulline
formation assay, tissues were homogenized in ice-cold
homogenization buffer containing: 320 mM sucrose;
0.1 mM ethylenediamine tetra-acetic acid (EDTA); 1
mM bpL-dithiothreitol; 10 pg-mL-! trypsin inhibitor; 10
pg-mL-!leupeptine; 100 pg-mL-! phenylmethylsulphonyl
fluoride; and 2 mg-L-! aprotinin (adjusted to pH 7.0 at
20°C with 1 M HCI). The homogenate was centrifuged
at 12,000xg for 30 min at 4°C, and the soluble fraction
was used for measurements of NOS activity. The tissue
extract (20 pL) was added to tubes prewarmed to 37°C,
containing 100 pL of buffer. The buffer consisted of: 50
mM potassium phosphate (pH 7.0); 60 mM valine; 5 uM
tetrahydrobiopterin; 100 pM nicotinamide-adenine dinu-
cleotide phosphate reduced form (NADPH); 1 mM L-
citrulline; 1.2 mM MgCl,; 20 uM r-arginine and L-[U-14C]
arginine (specific activity 11.7 Gbg-mmol-!, Amersham
UK; 150,000 disintegration per minute (dpm)). Duplicate
incubations for 10 min at 37°C were performed for each
sample in the presence or absence of either EDTA or N-
monomethyl-L-arginine (L-NMMA, 2 mM each), to deter-
mine the level of CaZ*-dependent and CaZ*-independent
NOS activity, respectively. Ca2*-independent NOS acti-
vity was determined as the difference in activity in the
presence of EDTA and background levels (determined
as the activity in the presence of both EDTA and L-
NMMA). The reaction was terminated by removal of the
substrate and dilution by the addition of 1.5 mL of 1:1
(v/v) H,O /Dowex AF 50W-X8, pH 7.5. Five millilitres
of H,O was added to the incubation mix, and after sedi-
mentation, 2 mL of the supernatant was removed and
examined for the presence of L-[U-14C] citrulline by
liquid scintillation counting. The amount of citrulline
formed is expressed as pmol-g--min (wet weight).

Effects of i.v. L-arginine infusion on NO excretion in
nasal airways in vivo

Nasal cavity NO concentrations were measured in six
healthy male subjects (aged 31-55 yrs, all co-authors)
before and after i.v. infusion of L-arginine (2, 20 and 200
mg-kg-! L-arginine hydrochloride 100 mg-mL-! (L-arginine
80 mg-mL-1), pH 5.5-6; Apoteksbolaget, Umed, Sweden)

using a method described previously [10]. Briefly, an
occlusive nasal olive was connected directly to the sam-
pling tube of a chemiluminescence NO analyser (Eco
Physics, Diirnten, Switzerland; detection limit 1 part per
billion (ppb)) and introduced into one nostril. The sub-
jects held their breath, with the mouth closed, and air
was sampled (0.7 L-min-!) from one nostril until a steady-
state was achieved (10-15 s). Heart rate and blood pres-
sure were measured repeatedly before and during the
infusion of L-arginine. Ambient NO concentrations were
under 4 ppb in all experiments. Calibrations at known
concentrations of NO in N, (AGA AB; Lidingd, Sweden)
were performed using an electromagnetic flow controller
(Environics Inc., Middletown, CT, USA).

Effects of steroid treatment on NO excretion in the nasal
airways

Nasal cavity NO concentrations were measured, as des-
cribed above in nine healthy controls (aged 32-55 yrs;
6 males and 3 females) and in five patients (aged 3243
yrs; 4 males and 1 female) treated with systemic steroids
(betamethasone, Betapred®, 4-16 mg daily) due to solid
brain tumours of different genesis. None of the patients
reported any symptoms from the respiratory tract, such
as asthma, allergy or nasal stuffiness. All had been treated
with steroids for more than 1 month at the time of the
experiment.

Results

NOS activity

Ca?+-independent and CaZ+-dependent NOS activity,
as measured by citrulline formation, was found in human
maxillary sinus mucosa (fig. 1). Clear-cut Ca2*-inde-
pendent activity was found in all biopsies, whereas CaZ+*-
dependent NOS activity was absent (<5 pmol-g-!-min) in
five biopsies.
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Fig. 1. — Ca?*-dependent and CaZ*-independent nitric oxide synthase

(NOS) activity in normal human maxillary mucosa (n=9), as measured
by the quantitative conversion of L-[U-14C] arginine to L-[U-14C] cit-
rulline. Data are presented as mean+seM.
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Fig. 2. — Effects of increasing doses of i.v. L-arginine infusion on

nasal cavity nitric oxide concentrations in healthy subjects in vivo.
Data are presented as meantsem for six subjects. *:p<0.05, compared
to basal levels (Wilcoxon's signed rank test). ppb: parts per billion.

Effects of i.v. L-arginine infusion on NO excretion in
nasal airways in vivo

Basal nasal NO concentration was 410+£51 ppb and
increased dose-dependently following L-arginine infu-
sion, with a 35% increase at the highest dose (fig. 2).
Basal heart rate was 7145 beats-min-! and did not change
following L-arginine infusion. Mean arterial blood pres-
sure also remained unchanged (85+3.5 mmHg before
and 84+4 mmHg immediately after infusion of the high-
est dose of L-arginine).

Effects of steroid treatment on NO excretion in the nasal
airways

Nasal NO concentrations did not differ between con-
trols (344£21 ppb) and steroid treated patients (342136
ppb) (fig. 3).
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Fig. 3. — NO concentrations in air sampled from the nasal cavity in

healthy controls and in patients treated with high doses of systemic
glucocorticosteroids. Horizontal bars represent mean. ppb: parts per
billion.

Discussion

This study shows that healthy human maxillary sinus
mucosa exhibit NOS activity as measured by the forma-
tion of L-citrulline from L-arginine in vitro. This activity
is predominantly Ca2+-independent, which is characteri-
stic of the type-2 NOS, also termed inducible NOS (iNOS).
The study shows that i.v. L-arginine infusion causes a
dose-dependent increase in nasal concentrations of NO
without affecting blood pressure, indicating that the high-
rate NO-producing NOS in the nasal airways functions
submaximally due to a relative scarcity of substrate dur-
ing basal conditions in vivo; whereas, the NOS involved
in regulation of blood pressure seems not to be limited
by availability of substrate.

These findings, together with earlier immunohisto-
chemical and mRNA in situ hybridization studies on
sinus mucosa [12], strongly support the theory that the
constitutively expressed enzyme in healthy human para-
nasal sinus epithelium is a type-2 NOS. In contrast, in
the nasal mucosa, only weak NOS activity has been found
[12], and this activity was recently shown to be exclu-
sively Ca?*-dependent [14]. The type-2 NOS is normally
found, for example, in inflamed tissues or in activated
white blood cells [4]. However, there has been consi-
derable debate as to whether this isoform is expressed
in healthy tissue. Some authors have reported the expres-
sion and activity of iNOS in normal lower airways [15,
16], whilst others have found no iNOS in healthy human
bronchi [17, 18]. This discrepancy is not fully under-
stood. Nevertheless, it is clear that the excretion of NO
into the lower airways, as measured in exhaled air, is
very low compared to the paranasal sinuses. Thus, NO
output in one maxillary sinus may exceed 20 nmol-min-!
[12], whereas total NO excretion in the lower respira-
tory tract, as measured in orally exhaled air or in air ex-
haled through a tracheostomy, is less than 5 nmol-min-! [10,
19].

The regulation of sinus NOS expression appears to dif-
fer in other ways from that of the type-2 NOS found, for
example, in inflamed tissue. Thus, the sinus enzyme does
not seem to be downregulated by glucocorticoids even
at high doses, as shown in this study. We do not know
whether brain tumours might influence basal NO release
in the airways, since nasal NO levels were not measured
before onset of steroid treatment in the tumour patients.
However, it is unlikely that brain tumours of varying
genesis would all result in an increase in sinus NO pro-
duction. Thus, brain tumours are not normally asso-
ciated with a systemic immune response that might induce
NO production. Recent studies indicate that there may
be multiple type-2 NOS-like sequences in the human
genome [20], which could help to explain these marked
differences in regulation of expression.

In view of the present findings, the traditional division
of NOSs into inducible and constitutive may not be appro-
priate, since the type-2 NOS may also be constitutively
expressed and active as shown in normal human paranasal
sinuses. One might speculate that sinus NOS expression
is induced by, for example, luminal bacterial products.
However, this seems unlikely since the sinuses are gene-
rally considered to be sterile [21]. Furthermore, the mucosa
of the nasal cavity, which is normally colonized by bac-
teria, exhibits markedly less NOS activity [12].
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The finding that i.v. administration of L-arginine increased
NO excretion in the nasal airways is interesting, con-
sidering the potential involvement of NO in airway host
defence [12]. Subjects with Kartagener's syndrome [10]
or cystic fibrosis [22] show markedly reduced nasal NO
levels, and these patients suffer from recurrent airway
infections [22]. One might, therefore, speculate that L-
arginine supplementation could increase resistance to air-
borne infectious agents.

The weak Ca2*-dependent NOS activity found in some
but not all of the sinus mucosal biopsies may be explained
by contribution from type-1 and type-3 NOSs in mucosal
nerves and endothelial cells of blood vessels.

We conclude that healthy human maxillary sinus mu-
cosa exhibit NO synthase activity that is predominantly
Ca?*-independent. Furthermore, NO excretion in the nasal
airways is not supressed by steroids but may be increased
in vivo by infusion of L-arginine. These findings further
support the notion that sinus NO synthase is identical or
very closely related to type-2 NO synthase. However,
there is a fundamental difference in regulation between
sinus NO synthase and the type-2 NO synthase found in
inflamed tissue or in activated white blood cells. Thus,
sinus NO synthase is constitutively expressed and is not
downregulated by steroids.
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