
Introduction

Substance P (SP) and Endothelin-1 (ET-1) are two small
bioactive peptides in the lung. These peptides are known to
induce a variety of biological effects including airway
smooth muscle contraction [1, 2]. Although these peptides
are extremely potent biomolecules, their physiologic effects
in vitro and in vivo appear to be limited by their rapid degra-
dation. SP and ET-1 can be degraded by several peptidases,
including neutral endopeptidase (EC 3.4.24.11; NEP) [3, 4].
NEP is a cell-membrane-bound peptidase that is present in
the airway epithelium and smooth muscle of many species,
including humans and guinea pigs [5]. Recently, several
studies have demonstrated that NEP is an important modu-
lator of SP-induced bronchoconstriction, mucus secretion
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Abstract
Background: Peroxynitrite plays an important role in the
pathogenesis of airway inflammation. We have already
found that peroxynitrite may contribute to decreased â2-
adrenoceptor responses in airway smooth muscle.
However, it is not known whether peroxynitrite can alter
neutral endopeptidase (EC 3.4.24.11; NEP) activity in the
airways. This study was designed to determine whether
peroxynitrite induces airway hyperresponsiveness to
substance P (SP) and endothelin-1 (ET-1) through the in-
activation of airway NEP. Methods: We examined
whether the administration of S-morpholinosydnon-
imine (SIN-1), a compound that releases peroxynitrite,
increased bronchoconstrictor responses to SP and ET-1
in anesthetized guinea pigs. In addition, we assayed
NEP activity in the airways of SIN-1-exposed guinea
pigs. Results: Though SIN-1 (10–7 M) alone had no effect
on pulmonary resistance, pretreatment with SIN-1 sig-
nificantly enhanced SP- and ET-1-induced bronchocon-
striction. Pretreatment with phosphoramidon, an NEP
inhibitor, also enhanced SP- and ET-1-induced bron-
choconstriction. However, simultaneous administration
of phosphoramidon and SIN-1 had no additive effect on
SP- and ET-1-induced bronchoconstriction. Peroxynitrite
formation by SIN-1 was completeley inhibited by N-

Key Words
Peroxynitrite · Neutral endopeptidase · Substance P ·
Endothelin-1 · Airway hyperresponsiveness

acetylcysteine (NAC) and glutathione (GSH) in vitro, and
pretreatment with NAC and GSH significantly reversed
the potentiation by SIN-1 of SP-induced bronchocon-
striction. In addition, the NEP activity of the trachea after
SIN-1 exposure was significantly reduced compared to
the level in control guinea pigs (solvent for SIN-1:
30.0B4.2 fmol·min–1·mg tissue–1; 10–7 M SIN-1; 15.5B4.5
fmol·min–1·mg tissue–1, pd0.05). Conclusions: These
findings suggest that peroxynitrite induces airway hy-
perresponsiveness to SP and ET-1 through the inactiva-
tion of airway NEP, and that peroxynitrite is an impor-
tant mediator of the alterations in airway functions.
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and cholinergic neurotransmission [6]. Although these pep-
tides are subject to degradation by NEP, the relative impor-
tance of these degradative mechanisms in limiting airway
effects is also influenced by the locus of NEP relative to the
site of peptide administration or release. For example, when
SP is administered to guinea pigs by aerosol, NEP inhibitors
enhance its bronchoconstrictor activity, since NEP is pre-
dominantly an epithelial enyme [7].

Peroxynitrite is formed by the reaction of NO with su-
peroxide anion [8]. In many pathologic conditions, includ-
ing inflammation, simultaneous cellular production of su-
peroxide anion and NO may occur, potentially leading to
the continuous formation of peroxynitrite. Peroxynitrite is
an extremely potent oxidant that can cause lipid peroxida-
tion, DNA damage and alterations of protein functions in
vitro [9]. Recently, nitrogen-derived oxidants were shown
to be formed in human acute lung injury, suggesting the
possibility of an important role for peroxynitrite in inflam-
matory lung disease [10]. Most recently, we suggested that
peroxynitrite derived from S-morpholinosydnonimine
(SIN-1) might contribute to the decreased â2-adrenoceptor
responses in airway smooth muscle [11]. Therefore, we
speculated that peroxynitrite might also alter airway NEP
activity. In this study, we examined whether the administra-
tion of SIN-1 inactivated airway NEP or increased bron-
choconstrictor responses to SP and ET-1 in anesthetized
guinea pigs.

Materials and Methods

Pulmonary Resistance Measurement
Hartly male guinea pigs (400–500 g) were used in this study. All

guinea pigs were provided with food and water, and kept in a temper-
ature- and humidity-controlled environment at the Institute for Labo-
ratory Animal Research of the Osaka City University Medical School.
They were anesthetized using sodium pentobarbital (50 mg/kg, in-
traperitoneally; Abbott Laboratories, North Chicago, Ill., USA) and
then ventilated artificially with a tracheal cannula using a constant-
volume ventilator (Model 680; Harvard Apparatus Co., South Natick,
Mass., USA) at a frequency of 60 breaths/min. Tidal volume was set
at 6 ml/kg. Airflow was monitored continuously using a pneumota-
chograph (TV241T; Nihon Koden Co., Tokyo, Japan) connected to a
differential pressure transducer (TP-602T; Nihon Koden). The tidal
volume was determined by electrical integration of the airflow. A flu-
id-filled polyethylene catheter was introduced into the esophagus to
measure esophageal pressure as an approximation of pleural pressure.
Intratracheal pressure was measured using a polyethylene catheter in-
serted into a short tube connecting the tracheal cannula to the pneu-
motachograph. Transpulmonary pressure (defined as the difference
between the intratracheal and esophageal pressures) was measured
with a differential pressure transducer. Pulmonary resistance (RL) was
calculated as previously described [12]. Aerosols of test agents were
generated with an ultrasonic nebulizer and delivered into the airways

by the ventilator. All the protocols used in this study were approved
by the Osaka City University Animal Research Committee, which is
responsible for ensuring the proper use of experimental animals.

Peroxynitrite Measurement in vitro
Authentic peroxynitrite readily oxidizes dihydrorhodamine 123.

Peroxynitrite formation by SIN-1 and S-nitroso-N-acetyl penicil-
lamine (SNAP) was assayed by monitoring rhodamine formation at
500 nm in reactive mixtures containing dihydrorhodamine 123 (123
(50 µM), potassium phosphate (20 mM, pH 7.4) and various amounts
of SIN-1 (10–7, 10–5 or 10–3 M) at 37°C.

Effect of SIN-1 on ET-1- and SP-Induced Bronchoconstriction
After measuring baseline RL (100% RL), the guinea pigs were ex-

posed to SIN-1 (10–7 M, 40 breaths). Thirty minutes after the exposure
to SIN-1, the guinea pigs were exposed to ET-1 (10–10–10–8 M, 40
breaths at each concentration) and SP (10–5–10–3 M, 40 breaths at each
concentration). In addition, the guinea pigs were exposed to phospho-
ramidon (1E10–4 M, 60 breaths) 10 min before ET-1 and SP adminis-
tration. In another set of experiments, guinea pigs were exposed to N-
acetylcysteine (NAC) (1 mM, 60 breaths) or glutathione (GSH) (1
mM, 60 breaths) 10 min before SIN-1 administration.

NEP Assay
NEP activity was assayed in the guinea pig tracheas 30 min after

the administration of solvent or SIN-1 as previously described [13].
Briefly, each trachea was homogenized in 2 ml of buffer consisting of
50 mM tri (hydroxymethyl)-aminomethane (pH 7.4), 1 mM phenyl-
methylsulfonyl fluoride and 0.1% Triton X-100 in a Teflon glass ho-
mogenizer. The homogenate was centrifuged for 10 min at 12,000 g.
The sample supernatant from each guinea pig, 150 ml of buffer, 20 ml
leucine aminopeptidase (0.1 U) and 10 ml of the substrate glutaryl-
(Ala)2-Phe-p-nitroanilide (1 mg/ml) were used in the assay. All
reagents were obtained from Sigma Chemical Co., St. Louis, Mo.,
USA. In the assay, the substrate was cleaved at the Ala-Phe peptide
bond by NEP. The Phe-p-nitroanilide formed was then cleaved by
leucine aminopeptidase to produce the chromophore p-nitroanilide.
Leucine aminopeptidase will not hydrolyze the substrate without pri-
or cleavage by NEP. The optical density resulting from the release of
the chromophore p-nitroanilide at 0 and 15 min after the addition of
substrate was 405 nm at 25°C. The difference between time points
was used to calculate activity, expressed as femtomoles per minute
per milligram of tissue. Each sample was assayed in triplicate.

Drugs
NAC and GSH were purchased from Sigma. SIN-1, SNAP and

peroxynitrite were purchased from Wako Chemical Industries Ltd.
(Osaka, Japan), and rhodamine 123 and dihydrorhodamine 123 from
Molecular Probes (Eugene, Oreg., USA).

Statistical Analysis
All values are expressed as the mean B SEM. Statistical analysis

was performed by analysis of variance followed by Scheffé’s test.
pd0.05 was considered significant.
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Results

The formation of peroxynitrite by the auto-oxidation of
SIN-1 was confirmed by the oxidation of dihydrorhodamine
123 (fig. 1). SIN-1 oxidized dihydrorhodamine 123 to rho-
damine 123 in a time- and concentration-dependent manner.
The oxidation of dihydrorhodamine 123 is mediated by per-
oxynitrite, and not by either NO or superoxide anion alone
[14]. In fact, SNAP did not oxidize dihydrorhodamine 123.
We utilized SIN-1 for exposure to peroxynitrite in the fol-
lowing experiments.

ET-1 induced bronchoconstriction in a dose-dependent
manner (fig. 2). Though neither SIN-1 (10–7 M) nor phos-
phoramidon (10–4 M) had any effect on baseline RL, pre-
treatment with either phosphoramidon or SIN-1 enhanced
ET-1-induced bronchoconstriction. In addition, SP also in-
duced bronchoconstricition in a dose-dependent manner
(fig. 3), and pretreatment with either phosphoramidon or
SIN-1 markedly enhanced SP-induced bronchoconstriction.
However, simultaneous administration of phosphoramidon
and SIN-1 had no additive effect on ET-1- and SP-induced
bronchoconstriction (table 1). Peroxynitrite formation from
SIN-1 (10–3 M) was completely inhibited by NAC (10–3 M)
or GSH (10–3 M) in vitro (fig. 4a). Neither NAC nor GSH
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Fig. 1. Time course of peroxynitrite formation by SIN-1 and SNAP.
A standard curve of the oxidizing activity of dihydrorhodamine 123
was constructed employing authentic peroxynitrite. Results are ex-
pressed as means (n = 8, SD was d5% in all cases).

Fig. 2. Effects of SIN-1 and phosphoramidon on ET-1-induced bron-
choconstriction. Each point represents the mean B SEM for 6 animals.
*pd0.05 versus ET-1 alone. Percent of maximal RL was calculated as
follows: maximal RL [with ET-1]/maximal RL [without ET-1] E100.

Fig. 3. Effects of SIN-1 and phosphoramidon on SP-induced bron-
choconstriction. Each point represents the mean B SEM for 6 animals.
*pd0.05, **pd0.05 versus SP alone.
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had any effect on SP-induced bronchoconstriction. Howev-
er, pretreatment with either NAC or GSH significantly in-
hibited the potentiation by SIN-1 of SP-induced bron-
choconstriction (fig. 4b).

In addition, the NEP activity of the trachea after SIN-1
exposure was significantly reduced compared to the level in
solvent-exposed control guinea pigs (solvent: 30.0B4.2
fmol·min–1·mg tissue–1; 10–6 M SIN-1: 13.0B4.0 fmol·
min–1·mg tissue–1; 10–7 M SIN-1: 15.5B4.5 fmol·min–1·mg
tissue–1).

Discussion

SIN-1 is thought to generate equimolar amounts of su-
peroxide anion and NO, which may rapidly interact to form
peroxynitrite. Therefore, SIN-1 has been utilized in previ-
ous studies for the exposure of various kinds of pulmonary
cells to peroxynitrite [15, 16]. However, there are no data
indicating that SIN-1 actually causes the release of perox-
ynitrite in vivo. Though nitrotyrosine staining of the air-
ways could be used to determine this, recent work has
demonstrated that nitrotyrosine formation does not neces-
sarily implicate peroxynitrite formation [17]. In this study,
we showed that SIN-1 generates peroxynitrite in vitro, and
that a decrease in NEP activity after peroxynitrite adminis-

Fig. 4. a Peroxynitrite formation by SIN-1
with NAC and GSH. Peroxynitrite formation
by SIN-1 (10–3 M) was completely inhibited
by the addition of NAC or GSH to the reac-
tion medium. Results are epxressed as means
(n = 8, SD was d5% in all cases). b Effects
of NAC and GSH on SP-induced bron-
choconstriction in the presence of SIN-1.
Each point represents the mean B SEM for 6
animals.

Percent of maximal RL, %

ET-1 (1E10–8 M) 350B20
With phosphoramidon (1E10–4 M) 440B50a

With SIN-1 (1E10–7 M) 430B30a

With phosphoramidon (1E10–4 M) and SIN-1 (1E10–7 M) 440B35a

Substance P (1E10–4 M) 185B15
With phosphoramidon (1E10–4 M) 400B30b

With SIN-1 (1E10–7 M) 290B25b

With phosphoramidon (1E10–4 M) and SIN-1 (1E10–7 M) 410B35b

Each value represents the mean BSEM for 6 animals.
a pd0.05 versus ET-1 alone.
b pd0.01 versus SP alone.

Table 1. Effect of SIN-1 on ET-1 and SP-
induced bronchoconstriction

a b



SIN-1-Induced NEP Inactivation Int Arch Allergy Immunol 1999;120:317–322 321

1 Tanaka DT, Grunstein MM: Mechanisms of
substance P-induced contraction of rabbit air-
way smooth muscle. J Appl Physiol 1984;57:
1551–1557.

2 Uchida Y, Ninomiya J, Saotome M, Nomura A,
Ohtsuka M, Yanagisawa M, Goto K, Masaki T,
Hasegawa S: Endothelin, a novel vasocon-
strictor peptide, as potent bronchoconstrictor.
Eur J Pharmacol 1988;154:227–228.

3 Skidgel RA, Engelbrecht S, Johnson AR, Er-
dos EG: Hydrolysis of substance P and neu-
rotensin by converting enzyme and neutral en-
dopeptidase. Peptides 1984;5:769–776.

4 Vijayaraghavan J, Scicli AG, Carretero OA,
Slaughter C, Moomaw C, Hersch LB: The hy-
drolysis of endothelins by neutral endopepti-
dase 24.11 (enkephalinase). J Biol Chem 1990;
265:14150–14155.

5 Johnson AR, Ashton J, Schulz WW, Erdos EG:
Neutral metalloendopeptidase in human lung
tissue and cultured cells. Am Rev Respir Dis
1985;132:564–568.

6 Shore SA, Stimler-Gerard NP, Coats SR,
Drazen JM: Substance P-induced bronchocon-
striction in the guinea pig. Enhancement by in-
hibitors of neutral metalloendopeptidase and
angiotensin-converting enzyme. Am Rev
Respir Dis 1988;137:331–336.

7 Dusser DJ, Umeno E, Graf PD, Djokic T,
Borscon DB, Nadel JA: Airway neutral en-
dopeptidase-like enzyme modulates tachy-
kinin-induced bronchoconstriction in vivo. 
J Appl Physiol 1988;65:2585–2591.

8 Beckman JS, Beckman TW, Chen J, Marshall
PA, Freeman BA: Apparent hydroxyl radical
production by peroxynitrite: Implications for
endothelial injury from nitric oxide and super-
oxide. Proc Natl Acad Sci USA 1990;87:1620–
1624.

9 Crow JP, Beckman JS: Reactions between ni-
tric oxide, superoxide, and peroxynitrite: Foot-
prints of peroxynitrite in vivo. Adv Pharmacol
1995;34:17–43.

10 Kooy NW, Royall JA, Ye YZ, Kelly DR, Beck-
man JS: Evidence for in vivo peroxynitrite
production in human acute lung injury. Am J
Respir Crit Care Med 1995;151:1250–1254.

11 Kanazawa H, Shiraishi S, Okamoto T, Hirata,
Yoshikawa J: Inhibition of bronchoprotective
effects of â2-adrenoceptor agonists by perox-
ynitrite in guinea pig airways. Am J Respir Crit
Care Med 1999;159:1272–1276.

12 Folkerts G, Nijkamp FP: Haemophilus in-
fluenzae induces a potentiated increase in
guinea-pig pulmonary resistance to histamine.
Eur J Pharmacol 1985;119:117–120.

13 Turner CR, Stow RB, Hubbs SJ, Gomes BC,
Williams JC: Acrolein increases airway sensi-
tivity to substance P and decreases NEP activi-
ty in guinea pigs. J Appl Physiol 1993;74:
1830–1839.

References

tration is the cause of the observed augmented SP- and 
ET-1-induced airway responses.

ET-1 is a 21-amino-acid peptide isolated from porcine
cultured endothelial cells. Experimental findings have
shown that ET-1 has a potent contractile effect on airway
smooth muscle both in vivo and in vitro. Phosphoramidon is
a potent and selective inhibitor of NEP with a nanomolar
affinity constant for purified NEP as well as for NEP-like
activity in guinea pig airway [18]. Previous studies have in-
dicated that epithelium removal potentiates the response to
ET-1 in guinea pig tracheas [19], and that the treatment of
guinea pigs with phosphoramidon markedly potentiates the
bronchoconstrictor responses evoked by aerosol adminis-
tration of ET-1 in vivo [20]. In addition, phosphoramidon
did not further potentiate bronchoconstrictor responses to
ET-1 in an epithelium removal model of guinea pig tra-
cheas. Moreover, other researchers have provided further
data in support of a modulator role for epithelium-derived
NEP on ET-1-induced contraction in guinea pig tracheas.
For example, recombinant human NEP decreased ET-1-in-
duced bronchoconstriction [21]. In this study, we found that
peroxynitrite administration enhanced SP- and ET-1-in-
duced bronchoconstriction and that in the presence of phos-
phoramidon, responses to SP and ET-1 in peroxynitrite-ex-
posed and control guinea pigs were not different. We also
found that pretreatment with phosphoramidon in guinea
pigs exposed to peroxynitrite further potentiated the 
bronchoconstrictor responses to SP, but not to ET-1. It
seems likely that SP is more sensitive to airway NEP than
ET-1.

We recently found that peroxynitrite derived from SIN-1
significantly inhibited acetylcholine-induced bronchocon-
striction in a dose-dependent manner [11]. However, 10–7 M
SIN-1 had no effect on basal RL or acetylcholine-induced
bronchoconstriction. Therefore, this dose of SIN-1 was
used in all experiments in this study. A previous study re-
vealed that cigarette smoke enhanced airway responsive-
ness to SP in vivo by inactivating airway NEP via free radi-
cals [22]. Peroxynitrite might influence NEP activity in the
airways, since peroxynitrite is a stronger oxidant than either
NO or superoxide anion [23]. Interestingly, the concentra-
tion of NO derivatives in the sputum of patients with asth-
ma correlates significantly with the percentage of shed ep-
ithelial cells [24], which may be evidence for the
involvement of peroxynitrite. In fact, intratracheally admin-
istered peroxynitrite induced epithelial damage and airway
hyperresponsiveness in guinea pigs [25]. However, expo-
sure to a low concentration of peroxynitrite did not induce
the death of pulmonary epithelial cells in vitro [15]. The
concentration of peroxynitrite obtained from SIN-1 (10–7 M
for 30 min) used in this study was quite low, and thus prob-
ably did not induce the death of airway epithelial cells. It
seems likely that peroxynitrite induced alterations in protein
functions in airway epithelial cells.

In conclusion, SIN-1 is a potent peroxynitrite-releasing
compound which directly inactivated NEP in guinea pig air-
ways. Peroxynitrite may be an important regulator in the
control of airway functions.



322 Int Arch Allergy Immunol 1999;120:317–322 Kanazawa/Hirata/Yoshikawa

14 Crow JP, Beckman JS, McCord JM: Sensitivi-
ty of the essential zinc-thiolate moiety of yeast
alcohol dehydrogenase to hypochlorite and
peroxynitrite. Biochemistry 1995;34:3544–
3552.

15 Gow AJ, Thom SR, Ischiropoulos H: Nitric
oxide and peroxynitrite-mediated pulmonary
cell death. Am J Physiol 1998;274:L112–L118.

16 Owens MW, Milligan SA, Jourd’heuil D, 
Grisham MB: Effects of reactive metabolites
of oxygen and nitrogen on gelatinase A activi-
ty. Am J Physiol 1997;273:L445–L450.

17 Halliwell B: What nitrates tyrosine? Is nitroty-
rosine specific as a biomarker of peroxynitrite
formation in vivo? FEBS Lett 1997;411:157–
160.

18 Hudgin RL, Charleson SE, Zimmerman M,
Mumford R, Wood PL: Enkephalinase: Selec-
tive peptide inhibitors. Life Sci 1981;29:
2593–2601.

19 Hay DW: Guinea-pig tracheal epithelium and
endothelin. Eur J Pharmacol 1989;171:241–
245.

20 Boichot E, Carre C, Lagente V, Pons F, Men-
cia-Huerta JM, Braquet P: Endothelin-1 and
bronchial hyperresponsiveness in the guinea
pig. J Cardiovasc Pharmacol 1991;17(suppl
1):329–331.

21 DiMaria GU, Katayama M, Borson DB, Nadel
JA: Neutral endopeptidase modulates endothe-
lin-1-induced airway smooth muscle contrac-
tion in guinea-pig trachea. Regul Pept 1992;
39:137–145.

22 Dusser DJ, Djokic TD, Borson DB, Nadel JA:
Cigarette smoke induces bronchoconstrictor
hyperresponsiveness to substance P and inacti-
vates airway neutral endopeptidase in the
guinea pig. Possible role of free radicals. J Clin
Invest 1989;84:900–906.

23 Royall JA, Ischiropoulos H: Evaluation of
2*,7*-dichlorofluorescin and dihydrorhodamine
123 as fluorescent probes for intracellular
H2O2 in cultured endothelial cells. Arch
Biochem Biophys 1993;302:348–355.

24 Kanazawa H, Shoji S, Yamada M, Fujii T,
Kawaguchi T, Kudoh S, Hirata K, Yoshikawa
J: Increased levels of nitric oxide derivatives in
induced sputum in patients with asthma. J Al-
lergy Clin Immunol 1997;99:624–629.

25 Sadeghi-Hashjin G, Folkerts G, Henricks PA,
Verheyen AK, van der Linde HJ, van Ark I,
Coene A, Nijkamp FP: Peroxynitrite induces
airway hyperresponsiveness in guinea pigs in
vitro and in vivo. Am J Respir Crit Care Med
1996;153:1697–1701.




