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ABSTRACT: An increasing number of studies have been performed to address a pos-
sible role for endothelin-1 (ET-1) as a significant mediator in asthma. However, the
effects of subthreshold concentrations of ET-1, which cannot elicit bronchial smooth
muscle contraction itself, in asthma has yet to be determined. This study determin-
ed these effects of ET-1 on capsaicin-induced bronchoconstriction in anaesthetized
guinea-pigs.

Aerosolized ET-1 administered at doses of 10® M and higher induced a dose-
dependent increase in pulmonary resistance, but ET-1 at 10 M did not have any
bronchoconstrictive effect. However, this subthreshold concentration of ET-1 potenti-
ated capsaicin-induced bronchoconstriction. In addition, the potentiation of capsai-
cin-induced bronchoconstriction by this subthreshold concentration of ET-1 was
completely abolished by BQ788 (ETB receptor antagonist), but not BQ123 (ETA rec-
eptor antagonists). Inmunoreactive substance P (SP) levels in bronchoalveolar lavage
fluid after capsaicin administration were significantly higher than those after solvent
administration. However, ET-1 alone did not significantly stimulate immunoreactive
SP release and ET-1 (10-® M) did not potentiate capsaicin-induced immunoreactive
SP release. In contrast, ET-1 (10-* M) potentiated exogenous neurokinin A- and SP-
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induced bronchoconstriction.

These findings suggest that a subthreshold concentration of endothelin-1 does not
potentiate the tachykinin release induced by capsaicin but the airway smooth muscle

contraction through endothelin-B receptors.
Eur Respir J 1998; 12: 1307-1312.

Endothelin-1 (ET-1) is a 21 amino acid peptide origin-
ally isolated from porcine endothelial cells [1], which has
potent spasmogenic activity in both vascular and airway
smooth muscle [1, 2]. Bronchial asthma is an inflamma-
tory airway disorder characterized by bronchoconstriction
and bronchial hyperreactivity. Recent observations sug-
gest that an increased intrapulmonary production of ET-1
may specifically occur in asthma. The bronchial epithe-
lium of asthmatic patients has been found to express pre-
proendothelin-1 messenger ribonucleic acid (mRNA) [3],
to contain endothelin immunoreactivity [4] and to release
large amounts of ET-1 [5]. The high potency of ET-1 in in-
ducing contraction of airway smooth muscle both in vivo
and in vitro [2, 6] led to the assumption that it may play an
important role in the pathogenesis of asthma. However, the
precise mechanisms through which ET-1 causes broncho-
constriction are unclear. Moreover, it should be stressed
that the amount of ET-1 recovered in the bronchoalveolar
lavage (BAL) fluid of patients with asthma is quite low
compared with the dose of ET-1 found to be effective in
eliciting bronchial smooth muscle contraction [7]. It was
previously found that a subthreshold concentration of ET-
1 which was not able to elicit bronchial smooth muscle
contraction markedly augmented the magnitude and dura-

tion of bronchoconstriction caused by other mediators,
such as histamine [8].

The pulmonary airways of rodents and humans are in-
nervated with sensory C-fibres [9], which provide an affer-
ent pathway for central neural reflex control of airway
functions. These neurons also synthesize and store neuro-
peptides in granules found within their terminal varicosi-
ties. A variety of chemical, physical and electrical stimuli
can cause sensory C-fibres to release their neuropeptides
locally into innervated structures, where these substances
often initiate important physiological effects. In the air-
ways, C-fibre stimulation causes the release of two classes
of neuropeptides, tachykinins including substance P (SP)
and neurokinin A (NKA), and calcitonin-gene related pep-
tide (CGRP) [10]. Capsaicin is thought to stimulate pul-
monary and bronchial C-fibre endings directly [11] and
has been used as a research tool to identify C-fibre end-
ings. Furthermore, activation of capsaicin-sensitive C-fibres
leads to the local release of sensory neuropeptides. It is
well known that sensory neuropeptides mimic many of the
pathological features of bronchial asthma, including bron-
chospasm [12], plasma protein extravasation [13], inflam-
matory cell recruitment [14] and hypersecretion [15] and
it has been suggested that overexcitation of sensory fibres
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is involved in the pathogenesis of bronchial asthma [16].
This study was designed to determine the physiological
roles of subthreshold concentration of ET-1 on capsaicin-
induced bronchoconstriction in anaesthetized guinea-pigs.

Materials and methods

Measurement of pulmonary resistance and aerosol gener-
ation

Male Hartley guinea-pigs weighing 400-500 g were
used. Under sodium pentobarbital anaesthesia (Abbott La-
boratories, North Chicago, IL, USA) (50 mg-kg-, i.p.), arti-
ficial ventilation was performed through a tracheal cannula
connected to a constant-volume ventilator (Model 680;
Harvard Apparatus Co., South Natick, MA, USA) at a rate
of 60 breaths-min-!. The tidal volume was set at 6 mL-kg-!.
Airflow was monitored continuously with a pneumotach-
ograph (TV-241T; Nihon Koden Co., Tokyo, Japan) con-
nec-ted to a differential pressure transducer (TP-602T;
Nihon Koden). The tidal volume was calculated by electri-
cal integration of airflow. A fluid-filled polyethylene cath-
eter was introduced into the oesophagus to measure
oesophageal pressure as an approximation of pleural pres-
sure. In-tratracheal pressure was measured using a poly-
ethylene catheter inserted into the short tube connecting
the tracheal cannula to the pneumotachograph. Transpul-
monary pressure (defined as the difference between the
intratracheal and the oesophageal pressure) was measured
with a differential pressure transducer. Total pulmonary
resistance (RL) was calculated using methods described
previously [17]. Before experiments were performed,
guinea-pigs were allowed 20 min to recover from the
preparation procedure. To prevent alveolar atelectasis, a
large inflation of three tidal volumes was performed every
5 min by occluding the expiratory valve. Drug aerosols
(mass median aerodynamic diameter 1.8 uM (geometric
sp: 2 uM); output 1.5 mL-min-) were generated by an ultra-
sonic nebulizer (TUR-3200; Nihon Koden) placed in the
inspiratory line of the ventilator. Because capsaicin acti-
vates cholinergic reflexes [18], atropine (1 umol-kg-!) was
routinely administered 15 min before drug challenge in all
animals.

Effect of endothelin-1 on capsaicin-induced bronchocon-
striction

The concentration response of RL to ET-1 administra-
tion was determined using the following method. After a
control challenge with the solvent used to prepare ET-1,
aerosolized ET-1 was administered (40 breaths at each
concentration). RL was measured 60 s after the end of ET-
1 administration, when the bronchoconstrictor response
reached its maximum. In subsequent experiments, guinea-
pigs were exposed to ET-1 (10-10 M, 40 breaths) and 5 min
later to capsaicin (2x106M or 4x10-M, 40 breaths at each
concentration). The time of exposure to capsaicin was
defined as time 0. In another set of experiments, the inhib-
itory effects of endothelin receptor antagonists on capsai-
cin-induced bronchoconstriction following pretreatment
with ET-1 (100 M) were evaluated. Guinea-pigs were

exposed to BQ123 (105 M, 40 breaths) or BQ788 (105 M,
40 breaths) and 5 min later to ET-1 (10-10 M, 40 breaths).
In following experiments, a specific peptide leukotriene
antagonist (ONO-1078, 1 mgkg!), thromboxane A,
(TxA,) antagonist (S-1452, 0.1 mg-kg-!), histamine antag-
onist (diphenhydramine, 10 mg-kg!) and cyclooxygenase
inhibitor (indomethacin, 1 mg-kg!) were given in-trave-
nously. Ten minutes after administration of these agents,
guinea-pigs were exposed to ET-1 (10 M) and 5 min
later to capsaicin (2x10-¢ M) (time o). In a prelimin-ary
study, it was determined that administration of BQ788
(105 M) completely antagonized the contractile activity of
ET-1 (109 or 108 M).

Measurement of immunoreactive substance P

Immunoreactive SP was measured by the following
method, as described previously [19]. Guinea-pigs were
exposed to saline or ET-1 (100 or 107 M, 40 breaths at
each concentration) and 5 min later to capsaicin (4x10-6
M, 40 breaths). Guinea-pigs were killed by exsanguina-
tion through the carotid artery 2.5 min after capsaicin
administration. Saline (5 mL, 37°C) was then instilled into
the lung and lavage was repeated three times. Recovered
BAL fluid was immediately mixed with 1 mL inhibitor
solution (2x105 M neutral endopeptidase inhibitor phos-
phoramidon, 500 KIU-mL-! serine protease inhibitor apro-
tinin and 1.2 mg-mL! of ethylenediaminetetraacetic acid
(EDTA)) to avoid SP degradation and stored at -70°C until
assay. Cells were sedimented by centrifugation at 200xg
for 10 min at 4°C. The supernatant obtained was loaded
on reversed-phase Cj; cartridges (Sep-Pak C,g; Millipore,
Milford, MA, USA). After washing with 20 mL 4% acetic
acid (pH 4.0) and 20 mL distilled water, SP was eluted
with 2 mL 80% acetonitrile in 0.1% tri-fluoroacetic acid.
Eluates were concentrated by spin-vacuum evaporation,
lyophilized, and dissolved with 0.15 mL assay buffer (50
nM phosphate buffer, pH 7.2, containing 3.7 mg-mL!
EDTA and 0.5% bovine serum albumin). A total of 0.1
mL of the dissolved preparation was subjected to further
radioimmunoassay (RIA) for SP. RIA for SP was per-
formed using '%I-labelled SP (Amersham International,
Amersham, UK) and anti-SP rabbit serum (Amersham
International). The possible cross-reactivity of the
SP-antibody with other tachykinins was 1% for NKA. A
total of 0.1 mL sample was mixed with 0.5 mL assay
buffer, 0.1 mL antiserum, and 0.1 mL 25I-SP and stored at
4°C for 24 h. A 0.2 mL suspension of dextran, charcoal
(0.2% dextran and 2% activated charcoal in assay buffer)
was added to the reaction mixture and centrifuged at
200xg for 10 min. The radioactivity of the supernatant
was measured by a gamma counter (Auto-Gamma 5550,
Packard Instrument Co, Chicago, IL, USA). In this sys-
tem, the sensitivity of immunoassayable SP in saline was
1-150 fmol'mL-l. Using this protocol, the recovery of
added radiolabelled SP was 85-90%.

Effect of endothelin-1 on substance P- and neurokinin
A-induced bronchoconstriction

Guinea-pigs were exposed to ET-1 (10-10 M) and 5 min
later to NKA (5x10+# M, 40 breaths) or SP (5x104M, 40
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breaths). The effect of ET-1 was evaluated 5 min after
NKA or SP administration. In the following experiments,
the inhibitory effects of BQ788 on exogenous tachykinin-
induced bronchoconstriction following pretreatment with
ET-1 were also evaluated.

Effect of endothelin-1 on acetylcholine-induced bron-
choconstriction

Guinea-pigs were exposed to ET-1 (10-0 M) and 5 min
later to acetylcholine (1x103, 3x103 and 5x10-% M; 40
breaths at each concentration). The effect of ET-1 was eva-
luated 5 min after acetylcholine administration.

Drugs

Capsaicin, diphenhydramine and indomethacin were
obtained from Sigma Chemical Co. (St Louis, MO, USA).
NKA, SP and ET-1 were purchased from Peptide Institute
(Osaka, Japan). Cyclo (p-Trp-p-Asp-1-Pro-p-Val-1-Leu)
(BQ123) and N-cis-2, 6-dimethylpiperidinocarbonyl-L-
v-methyleucyl-p-methoxycarbonyltryptophanyl-p-norleu-
cine (BQ788) were purchased from RBI (Natick, MA,
USA). BQ123 and BQ788 were dissolved in ethanol and
further dilutions were performed in 0.9% saline. 4-OXO-
8-[P-(4-phenylbutyloxy) benzoylamino]-2-(tetra-
zol-5-yle) -4H-1-benzopyran hemihydrate (ONO-1078)
and calcium 5 (Z)-1R, 2§, 3S, 4S-7-[3 phenylsulpho-
nylaminobicyclo [2, 2, 1] hept-2-yl]-5-heptenoate hydrate
(S-1452) were kindly provided by ONO Pharmaceutical
Co. (Osaka, Japan) and Shionogi Pharmaceutical, Osaka,
Japan), respectively.

Statistical analysis

All values are expressed as mean=seM. The statistical sig-
nificance was determined by analysis of variance (ANOVA);
p<0.05 was considered significant. When ANOVA dis-
closed a significant difference, the Newman—Keuls test
was used to determine which groups were significantly
different from each other.

Results

The baseline RL after administration of solvent alone
was 0.18+0.02 cmH,0-mL-!-s! and aerosolized ET-1 ad-
ministration resulted in a dose-dependent increase in RL
(fig. 1). However, ET-1 (10-0 M) did not have any bron-
choconstrictive effect.

Aerosolized capsaicin (2x10-6 M) administration did not
significantly increase RL compared with solvent alone, but
this concentration of capsaicin significantly increased RL
following pretreatment with a subthreshold concentration
of ET-1 (100 M) (table 1). In addition, capsaicin (4x10-6
M) significantly increased RL compared with solvent alone,
and a subthreshold concentration of ET-1 markedly poten-
tiated capsaicin (4x10-¢ M)-induced bronchoconstriction.
The solvent used for BQ123 and BQ788 had no effect

1.5 -
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Fig. 1. — Dose-response curve of endothelin-1 (ET-1)-induced bron-

choconstriction. RL: pulmonary resistance. Each point represents the
meanzsem for six animals. *: p<0.05, **: p<0.01 compared with solvent
alone.

on capsaicin-induced bronchoconstriction. BQ788, but
not BQ123, significantly inhibited capsaicin (4x10-¢ M)-
induced bronchoconstriction following pretreatment with
a subthreshold concentration of ET-1 (fig. 2). However,
receptor antagonists of leukotriene, thromboxane A,, and
histamine had no significant effects on the potentiation by
ET-1 of capsaicin-induced bronchoconstriction. Moreover,
the cyclooxygenase inhibitor had no effect on this potenti-
ation by ET-1 (table 2).

Immunoreactive SP levels in BAL fluid after capsaicin
administration were significantly higher than those after sol-
vent administration (48+7 fmol-L-! for solvent and 120+
20 fmol-L-! for 4x106 M capsaicin; p<0.01) (fig. 3). ET-1
(100 or 107 M) alone did not induce significant release of
immunoreactive SP. Moreover, ET-1 (10-© M) did not poten-
tiate capsaicin-induced immunoreactive SP release. NKA
(5x104 M) and SP (5x10+ M) each induced significant in-
creases in RL (0.45+0.05 and 0.35+0.05 cmH,O-mL-!s,
respectively) (fig. 4). ET-1 (10-10 M) significantly potenti-
ated exogenous NKA- and SP-induced bronchoconstric-
tion. Although the solvent used for BQ788 had no effect
on tachykinin-induced bronchoconstriction, BQ 788 (10
M) could completely inhibit the potentiation by ET-1 (10-10
M) of NKA or SP-induced bronchoconstriction. More-

Table 1. — Effect of subthreshold concentration of endo-
thelin-1 (ET-1) on capsaicin-induced bronchoconstriction

RL cmH,O-mLts

2.5 min 5 min

7.5 min 10 min

Solvent 0.19+0.02 0.19+0.02 0.18+0.02 0.18+0.02
Capsaicin ~ 0.27£0.05 0.25£0.04 0.22+0.02 0.200.02
(2x104 M)
Capsaicin ~ 0.74+0.11% 0.61+0.09' 0.42+0.07+ 0.34+0.05"
(4x104 M)
ET-1 (1010 M)

+ Capsaicin

(2x10¢ M)  0.41+0.07* 0.40+0.06* 0.38+0.04* 0.36+0.03*

+ Capsaicin

(4x106M) 1.27+0.21¢ 0.91+0.11¢ 0.81+0.10¢ 0.74+0.08:
Each value represents the meanzsem for six animals. RL: pul-
monary resistance. i: p<0.05; : p<0.01, compared with solvent
alone; *: p<0.05 compared with capsaicin (2x10¢ M) alone; #:
p<0.01 compared with capsaicin (4x10-¢ M) alone.
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Fig. 2. — Inhibitory effects of endothelin (ET)A (BQ123) or ETB (BQ-
788) receptor antagonists (both 105 M) on capsaicin-induced (4x10-6
M) bronchoconstriction following pretreatment with ET-1 (10-10 M).
RL: pulmonary resistance. Each column corresponds to 2.5 min after
capsaicin administration and represents the mean=sem for six animals.
**: p<0.01.

over, ET-1 (1010 M) significantly potentiated acetylcho-
line-induced bronchoconstriction (fig. 5).

Discussion

Activation of airway C-fibres by capsaicin causes the
release of neuropeptides, resulting in bronchoconstriction.
In this study, a subthreshold concentration of ET-1 was
found to potentiate capsaicin-induced bronchoconstriction.
This subthreshold concentration of ET-1 did not potenti-
ate the release of SP immunoreactivity stimulated by cap-
saicin and exogenous tachykinin administration markedly
enhanced bronchoconstriction following pretreatment with
a subthreshold concentration of ET-1. These findings sug-
gest that although a subthreshold concentration of ET-1
does not stimulate tachykinin release from capsaicin-sen-
sitive nerve endings, this dose of ET-1 enhances tachyki-
nin-induced bronchoconstriction at postjunctional levels.

Previous studies have revealed potential mechanisms
via which ET-1 may induce bronchoconstriction either
through a direct effect on airway smooth muscle; or thro-
ugh an indirect effect secondary to mediator release. ET-1

Table 2. — Effect of receptor antagonists of leukotriene,
thromboxane A, and histamine and cyclooxygenase inhi-
bitor on the potentiation by endothelin-1 (ET-1) of capsai-
cin-induced bronchoconstriction

RL ¢cmH,0-mL!-s

2.5 min 5 min 7.5min 10 min

ONO-1078 0.36+0.08 0.39+0.07 0.40+0.06 0.40+0.05
(1 mg-kg1)

S-1452 0.38+0.07 0.40+0.04 0.40+0.04 0.40+0.04
(0.1 mg-kg")

Diphenhydramine 0.41+0.06 0.42+0.05 0.41+0.05 0.41+0.05
(10 mg-kg")

Indomethacin 0.39+0.07 0.39+0.07 0.40+0.07 0.42+0.06
(I mg-kgt)

Each value represents the mean+sem for five animals. RL: pul-
monary resistance. ONO-1078, S-1452, diphenhydramine and
indomethacin had no significant effects on the potentiation by
ET-1 of capsaicin (2x10-¢ M)-induced bronchoconstriction.
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Fig. 3. — Effects of endothelin-1 (ET-1; 10-© M) on capsaicin-induced
(4X10-¢ M) immunoreactive substance P (SP) levels in bronchoalveolar
lavage fluid. Each column corresponds to 2.5 min after capsaicin admin-
istration and represents the mean=sem for seven animals. The immuno-
reactive SP level after administration of capsaicin was significantly
higher than that after solvent alone (p<0.01).

increases intracellular calcium and activates phospholipase
C, generating inositol-triphosphate and diacylglycerol in
human bronchial smooth muscle cells [20]. In guinea-pig
airways, partial inhibition of ET-induced contraction can
be obtained by preincubation with nifedipine [21]. Tachy-
kinins released by capsaicin possibly induce the increase
in intracellular Ca+ levels in airway smooth muscle cells.
Consequently, ET-1 and tachykinins would concomitantly
stimulate the influx of Ca? into airway smooth muscle
cells and Ca* release from sarcoplasmic reticulum, and
enhance the contraction of airway smooth muscle. In gui-
nea-pig trachea, TxA,, platelet-activating factor (PAF),
leukotriene and adenosine have been suggested as secon-
dary mediators of ET-1-induced bronchoconstriction [22,
23]. However, TxA,, PAF, leukotriene and histamine re-
ceptor antagonists did not affect ET-1-induced contraction
in human isolated bronchi [24].

In this study, receptor antagonists of leukotriene, TxA,
and histamine, and cyclooxygenase inhibitor were shown
to have no significant effects on the potentiation by a low
dose of ET-1 of capsaicin-induced bronchoconstriction.
These findings suggest that a low dose of ET-1 may affect
guinea-pig bronchi predominantly through a direct effect.

ook

1.0' I*—vl —

T

RL cmH,O-mL"s
o
T
_|

0

NKA ET-1+NKA SP  ET-1+SP

Fig. 4. — Effects of endothelin-1 (ET-1; 100 M) on neurokinin A
(NKA; 5x104 M) and substance P (SP)-induced bronchoconstriction
(5%10#4 M). RL: pulmonary resistance. Each column shows results
obtained at 2.5 min after tachykinin administration and represents the
meanzsem for six animals. **: p<0.01.
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Fig. 5. — Effects of endothelin-1 (ET-1; 10-10 M) on acetylcholine-in-
duced bronchoconstriction. e : solvent; o : ET-1. Each point represents

the meanzsem for five animals. **: p<0.01 compared with acetylcholine
alone.

However, ET-1 (100 M) also potentiated acetylcholine-
induced bronchoconstriction. Accordingly, a subthreshold
concentration of ET-1 may cause nonspecific bronchial
hyperresponsiveness. Although acetylcholine is thought
to be a direct smooth muscle constrictor, previous re- ports
suggested that the administration of methacholine into
guinea-pig airways induced tachykinin release [25]. Fur-
ther studies will be required to determine whether a sub-
threshold concentration of ET-1 induces nonspecific
airway hyperresponsiveness. A further, third mechanism
of ET-1-induced bronchoconstriction is mediated through
a neuromodulator effect that potentiates neurally mediated
bronchoconstriction [26].

Various effects of ET-1 are mediated via ET receptor,
and two subtypes of ET receptor, termed ETA and ETB,
have been cloned, sequenced and characterized [27, 28].
In guinea-pig and isolated human bronchial smooth mus-
cle, ET-1-induced contraction is mediated predominantly
via activation of the ETB receptor subtype [29, 30]. How-
ever, contractions in response to ET-1 in the guinea-pig
trachea and lung parenchyma are mediated in part by ETA
receptors. In addition, in lung parenchyma, these ETA
receptors mediate contraction through the release of cyc-
looxygenase metabolites induced by relatively high doses
of ET-1. In this study, potentiation of capsaicin-induced
and tachykinin-induced bronchoconstriction by subthres-
hold concentration of ET-1 was completely abolished by
BQ788, suggesting that low concentrations of ET-1 affect
airway responses through ETB receptors alone.

ET-1 acts primarily as a local paracrine and autocrine
hormone. Even though ET-1 concentrations in BAL fluid
are generally below the threshold level required for con-
traction of airway smooth muscles, ET-1 levels in local
airways are possibly high enough to elicit bronchocon-
striction [31]. However, it is also important to determine
the physiological effects of a subthreshold concentration
of ET-1 acting as a local hormone. A recent study deter-
mined that inhaled ET-1 is a potent bronchoconstrictor,
with a bronchoconstrictive potency about 100-times that
of methacholine in asthmatic patients [32]. Furthermore, it
remains to be determined whether or not there are thera-
peutic advantages in using selective ET receptor antago-
nists in the treatment of asthma. Further studies will be
needed to elucidate and classify the ET receptor subtypes

mediating the physiological effects of ET-1 in airway
responses.

In conclusion, this study suggests that a subthreshold
concentration of endothelin-1 potentiated airway smooth
muscle contraction through endothelin-B receptors. The
effect was not mediated through enhanced tachykinin re-
lease from capsaicin-sensitive nerve endings, but occurred
at a postjunctional level.
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