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Decreased peroxynitrite inhibitory activity in induced
sputum in patients with bronchial asthma
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Background: The production of peroxynitrite, an extremely potent oxidant, is increased in inflamma-
tory lung disease. It is therefore important to measure antioxidant activity against peroxynitrite in epi-
thelial lining fluid to examine the physiological effects of peroxynitrite in the airways of patients with
asthma. This study was designed to determine whether peroxynitrite inhibitory activity in induced spu-
tum is correlated with clinical characteristics and airway inflammatory indices in asthmatic patients.
Methods: Inflammatory indices were measured in induced sputum from 25 patients with asthma and
12 normal control subjects. Peroxynitrite inhibitory activity was also measured by monitoring rhod-
amine formation in sputum samples.
Results: Peroxynitrite inhibitory activity in induced sputum was significantly lower in asthmatic patients
(52.4 (24.5)%) than in normal control subjects (92.1 (3.9)%, p<0.0001). Its activity was significantly
correlated with forced expiratory volume in 1 second (FEV1) % predicted (r=0.774, p<0.0001) and
bronchial hyperreactivity to methacholine (r=0.464, p=0.023). There was a significant negative corre-
lation between peroxynitrite inhibitory activity and the degree of eosinophilic airway inflammation (%
eosinophils, r=–0.758, p<0.0001; eosinophil cationic protein, r=–0.780, p<0.0001).
Conclusions: Decreased peroxynitrite inhibitory activity occurs in induced sputum of asthmatic
patients. Since even in patients with stable asthma the airway lining fluid lacks peroxynitrite inhibitory
activity, large amounts of peroxynitrite, which are further increased during an acute asthma attack,
would not be completely inactivated and asthmatic airways might have markedly increased susceptibil-
ity to peroxynitrite induced airway injury.

Peroxynitrite is formed by the reaction of nitric oxide (NO)
with superoxide anion.1 In many pathological conditions,
including airway inflammation, simultaneous cellular

production of superoxide anion and NO may occur, potentially
leading to continuous formation of peroxynitrite. Peroxy-
nitrite is an extremely potent oxidant that can cause lipid per-
oxidation, DNA damage, and alterations of protein function in
vitro.2 A previous study has suggested that single administra-
tion of peroxynitrite to guinea pig airways induces epithelial
damage and hence airway hyperresponsiveness.3 Moreover,
nitrogen derived oxidants have been shown to be formed in
human lung injury, suggesting that peroxynitrite might have
an important role in inflammatory lung disease.4 However,
little is known about the antioxidant activity against
peroxynitrite in asthmatic airways. It seems likely that the
thin layer of epithelial lining fluid (ELF) may provide antioxi-
dant protection against peroxynitrite and serve as a front line
defence for airway epithelial cells. The major antioxidants in
ELF are based on thiols which are classified according to their
molecular weight. Low molecular weight thiols include
glutathione, cysteine, homocysteine, albumin, and
N-acetylcysteine; high molecular weight thiols include
penicillamine.5 Thus, various kinds of thiols in ELF may func-
tion as antioxidants against peroxynitrite in the respiratory
tract. We have therefore measured total antioxidant activity
against peroxynitrite in ELF to examine the physiological

effects of peroxynitrite in asthmatic airways. The study was

designed to determine whether peroxynitrite inhibitory activ-

ity in induced sputum is correlated with clinical characteris-

tics and airway inflammatory indices in asthmatic patients.

METHODS
Subjects
Twenty five asthmatic patients of mean age 39.8 years and

mean forced expiratory volume in 1 second (FEV1) 90.7%

diagnosed according to the American Thoracic Society criteria

for asthma6 and 12 normal controls of mean age 31.8 years

and mean FEV1 115.7% participated in the study. The control

subjects were healthy lifelong non-smoking volunteers who

had no history of lung disease and all the patients were non-

smokers. Their clinical characteristics are shown in table 1.
Methacholine inhalation challenge testing was performed

on the asthmatic patients. The challenge tests were performed
at 13.00 hours to eliminate the effects of diurnal variation.
Following baseline spirometric tests and inhalation of diluent
to establish the stability of FEV1, the subjects were instructed
to take slow inspirations in each set of inhalations. All patients
had bronchial hyperreactivity to methacholine. Their regular

medication consisted of β2 agonists and theophylline, and

none were receiving oral or inhaled corticosteroids. Medica-

tions were not changed for 1 month before the study and were

withdrawn for at least 12 hours before the methacholine chal-

lenge test and sputum induction. The patients were all

clinically stable and none had a history of respiratory infection

during at least the 4 weeks preceding the study.

All subjects gave their written informed consent for partici-

pation in the study which was approved by the ethics

committee of Osaka City University.

Sputum induction and processing
Sputum induction was performed three days after the metha-

choline challenge test. Spirometric tests were performed

before inhalation of 200 µg salbutamol via a metered dose

inhaler. All subjects were instructed to wash their mouth

thoroughly with water. They then inhaled 3% saline at room

temperature, nebulised by an ultrasonic nebuliser (NE-U12,

Omron Co, Tokyo, Japan) at maximum output. They were

encouraged to cough deeply at 3 minute intervals thereafter.

After sputum induction the spirometric tests were repeated. If

the FEV1 fell, the subjects were required to wait until it
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returned to baseline value. The sputum sample diluted with

phosphate buffer solution (PBS) containing dithiothreitol

(DTT, final concentration 1 mmol/l) was then centrifuged at

400g for 10 minutes and the cell pellet was resuspended. Total

cell counts were performed with a haemocytometer and slides

were made using a cytospin (Cytospin 3; Shandon, Tokyo,

Japan) and stained with May-Grunwald-Giemsa stain for dif-

ferential cell counts. The supernatant was stored at –70°C for

subsequent assay for eosinophil cationic protein (ECP). The

ECP concentration was measured using a radioimmunoassay

kit (Pharmacia Diagnostics, Uppsala, Sweden). The sol phase

of the sputum was used for measurement of peroxynitrite

inhibitory activity, avoiding the potential confounding influ-

ence of DTT.7 The sol phase was obtained by ultracentrifuging

the remaining portion of the sputum sample at 60 000g for 60

minutes at 4°C; this was stored at –70°C for subsequent assay

for peroxynitrite inhibitory activity. All subjects produced an

adequate specimen of sputum of at least 2 ml which, on

differential cell counting, contained <10% squamous cells.

Measurement of peroxynitrite inhibitory activity
Working solutions of peroxynitrite (Wako Pure Chemical

Industries Ltd, Osaka Japan) were prepared by dilution in

0.1 N NaOH just before use as 10–2 mol/l solutions, and further

dilutions were made in PBS. The peroxynitrite concentration

was determined spectrophotometrically by measuring the

absorption at 302 nm (eM=1670 M–1cm–1). Peroxynitrite read-

ily oxidises dihydrorhodamine-123 whereas superoxide anion,

H2O2, and NO alone do not.8 A standard curve of oxidising

activity of dihydrorhodamine-123 to rhodamine was con-

structed with peroxynitrite. Peroxynitrite inhibitory activity

was assayed by monitoring rhodamine formation at 500 nm in

reaction mixtures containing 200 µl sputum, 1.3 ml

dihydrorhodamine-123 diluted with PBS (pH 7.4), and 500 µl

peroxynitrite for 30 minutes at 37°C. Peroxynitrite inhibitory

activity was assayed in at least triplicate and reproducibility of

the assay was confirmed by repeat measurements in the same

subjects on separate days. A recent study9 supports the

specificity of this assay system for peroxynitrite.

Statistical analysis
All values are presented as mean (SD). The Mann-Whitney U

test was used for intergroup comparisons and the significance

of correlations was evaluated by determining Spearman rank

correlation coefficients. A p value of less than 0.05 was

considered significant.

RESULTS
Baseline lung function and bronchial hyperreactivity to

methacholine in the 25 asthmatic patients are shown in table

1. The percentage of eosinophils and concentration of ECP in

induced sputum were significantly higher in asthmatic

patients (% eosinophils 15.6 (9.1)%, p<0.0001; ECP 699.6

(408.9) ng/ml, p<0.0001) than in control subjects (% eosi-

nophils 0.78 (0.50)%; ECP 118.3 (40) ng/ml).

Peroxynitrite inhibitory activity in induced sputum was

significantly lower in asthmatic patients than in control

subjects (asthmatics 52.4 (24.5)%, normal controls 92.1

(3.9)%, p<0.0001; fig 1) and was significantly correlated with

FEV1 % predicted (r=0.774, p<0.0001; fig 2) and bronchial

hyperreactivity to methacholine (r=0.464, p=0.023; fig 3).

Moreover, there was a significant negative correlation between

peroxynitrite inhibitory activity and the degree of eosinophilic

airway inflammation (% eosinophils: r=–0.758, p<0.0001;

ECP: r=–0.780, p<0.0001; fig 4).

Table 1 Clinical characteristics of study subjects

Asthmatic patients (n=25) Normal controls (n=12)

M:F 14:11 7:5
Age (years) 39.8 (20–59)* 31.8 (24–40)
FEV1 (%) 90.7 (75–115)** 115.7 (105–127)
PC20 methacholine (µg/ml)† 3.28 (2.80–3.96) ND
Sputum

Eosinophils (%) 15.6 (1.0–32.0)** 0.78 (0.1–1.5)
ECP (ng/ml) 699.6 (90–1400)** 118.3 (50–180)

Values are mean (range).
FEV1=forced expiratory volume in 1 second; PC20=concentration of methacholine causing a 20% fall in FEV1;
ND=not determined.
*p<0.05, **p<0.01 asthmatic patients v normal controls.
†Geometric mean.

Figure 1 Peroxynitrite inhibitory activity in induced sputum in
asthmatic patients and normal controls.
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Figure 2 Correlation between peroxynitrite inhibitory activity in
induced sputum and FEV1 (% predicted). C, normal controls; +,
asthmatic patients.
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DISCUSSION
In this study peroxynitrite inhibitory activity was assayed by

monitoring rhodamine formation since the oxidation of

dihydrorhodamine-123 to rhodamine is mediated by peroxy-

nitrite and not by either NO or superoxide anion alone. Using

this method, we found that peroxynitrite inhibitory activity in

induced sputum was significantly lower in asthmatic patients

than in normal controls, and that its activity was correlated

with the degree of airway obstruction and airway hyperreac-

tivity to methacholine. We also found a significant negative

correlation between peroxynitrite inhibitory activity in in-

duced sputum and the degree of eosinophilic airway

inflammation.

The airways of asthmatic patients are often inflamed and it

has been shown that the production of superoxide anion by

airway inflammatory cells is increased.10 The concentration of

NO in exhaled air of asthmatic patients is also increased,11 and

we have previously found a higher concentration of NO

derivatives in induced sputum of patients with asthma.12 From

the existing evidence it is likely that peroxynitrite is formed in

the respiratory tract. However, the cellular source of peroxy-

nitrite in asthmatic airways is unclear. Previous studies have

reported that the production of peroxynitrite is increased in

airway epithelial cells and eosinophils in asthmatic patients

compared with normal control subjects.13 14 It is possible that

decreased peroxynitrite inhibitory activity is likely to reflect

the increases in reactive oxygen and nitrogen intermediates in

asthmatic airway fluid. However, we did not measure

peroxynitrite or nitric oxide levels in the airways of our asth-

matic patients, nor did we determine peroxynitrite inhibitory

factors in induced sputum as we did not directly measure the

levels of airway thiols such as glutathione, cysteine, and

albumin. In future studies we plan to measure the levels of

peroxynitrite and airway thiols directly.

Barnes15 has suggested that peroxynitrite may indirectly

exacerbate the airway inflammatory response by inducing the

shedding of airway epithelial cells—which may occur even in

patients with mild asthma—thereby exposing afferent nerve

endings. This might induce the release of sensory neuropep-

tides through axon reflexes and result in bronchoconstriction,

mucus hypersecretion, and microvascular leakage leading to

oedema of the airway wall and extravasation of plasma into

the airway lumen.16 We have also previously reported that per-

oxynitrite altered β2 aderenoceptor function17 and inactivated

neutral endopeptidase in the airways.18 An imbalance of

peroxynitrite stress/antioxidant defence may therefore con-

tribute to the pathogenesis of bronchial asthma. The reaction

of peroxynitrite with airway thiols is associated with their

oxidation to the corresponding disulfide. Our method would

evaluate the reduced form antioxidant activity against peroxy-

nitrite. A previous study found that asthmatic patients have

increased levels of total glutathione (oxidised plus reduced

forms) in bronchoalveolar lavage fluid.19 However, it is impor-

tant to emphasise that local antioxidant defences in asthmatic

patients are mediated only by reduced antioxidants. It seems

likely that a balance exists between peroxynitrite generation

and antioxidant defences to maintain normal airway function.

When the balance is shifted towards increased peroxynitrite

generation, the reduced antioxidants are diminished and

therefore the asthmatic airways have markedly increased sus-

ceptibility to peroxynitrite.

In conclusion, we have found decreased peroxynitrite

inhibitory activity in the airway lining fluid of asthmatic

patients. Since ELF lacks peroxynitrite inhibitory activity, even

in patients with stable asthma, large amounts of peroxynitrite

would not be completely inactivated, even in an acute asthma

attack, and the asthmatic airway might markedly increase the

susceptibility to peroxynitrite induced airway injury.
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