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Because reactive nitrogen species (RNS) have potent
inflammatory activity, they may be involved in the
inflammatory process in pulmonary diseases. We recently
reported increased numbers of 3-nitrotyrosine immuno-
positive cells, which are evidences of RNS production, in
the sputum of patients with chronic obstructive pulmonary
disease (COPD) and patients with asthma compared with
healthy subjects. In the present study, we attempted to
quantify this protein nitration in the airways by means of
high-performance liquid chromatography (HPLC) used
together with an electrochemical detection system that we
developed. Sputum samples were obtained from 15 stable
COPD patients, 9 asthmatic patients and 7 healthy subjects
by using hypertonic saline inhalation. The values for the
molar ratio of protein-bound 3-nitrotyrosine/tyrosine in
patients with asthma (4.31 ^ 1.13 £ 1026, p , 0.05) and
patients with COPD (3.04 ^ 0.36 £ 1026, p , 0.01) were
significantly higher than those in healthy subjects
(1.37 ^ 0.19 £ 1026). The levels of protein-bound
3-nitrotyrosine in the airways were not significantly
different in asthmatic patients and COPD patients.
A significant negative correlation was found between
values for protein-bound 3-nitrotyrosine/tyrosine and
% FEV1 values in patients with COPD (r ¼ 20.53,
p , 0.05) but not in patients with asthma. These results
suggest that our HPLC-electrochemical method is useful
for quantifying RNS production in human airways. More
importantly, they show that increased RNS production in
the airways seems to contribute in a critical way to the
pathogenesis of COPD, and that the effects of RNS in
airways may differ in asthma and COPD.

Keywords: COPD; Asthma; Reactive nitrogen species; 3-Nitro-
tyrosine

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a
serious medical problem worldwide.[1] Although the
pathogenesis has not yet been fully elucidated, airway
and parenchymal inflammation seems to play a key
role.[2]Reactivenitrogenspecies(RNS)areformedfrom
nitric oxide (NO) and superoxide anion[3] or via the
H2O2/peroxidase-dependent nitrite oxidation path-

way.[4] These RNS cause airway inflammation[5] by
means of activation of matrix metalloproteinase
(MMP),[6] inactivation of a1-antiproteinase,[7] and
enhancementoftheproductionofthepotentneutrophil
chemoattractant interleukin-8 (IL-8)[8] and the proin-
flammatory cytokine tumor necrosis factor-a (TNF-
a).[9] Therefore, RNS may be involved in the pathophy-
siology of the inflammatory process in COPD.

Production of RNS was reported to be
upregulated in the airways of asthmatic
patients.[10] More recently, we reported that RNS
production by inflammatory cells in the sputum
was increased in patients with COPD as well as
those with asthma compared with that of healthy
subjects, as assessed by immunochemical staining

for 3-nitrotyrosine.[11] However, because this
method was only semi-quantitative, a procedure
for the accurate quantification of the amount of
3-nitrotyrosine, which is a footprint of RNS
production, is still required. RNS cause
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the nitration of tyrosine residues of proteins[5] and,
as a result, may change the function of the
proteins.[7,12] Therefore, quantification of protein-
bound 3-nitrotyrosine is important. In the present
study, we developed a new technique that utilizes
high-performance liquid chromatography (HPLC)
with electrochemical detection to quantify
3-nitrotyrosine formed in the airways of asthmatic
and COPD patients. By means of this technique,
we found that protein-bound 3-nitrotyrosine levels
in the airways of COPD patients as well as
asthmatic patients were increased compared with
those of healthy subjects. Furthermore, protein-
bound 3-nitrotyrosine levels were negatively
correlated with the % predicted FEV1 values for
COPD patients but not for asthmatic patients.

MATERIALS AND METHODS

Subjects

Fifteen stable COPD patients, 9 asthmatic patients
and 7 healthy subjects took part in the present study.
Table I gives the characteristics of the study subjects.
All subjects in all groups had smoked, but all had
stopped smoking at least 1 year before the study.
All healthy subjects were not atopic and had normal
lung function. They did not have clinical manifes-
tations of bronchial asthma such as recurrent episode
of wheezing. All COPD patients were diagnosed
with the disease according to the criteria of the
American Thoracic Society (ATS).[13] The lungs of all
COPD patients showed low-attenuation areas in
computed tomographic studies. Ten of the COPD
patients were diagnosed as having pulmonary
emphysema by pulmonary function tests, including
measurement of lung volume (total lung capacity
exceeded 120% of predicted values) and carbon
monoxide diffusing capacity of the lungs (DLCO)
(,60% of predicted values). The remaining five
COPD patients were diagnosed as having chronic
bronchitis on the basis of clinical manifestations of
a chronic, productive cough for 3 months/year at

least two successive years. Asthmatic patients had
their disease diagnosed on the basis of recurrent
episodes of wheezing, airway hyperresponsiveness
(provocative methacholine testing causing a 2-fold
increase in respiratory resistance, ,10 mg/ml) and
airway eosinophilia as assessed by sputum examin-
ation. All asthmatic patients had a positive diagnosis
of immediate-type hypersensitivity made via aller-
gen skin prick tests and a radioallergosorbent assay,
and an improvement in FEV1 of more than 12% from
the predicted values or an absolute value of 200 ml
after inhalation of 400mg of salbutamol. No subject
had a respiratory tract infection during the month
preceding the test. Patients were excluded from the
study if they had had systemic glucocorticoid
therapy during the 2 months before the study or
inhaled glucocorticoid treatment during the month
before the study. The study was conducted with the
approval of the Tohoku University Committee on
Clinical Investigation, and informed written consent
was obtained from all patients.

Pulmonary Function Testing

Pulmonary function was assessed with a dry rolling
seal spirometer (CHESTAC 11; Chest Co., Tokyo,
Japan) according to ATS criteria.[14] The normal
predicted value of FEV1 derived by Knudson et al.
was used in the present study.[15] The thoracic gas
volume was measured by using a constant-volume,
pressure-compensated, whole body plethysmograph
(2800J Autobox; Gould Electronics, Dayton, OH,
USA) with the subject panting at a frequency of 2 Hz

and a peak-to-peak flow of 2 – 3 l/s.[16] DLCO

was assessed with a total pulmonary function
analyzer (FUDAC-70; Fukuda Electronics Co.,
Tokyo, Japan) according to ATS recommendations
for the standard technique.[17]

Measurement of Exhaled NO

A rapid response chemiluminescent analyzer
(280NOA; Sievers Instruments Inc., Boulder, CO,

TABLE I Characteristics of the study subjects

Healthy subjects Asthmatic patient COPD patients

Age (years) 65.7 ^ 3.9 40.1 ^ 4.5 70.8 ^ 1.7
Sex (M:F) 6:1 6:3 13:2
Pack-years 27.6 ^ 3.6 20.0 ^ 4.2 29.7 ^ 2.7
FVC (l) 4.25 ^ 0.16 4.04 ^ 0.41 2.89 ^ 0.17**,#

FEV1 (l) 3.68 ^ 0.19 3.12 ^ 0.41 1.44 ^ 0.11**,##

FEV1/FVC 86.8 ^ 3.2 74.1 ^ 4.5 56.8 ^ 3.6**,##

% FEV1 122 ^ 4.4 93.9 ^ 7.7 64.7 ^ 6.3**,#

% TLC ND ND 121 ^ 2.3
% DLCO ND ND 40.3 ^ 2.8
eNO (ppb) 9.0 ^ 2 51.0 ^ 13* 11.0 ^ 2#

Data are given as mean values ^ SEM. COPD, chronic obstructive pulmonary disease; eNO, exhaled NO; FVC, forced vital capacity; FEV1, forced expiratory
volume in 1 s; TLC, total lung capacity; DLCO, carbon monoxide diffusing capacity of the lungs; ND, not done. *p , 0.05, **p , 0.01 compared with the values
for the healthy subjects; #p , 0.05, ##p , 0.01 compared with the values for asthmatic patients.
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USA) was used for analysis of exhaled NO (eNO).
We measured the eNO as previously
described.[11,18] Exhalations were repeated until
we obtained three values of NO that varied by
less than 10%.

Sputum Induction and Processing

Sputum was induced and processed according to the

method described in previous studies.[19,20]

All subjects inhaled 400mg of salbutamol, both to
assess lung function and to avoid hypertonic saline-
induced bronchoconstriction. Fifteen minutes after
salbutamol inhalation, subjects inhaled 4% hyper-
tonic saline by means of an ultrasonic nebulizer
(MU-32; Sharp Co. Ltd., Osaka, Japan). The nebulizer
generated particles with a mean mass median
diameter of 5.4mm at an output of 2.2 ml/min.
We eliminated saliva contamination by using visual
inspection and inverted microscope examination.
Hypertonic saline inhalation was performed for
15–30 min until the sputum volume was approxi-
mately 1 ml. Sputum samples were immediately
treated with Sputasol (Oxoid Ltd., Basingstoke,
Hampshire, UK) at 4 times the volume to dissociate
the sulfide bonds in the mucus. The mixtures were
vortexed for 15 s and gently aspirated in and out of a
Pasteur pipette to ensure mixing. Samples were
rocked for 15 min, and 10 mM phosphate-buffered
saline (PBS; pH 7.4) was then added to stop the effect
of Sputasol. After samples were centrifuged at 790g
for 10 min, supernatants were obtained. All super-
natant samples were stored at 2808C until measure-
ment of 3-nitrotyrosine.

Measurement of Protein-bound 3-Nitrotyrosine

The protein-bound 3-nitrotyrosine level in the
sputum was measured by using the protein
hydrolysate prepared according to the method

reported in previous studies.[21,22] Briefly, a super-
natant sample was first centrifuged at 9000g for
20 min. The supernatant sample was centrifuged
again at 9000g for 40 min to concentrate it (by 100-
fold); proteins of more than 10 kDa were obtained
by use of an Ultrafree-MC centrifugal filter
(Millipore Corp., Bedford, MA, USA). The protein
concentration of the condensed supernatant was
determined by the Lowry method,[23] and this
concentration was adjusted to 5–20 mg/ml. The
sputum protein thus recovered was enzymatically
hydrolyzed to liberate tyrosine and 3-nitrotyrosine
residues. Samples were mixed with a freshly
prepared solution of Streptomyces griseus Pronase
(Calbiochem, Darmstadt, Germany), which had
been extensively dialyzed against PBS (pH 7.4)
before use, to yield 5 mg/ml sputum protein and
1 mg/ml Pronase in a volume of 1 ml. The Pronase-
treated samples were incubated at 508C for 18 h.
The hydrolysate was centrifuged at 9000g with
filtration for 30 min with an Ultrafree-MC centrifu-
gal filter (10-kDa cutoff), and then the filtrates were
analyzed for tyrosine and 3-nitrotyrosine by HPLC
under the conditions described below.

HPLC-electrochemical Analysis

The configuration of the HPLC-electrochemical
system used in this study is shown in Fig. 1A.
The sample (injection volume, 10ml) was subjected to

FIGURE 1 Diagram of the HPLC-electrochemical system used in this study (A), and dose-dependent electrochemical responses as
a function of authentic 3-nitrotyrosine concentration (B). 3-Nitrotyrosine was electrochemically reduced at the coulometric cell to form
3-aminotyrosine, which was then detected by an oxidation (amperometric) cell, as shown in the diagram in (A). The inset in (B) shows
the detection limit of our electrochemical method, which exceeded 10210 M (1 fmol/10ml).
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a reverse phase column (C18: 3 £ 150 mm; Eicom,
Kyoto, Japan) and eluted under isocratic conditions
with 0.1 M sodium phosphate buffer (pH 5.0)
containing 5% methanol, at a flow rate of
0.5 ml/min. The eluate was continuously applied to
the analytical electrochemical system that consisted
of two electrochemical cells. The upstream electro-
chemical (coulometric) cell was made of porous
carbon and was used for reduction of 3-nitrotyrosine
at 2900 mV. The downstream cell was made of
amperometric glassy carbon to detect the reduced
form of 3-nitrotyrosine (i.e. 3-aminotyrosine) at an
oxidation potential of þ300 mV. 3-Nitrotyrosine was
quantified by the response at the oxidation (ampero-
metric) cell on the basis of a standard curve of
electrochemical responses as a function of authentic
3-nitrotyrosine (Sigma Chemical Co., St. Louis, MO,
USA) concentration. Assignment of the peak and
quantification of protein-bound 3-nitrotyrosine from
each group were determined in a blinded manner to
avoid identification of the group. The specificity of
the detection of the peak for 3-nitrotyrosine by this
system was confirmed according to the following
three criteria. (1) Comparison of the retention time
of the peak with that of authentic 3-nitrotyrosine,
which is 13.98 min under these HPLC conditions.
(2) Disappearance of the peak after treatment of the
sample with 10 mM sodium hydrosulfite (Na2S2O4)
in PBS (pH 7.4) for 30 min at 378C. (3) Nullification of
the peak with use of the reduction potential of
2600 mV.

The amount of 3-nitrotyrosine in each sample was
corrected by the amount of tyrosine in the same
sample, which was determined in a separate process
by using a 12-channel HPLC-electrochemical array
analysis (CoulArray 5600; ESA, Inc., Chelmsford,
MA, USA), as described earlier.[22,24] Briefly, for
determination of the tyrosine content, the hydro-
lysate (10ml) was injected into a reverse phase
column (4.6 £ 150 mm; TSK gel ODS-80Ts, Tosoh,
Tokyo, Japan) and eluted to separate tyrosine under
isocratic conditions (50 mM sodium acetate buffer,
pH 4.7, plus 5% methanol; flow rate, 0.8 ml/min).
The tyrosine peak from the HPLC column was
detected with the CoulArray instrument equipped
with 12 detector cells operating at oxidative
potentials that increased by 50 mV between þ 200
and þ 750 mV. Tyrosine eluted under these con-
ditions at a 5.35-min retention time, showed a typical
profile of electrochemical responses with a peak
response at þ 600 mV. The peak amplitude for
various amounts of authentic tyrosine was linear
over at least two orders of magnitude (0.1–10mM;
r ¼ 0.999). The amount of tyrosine in a sample was
determined from the peak response obtained after
injection of appropriately diluted hydrolysate, as
compared with a standard curve for the electro-
chemical responses of authentic tyrosine.

In some experiments, spike-recovery analyses
were performed with samples obtained from each
group (healthy subjects, asthmatic patients and
COPD patients). Specifically, authentic 3-nitro-
tyrosine or tyrosine was added to the hydrolysate
of the sputum protein at the same concentration of
3-nitrotyrosine or tyrosine in each hydrolysate
sample, as determined by the HPLC-electrochemical
analysis as just described, and the mixture was
subjected to analysis for 3-nitrotyrosine. The spike
recovery was compared with that of the same
amount of 3-nitrotyrosine or tyrosine without the
sputum hydrolysate and with that of the hydrolysate
alone. This spike-recovery analysis showed that the
percentage of recovery of tyrosine and 3-nitrotyro-
sine was more than 90%, and no appreciable increase
in 3-nitrotyrosine was observed. We thus confirmed
that tyrosine derivatives were recovered quantita-
tively and that no artifactual tyrosine nitration
occurred.

Statistical Analysis

Data were expressed as means ^ SEM. Nonpara-
metric analysis of variance (Kruskal–Wallis test) was
used to assess variance among the three groups.
If significant variance was found, an unpaired two-
group test was performed to determine significant
differences between individual groups. Data were
tested by means of Pearson’s correlation analysis to
assess the correlation between the 3-nitrotyrosine
level and lung function. Probability values of less
than 0.05 were considered significant.

RESULTS

Sensitivity of the HPLC-electrochemical Analysis

We first examined the sensitivity of our HPLC-
electrochemical analysis system and the dose-
dependent profile of the electrochemical response
for authentic 3-nitrotyrosine obtained by this system.
A linear electrochemical response was observed with
a wide range of authentic 3-nitrotyrosine concen-
trations (10 fmol–1 nmol in absolute amounts) in the
present system (Fig. 1B). The detection limit of our
electrochemical method exceeded 10210 M
(.1 fmol), which is superior to other methods
previously reported, including HPLC-electrochemi-
cal array detection.[21,22,25]

3-Nitrotyrosine Assay

We then analyzed the formation of free 3-nitrotyro-
sine in supernatants of sputum samples by using
filtrates obtained with an ultrafiltration tube (cutoff
size, 10 kD). However, the level of 3-nitrotyrosine
in such a low-molecular-weight fraction was below
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the detection limit. Thus, in the present study,
we mainly focused on protein-bound 3-nitrotyrosine
as a biomarker for biological nitration occurring
during airway inflammation.

Furthermore, the variation in 3-nitrotyrosine
measurement was tested by using different protein
preparations obtained from the sputum. Specifically,
sputum samples from six different individuals
including healthy subjects and COPD and asthmatic
patients were used for preparation of protein
hydrolysates via Pronase digestion. Then, these six
hydrolysates were subjected to HPLC-electrochemi-
cal analysis for quantification of 3-nitrotyrosine.
The coefficient of variation obtained for values
of triplicate determinations for each sample was
5–10%. This result indicates that determination of
protein-bound 3-nitrotyrosine by the present anal-
ysis was highly reproducible regardless of the
disease condition of the subjects tested.

Figure 2 shows an actual trace for 3-nitrotyrosine
detected by the HPLC-electrochemical method.
The amount of 3-nitrotyrosine was higher in the
sputum of COPD patients (Fig. 2A,B) than in that of
healthy subjects (Fig. 2C). The specificity of the peak
response for 3-nitrotyrosine was verified by nullifi-
cation of the peak with a change to a reduction
potential of 2600 mV, as illustrated in the lower
panel of Fig. 2B. Similarly, the peak response
disappeared after treatment of the hydrolysate of
the sputum protein applied to the HPLC column
with sodium hydrosulfite (data not shown).

Figure 3A,B shows the content of tyrosine and
3-nitrotyrosine, respectively, for each group.

The 3-nitrotyrosine values corrected for protein
content for both asthmatic patients (0.64 ^

0.21 nmol/mg protein, p , 0.05) and COPD patients
(0.57 ^ 0.07 nmol/mg protein, p , 0.05) were sign-
ificantly higher than those for healthy subjects
(0.13 ^ 0.01 nmol/mg protein) (Fig. 3B). This result
is consistent with the data illustrated in Fig. 3C
showing the molar ratio of 3-nitrotyrosine to tyrosine
in the induced sputum from healthy subjects and
asthmatic and COPD patients. Specifically, the
values of the ratio 3-nitrotyrosine/tyrosine were
significantly higher for asthmatic patients

(4.31 ^ 1.13 £ l026, p , 0.05) and COPD patients
(3.04 ^ 0.36 £ 1026, p , 0.01) than values for
healthy subjects (1.37 ^ 0.19 £ 1026). However,
there was no significant difference in tyrosine
content corrected for the amount of protein in the
sputum between the two groups of patients and
the healthy subjects, as illustrated in Fig. 3A. Also, the
levels of protein-bound 3-nitrotyrosine in the air-
ways were not significantly different in asthmatic
patients and COPD patients.

There was a significant negative correlation
between the sputum 3-nitrotyrosine/tyrosine values
and the % predicted FEV1 values in COPD patients
ðr ¼ 20:53; p , 0:05Þ (Fig. 4), but no significant
relationship between these measures in asthmatic
patients.

Levels of ENO

We also monitored the level of eNO for each subject
(Table I). The eNO value for asthmatic patients

FIGURE 2 Elution profiles of hydrolysates of sputum proteins in samples obtained from a COPD patient (A,B) and from a healthy subject
(C) obtained by using HPLC-electrochemical detection. (B) shows the electrochemical response of the same COPD sample as in (A).
The relative amount of 3-nitrotyrosine (NO2-Tyr/Tyr) identified by each analysis is also shown.
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(51 ^ 13 ppb, p , 0.01) was significantly higher than
that for healthy subjects (9.0 ^ 2 ppb). The eNO
value for COPD patients (11 ^ 2 ppb, p , 0.05) was
significantly lower than that for asthmatic patients.
No significant difference in the eNO value between
in the healthy and COPD groups was found. We had
noted that a similar trend of only slight increase in
eNO in asthmatic patients compared with COPD
patients in our earlier study.[11] Therefore, tyrosine
nitration in the airway seems to be a more useful
biomarker for RNS production than is eNO,
particularly for COPD patients.

DISCUSSION

Until now, reproducible quantification of 3-nitrotyro-
sine in human airway secretion samples had not
been possible. Our present work has confirmed that
our HPLC-electrochemical analysis system can be
clinically applied to measurement of protein-bound
3-nitrotyrosine in human airway secretions.

We quantified protein-bound 3-nitrotyrosine in
airway secretions (sputum induced with hypertonic
saline) from healthy subjects, asthmatic patients, and
COPD patients. 3-Nitrotyrosine formation was
increased in secretions in airways affected by asthma
and COPD, which indicates that RNS production
was elevated in these diseases. Furthermore, we
showed that protein-bound 3-nitrotyrosine levels in
the sputum from COPD patients had a significantly
negative correlation with % FEV1 values, which
suggests that this increased RNS production may
contribute to the pathogenesis of COPD.

3-Nitrotyrosine is thought to be a useful biomarker
for RNS generated during airway inflammation,
because a number of reports have shown that
upregulation of the inducible isoform of NO
synthase, to produce excessive amounts of NO,
often accompanies the formation of 3-nitrotyrosine at
the site of inflammation.[5,26,27] Two pathways are
thought to be involved in RNS-dependent tyrosine
nitration that occurs in biological systems. One is
peroxynitrite-mediated tyrosine nitration,[3] and

FIGURE 4 Correlation between protein-bound 3-nitrotyrosine/tyrosine and % predicted FEV1 values in COPD and asthmatic patients.
The straight line and p value correspond to the fitted regression equation of Pearson’s correlation analysis. NS, not significant.

FIGURE 3 Levels of tyrosine (Tyr) (A), 3-nitrotyrosine (NO2-Tyr) (B) and NO2-Tyr/Tyr (C) formed in protein of the sputum from healthy
subjects (HS), asthmatic patients (BA) and COPD patients (COPD) *p , 0.05, **p , 0.01 compared with values for healthy subjects.
NS, not significant.
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the other is nitration mediated by peroxidase-
dependent nitrite oxidation.[4] In a separate experi-
ment, we counted the number of neutrophils and
eosinophils, which are the major contributors to
peroxidase-mediated tyrosine nitration, in the same
sputum sample that was used for 3-nitrotyrosine
quantification. The neutrophil and eosinophil counts
were not significantly correlated with 3-nitrotyrosine
content (data not shown). It is difficult, therefore, to
establish which pathway served as the major
mechanism for nitration of protein-bound tyrosine
observed in the present study.

In our earlier work, we assessed nitrative stress in
the airways of asthmatic and COPD patients with an
immunocytochemical method to localize 3-nitrotyro-
sine. This method was a semi-quantitative one for
assessing RNS production. 3-Nitrotyrosine levels can
be measured quantitatively by using an enzyme-
linked immunosorbent assay (ELISA) or semi-
quantitatively by means of immunochemical
staining. Such immunological techniques, however,
may suffer from certain methodological short-
comings.[28,29] Because the ELISA measures nitration
products of both free tyrosine and protein-bound
tyrosine, the actual nitration of protein by RNS
cannot be determined. Immunochemical staining
shows only the cellular localization of 3-nitrotyro-
sine; it does not provide a quantitative 3-nitrotyro-
sine level. Thus, a more accurate and convenient
approach for analysis of 3-nitrotyrosine would be
beneficial so as to quantify the biological effects of
RNS.

In this study, we were able to measure protein-
bound 3-nitrotyrosine quantitatively by using a
newly developed HPLC-electrochemical method
that provides high sensitivity and the required
specificity for 3-nitrotyrosine. With this technique,
we measured the 3-nitrotyrosine/tyrosine ratio in
sputum protein at an order lower than mmol/mol.
To our knowledge, this report is the first one to
provide the exact amount of 3-nitrotyrosine in
human airway secretions. Recently, Kenyon et al.
measured the level of 3-nitrotyrosine in mouse
pulmonary tissue sections.[30] They showed that
3-nitrotyrosine levels increased about 3-fold after
ozone exposure.[30] The values for the nitration
products of protein-bound tyrosine in their study
were about mmol/mol, which are compatible with
our data for human sputum.

The precise reason for the negative correlation of
the values of % FEV1 with those of 3-nitrotyrosine
content in COPD patients, shown in Fig. 4A, is still
unclear. However, because the decrease in % FEV1

indicates airway constriction and obstruction, such a
negative correlation suggests that RNS, which are
produced in excess in COPD as assessed by elevated
levels of 3-nitrotyrosine, may exacerbate airway
inflammation and oxidative stress, which would

result in obstruction of the airways. Oxidative stress
is known to be involved in the pathogenesis of
COPD.[5,26,31,32] Among the molecules that induce
oxidative stress, RNS seem to be important because
of their potent chemical reactivities.[5] RNS not
only cause tissue injury directly[3 – 5] but also enhance
the production of proinflammatory cytokines and

chemokines such as TNF-a,[9] IL-6[9] and IL-8.[8]

Increased production of these mediators was
reported in COPD airways.[2,32] Furthermore, activa-
tion of MMP[6] and inactivation of antiprotease by
RNS lead to an imbalance in protease/anti-
protease,[7] the destruction of lung parenchyma
and a decrease in lung elastic recoil.[2] Also,
3-nitrotyrosine itself causes microtubule dysfunction
in an alveolar type II epithelial cell line.[12] Therefore,
RNS may contribute to pathological changes of
airway inflammation in COPD via induction of both
oxidative stress and nitrative stress.

In asthmatic patients, in contrast, no significant
correlation was observed between the level of
protein-bound 3-nitrotyrosine and the degree of
airway obstruction as assessed by % FEV1, a finding
that also agrees with our previous report.[11] This
lack of significant correlation in asthma is quite
intriguing, and its mechanism remains to be
clarified. A beneficial effect of NO in asthma is
suggested because of the amelioration of bronchial
constriction and oxidative stress by NO.[33,34]

Although nitrative stress is induced by RNS, NO
itself or its S-nitrosated derivatives such as S-nitroso-
glutathione may conversely improve airway obstruc-
tion. Thus, the lack of an apparent correlation
between % FEV1 and 3-nitrotyrosine content in
asthma may reflect the overall effect of NO.

In our current study, the levels of nitration products
of protein-bound tyrosine in the airways were not
significantly different in asthmatic patients and COPD
patients. This result is in contrast to our previous study
that showed significantly higher 3-nitrotyrosine-
immunopositive cell counts in the sputum from
COPD patients than in sputum from asthmatic

patients.[11] There are two possible explanations for
this discrepancy. First, because in our previous study
we counted 3-nitrotyrosine-immunopositive cells,
only the localization of 3-nitrotyrosine was deter-
mined, not the quantitative amount of 3-nitrotyrosine.
Second, the formation of 3-nitrotyrosine by inflamma-
tory cells, which are the main cells recovered in the
sputum, may be more extensive in COPD than in
asthma. However, tyrosine nitration in other cells, such
as epithelial cells[10] or endothelial cells,[35] may be
enhanced in asthma compared with COPD. Thus,
these data may provide a plausible explanation of our
finding of equal total amounts of nitration products of
protein-bound tyrosine in the sputum of COPD
patients and asthmatic patients.
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Protein-bound tyrosine was used as an internal
standard in the present work, as in previous
studies.[22,30] Tyrosine may be oxidized and lost
because of oxidative stress in asthma and COPD,
which could affect the values for 3-nitrotyrosine
corrected for tyrosine content. However, when the
tyrosine content was corrected for the protein
content in each sputum preparation, there was no
apparent difference between the disease groups and
healthy subjects, as shown in Fig. 3A. More
important, the values of 3-nitrotyrosine content
(expressed as amounts per mg protein), as for the
values of the molar ratio of 3-nitrotyrosine/tyrosine
(Fig. 3C), were significantly higher in asthmatic
patients ( p , 0.05) and COPD patients ( p , 0.05)
than in healthy subjects (Fig. 3B). Therefore, the
oxidation of tyrosine, if any did occur, did not have a
significant effect on the estimation of protein-bound
3-nitrotyrosine corrected for tyrosine content in the
sputum.

In conclusion, by use of HPLC-electrochemical
analysis we successfully quantified protein nitration
in human airways as indicated by the level of
protein-bound 3-nitrotyrosine. Protein nitration was
greater in airways of asthmatic and COPD patients
than in airways of healthy subjects. Moreover,
we showed that airway tyrosine nitration in COPD
patients correlated well with the degree of airway
obstruction, which suggests that RNS may have a
key role in the pathogenesis of COPD. Accurate
measurement of protein nitration in human airways
now warrants further study, to clarify the molecular
pathogenesis of inflammatory airway diseases such
as COPD and asthma as well as to develop novel
approaches to their treatment.
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