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Les endothélines (ET-1, ET-2, ET-3) sont de puissants bronchoconstricteurs et 
des agents pro-mitogéniques. ET-1 est libérée à partir de plusieurs types cellulaires dont 
les cellules endothéliales et épithéliales. Chez des patients souffrant d'asthme ou d'autres 
maladies respiratoires, l'expression et la production de l'ET-1 sont augmentées. Le 
traitement de ces asthmatiques avec des corticostéroïdes et le salbutamol réduit le niveau 
d'ir-ETs dans le lavage bronchoalvéolaire. ~ans cette étude, nous avons ca.ractérisé les 
voies de biosynthèse et de dégradation des ETs au niveau des cellules épithéliales isolées 
de la trachée de cobaye pour ensuite étudier les effets de certaines cytokines pro-
inflammatoires et de médicaments anti-asthmatiques tels la dexaméthasone (DEX) et le 
salbutamol sur la production d'ETs. Nous avons observé que seule l'ET-1 est libérée par 
ces cellules en condition basale. Cette production basale est atténuée par le 
phosphoramidon ainst'que par le CGS 26 303, deux inhibiteurs mixtes de l'endopeptidase 
neutre (NEP) et de l'enzyme de conversion des ETs (ECE). En contre-partie, le thiorphan 
et le CGS 24 592, deux inhibiteurs sélectifs de NEP, augmentent la concentration d'ET-1 
dans le mileu d'incubation des cellules épithéliales. Le SQ 28 603, un autre inhibiteur de 
NEP produit un effet biphasique sur la libération d'ET-1 suggérant une activité inhibitrice 
non-sélective contre l'ECE. La lipopolysaccharide (LPS), le facteur de nécrose tumorale-a 
(TNFcx) ainsi que l'interleukine-1.6 (11,-16) augmentent significativement la production 
d'ET-1. La DEX vient inhiber la production basale et stimulée d'ET-1. Le salbutamol, un 
agoniste 82, n'a aucun effect sur la libération basale d'ET-1 mais réduit celle stimulée par 
le LPS. La forskoline, un activateur de l'adénylate cyclase, inhibe la libération basale et 
stimulée d'ET-1 par le LPS. Enfin, le 8-bromo-cAMP, un analogue de l'AMP cyclique, 
est aussi capable de réduire la libération basale et stimulée d'Ef-1. Ces résultats suggèrent 
que l'ET-1 est simultanément libérée et dégradée par les cellules épithéliales de la trachée 
de cobaye via l'ECE et le NEP, respectivement Les cytokines pro-inflammatoires 
stimulent la production d'Ef-1. La DEX et le salbutamol diminuent la libération d'Ef-1. 
Cette propriété s'ajoute à la liste de effets bénéfiques de ces deux médicaments 



XV 

(corticostéroïde et agoniste 62) dans le traitement de l'asthme. Les résultats obtenus avec 
la forskoline et le 8-bromo-cAMP montrant une réduction de la libération d'ET-1. 
suggèrent qu'une voie dépendente de l'AMP cyclique est impliquée dans la régulation des 
mécanismes de synthèse et/ou de libération d'ET-1 par les cellules épithéliales de la 
trachée de cobaye. 
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for the Degree of Master in Science (M.Sc.) 
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Endothelins (ET-1, ET-2, ET-3) are potent bronchoconstrictors and growth-
promoting mediators. ET-1 is released from various cells such as endothelial and epithelial 
cells. In patients with Status Asthmaticus and other pulmonary disorders, the expression 
and production of ET-1 are increased. Treatment of asthmatics with corticosteroids and 
salbutamol reduce the content of ir-ETs in the bronchoalveolar lavage fluid. In the present 
study, the pathway of ET biosynthesis and metabolisrn in guinea-pig tracheal epithelial 
cells, and the effects of cytokines and asthrna drugs, dexamethasone (OEX) and 
salbutamol, on ET production were investigated. It was found that amongst ETs, only 
ET-1 was steadily released under basal conditions. The basal production was attenuated 
by either phosphoramidon or CGS 26 303, dual NEP and ECE inhibitors. Conversely, 
thiorphan and CGS 24 592, selective NEP inhibitor, increased the concentration of ET-1 
in cell supematants. 28 603, another NEP inhibitor, caused a biphasic alterati.on of the 
ET-1 release which would suggest a non-selective inhibitory activity against ECE. 
Lipopolysaccharide (LPS). tumor necrosis factor-a (fNFa) and interleukin-18 (IL-lB) 
significantly stirnulated the release of ET-1. DEX inhibited the basal and pro-inflammatory 
cytokines-stimulated production of ET-1. Salbutamol had no effect on the basal release of 
ir-ETs. However, salbutarnol reduced LPS-induced release of ir-ETs. Forskolin, a potent 
activator of adenylate cyclase, inhibited both the basal and LPS-stimulated release of ir-
ETs. 8-brorno-cAMP, a cAMP analogue, also reduced the basal and LPS-induced release 
of ir-ETs. These data suggest that ET-1 is simultaneously produced and degraded by 
guinea-pig tracheal epithelial cells via phosphoramidon-sensitive ECE and NEP pathways, 
respectively. Pro-inflammatory cytokines stimulated ET production. DEX and salbutamol 
decreased ET-1 release, this could be one of the beneficial effects of corticosteroids and 
82-agonists in asthma therapy. Forskolin and 8-bromo-cAMP reduced basal LPS-
induced release of ir-ETs, suggesting a cAMP-dependent down-regulation of ET-1 
production in guinea-pig tracheal epithelial cells. 



INTRODUCTION 

1.1 ENDOTHELINS 

Endothelin-1 (ET-1) is a 21-amino acid peptide originally 

isolated from porcine aortic endothelial cells (Yanagisa wa et 

al.,1988), which has potent spasmogenic activity in both vascular 

and airway smooth muscle (Yanagisawa et al.,1988, Hay et al., 

1993 ). The human genome encodes not only ET-1 but also two other 

isopeptides, ET-2 and ET-3 (Inoue et al.,1989). They are distinct 

from each other in both their structures and pharmacological 

activities. Ali ET peptides contain 21 amino acids and two disulphide 

bonds linking two pairs of cysteine residues. ET-2 and ET-3 differ ~· 
from ET-1 by 2 ·and 6 amino acids, respectively [Figure l] (Kochva 

et al., 1993). ET isopeptides are differentially expressed in specific 

tissues. For example, endothelial cells and cardiac tissue express 

exclusively the ET-1 gene (!noue et al., 1989), whereas both ET-1 

and ET-3 are abundantly expressed in human fetal lung, spleen and 

pancreas (Bloch et al., 1989). ET-2 gene expression was detected in 

intestine (Saida et al., 1989). However ET-1 is the major form of ET 

endogenously released in humans. 



2 

Endothelin-1 

C 

Endothelin-2 

C 

Endothelin-3 

Figure l. Structure of the endothelin isopeptides. Amino acids 

differing from ET-1 are shown in bold. There are two disulfide 

bonds in 1-15 and 3-11. 



1.2 BIOSYNTHESIS OF ENDOTHELINS 

ETs are formed from distinct preproendothelins, which are 

cleaved by largely uncharacterized endopeptidases to yield 

propeptides, named big-ETs. Big-ETs are the inactive precursor of 

ETs. They are converted to mature peptides ETs by the action of 

endothelin converting enzymes (ECE) [Figure 2] (Yanagisawa et 

al.,1988). The conversion of big ET-1 to ET-1 and big ET-2 to ET-2 

involves the cleavage of a Trp2LVal22 bond, whereas big ET-3 is 

cleaved into ET-3 at Trp2LIIe22 bond [Figure 3] (Arinami et al., 

1991). There is evidence supporting both an intracellular location 

for ECE and a plasma membrane location where it could act as an 

ectoenzyme in a post-secretory processing role (Turner et al., 1996). 

ECE have been widely studied. Three isoforms, ECE-la, ECE-lb, and 

ECE-2 have been purified, sequenced, cloned and partially 

characterized (re"View by Battistini et al., 1995). They are 753-787 

amino acid metalloproteinases containing a single transmembrane 

spanning domain, conserved zinc-binding motifs, N-glycosylation 

sites, a short N-terminal cytoplasmic tail and a large extracellular 

portion which includes the catalytic domain. ECE-la and ECE-lb are 

membrane-bound and ECE-2 is intracellular. These enzymes share 

structures similar to neutral endopeptidase 24.11 (NEP) and the 

human Kell blood-group protein, belonging to the ECE/NEP/Kell 

family [Figure 4 ]. Most ECEs appear to be phosphoramidon-sensitive 

and the selectivity for big ETs is big-ETl>>big-ET2=Big-ET3 ( Review 

by Battistini et al., 1995). 

3 



Lys-Arg Arg-Arg 

prepro ET-1 NL-1 _ ___.__ __ f1,;;.;.;;;t:tf=~W=:~w~1...__I.___ _____ I c 

big-ET-1 

1 20 53 74 92 203 

endopeptidases 

53 74 92 
N ._! __ ET_-_l(_l-_21_) __.l __ (22_-_39_) __ IC 

endothelin converting 
enzyme (ECE) 

Figure 2. Pathway of endothelin-1 biosynthesis 
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81g - ET-1 

Blg-Ef-2 

s 

Big -Ef-3 

1< 

5 

ECE 

l 
Ttp -Val. A.sn. l1u . Pro. Glu. Hls . Val 

(Gly- lou · Gty. Ty,. p,0 • y,.) 
Sar • Pro . Atg . Se, . COOH 

! Z7 u 
T,p - Val - A3n - Tiv- - Pro - Gl.lJ- Gin - Thr 

(
Asn - Gly- Leu - Gly · Val - Pro -Afa) 

li 
Pro - Pro - COOH 

D' 

!u z:r 211 
Trp - Oc -Asn-Thr-Pro -Glu-Gln-Thr 

(
Asn - Sc,· - Lou - Gly - Tyr. Pro. Val ) 
lS 3.c 

T Yf - Arg - Gly • Ser · Pflc - Arg . COOt1 
36 l1 l8 CO <1 

Figure 3. Structure of big-Endothelin-1, 2, 3. The peptide bond 

hydrolysed by ECE is indicated by the arrow. Amino acids encircled 

represent the structure of Endothelin-1, 2, 3. 
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'l"xxHE'l•xHx'I' 

H H H N N N N NI~ 
ECE-1a 1 1 1 1 1 1 1 1 1 1 -, 

~1~1111 
759~ 

1 X 11 J. X X 4 
H H H H H H H H HH 

ECE-1b 1 1 1 1 1 1 1 1 
1~ 1 75J a.a 

lUU 1 1 11 X X 4 
NHN H H N H H HH 

ECE-2 ': 1 1 1 1 1 
1~ 1 

~MU 
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1 1 1 1 Il 
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1 
Kell 
7J2a.a 6 6 4 " 6 4 MU 

0 100 200 300 .coo 500 600 700 800 

Figure 4. · Metalloproteases of the human NEP-ECE-Kell family. The 

single transmembrane domains is represented by closed boxes. 

Horizontally stippled boxes depict the zinc-binding consensus 

sequences. Cysteine residues and predicted N-glycosylation sites are 

shown by circles and Ns, respectively. ECE-la and ECE-lb are 

generated by alternative splicing that alters a portion of the N-

terminal cytoplasmic domain shown by obliquely stippled boxes; the 

remainder of the ECE-1 a and ECE-1 b sequences are identical. The 

scale shows the number of amino acid residues. 



1.3. ENDOTHELIN EFFECTS AND RECEPTORS 

ETs Have been found to be synthesized by multiple cell types 

disseminated into the cardiovascular, pulmonary, renal, and 

gastrointestinal systems, and have various biological effects, such as 

vasoconstriction, positive inotropism and chronotropism, increase m 

vascular permeability, inhibition of platelet aggregation (in vivo), 

bronchoconstriction, stimulation of mediator release (e.g. NO, 

prostanoids, PAF), pro-mitogenic, pro-ulcerogenic, etc (reviewed by 

Battistin et al 1995, Rae et al., 1994). 

The effects of ET are mediated by two distinct receptor 

subtypes designated ETA and ETB, which are typical G-protein-

coupled receptor with 7 transmembrane domains. Both subtypes are 

widely distributed in animal and human tissues. The order of 

affinity for the ETA receptor is ET-l>ET-2>>ET-3, whereas ail ET 

isopeptides have ~similar affinity for the ETB receptor (Sakurai et al., 

1992). A series of selective or dual antagonists have been 

developed, such as BQ-123, FR139317, BMS 182874 (ETA-selective); 

BQ-788, Res-701-1 (ETB-selective); PD142893, TAK-044 (dual ETA 

and ETB) (Huggins, et al., 1993). 

When the agonists bind to their receptors, they activate a wide 

variety of intracellular mechanisms. For instance, activation of 

phospholipase C leads to the elevation of inositol phosphate and the 

release of intracellular calcium and ultimately to the entry of 

extracellular calcium. Other intracellular signallings involve the 

activation of phospholipase D and A2 and opening of ion channels 

(Schramek et al., 1996) 
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1.4 EXPRESSION OF ENDOTHELINS IN LUNGS 

Expression of ET-1 mRN A has been shown both in the upper 

and lower airways and in the lungs of many species. In airways, one 

of the main sources of ET-1 appears to be the airway epithelium, as 

the peptide is produced by cultured airway epithelial cells from 

mouse, rat, guinea-pig, dog, pig and humans. (Markewitz et al., 1995, 

Endo et al., 1992, Black et al., 1989, Mattoli et al., 1990). Dog and 

human airway epithelial cells also contain ET-3 (Black et al., 1989, 

Mattoli et al., 1990). When considering that the lung circulation 

contains about half of body endothelial cells, and that cultured 

pulmonary microvascular endothelial cells synthesize ET -1 peptide, 

these cells are another possibly important source of the peptide ( 

review by Rae et al., 1994). ET-1 and ET-3 are also expressed in 

human lung macrophages (Ehreinreich et al., 1990) 

Secretion bf ET-1 from guinea pig airway epithelial cells is 

increased by various cytokines including interleukin-8, tumor 

necrosis factor-ex, transforming growth factor-P and LPS (Endo et 

al.,1992, Ninomiya et al., 1991). The expression and release of ET-1 

from human isolated branchial epithelial cells is also stimulated by 

pro-inflammatory cytokines such as interleuk.in-1 or tumor necrosis 

factor-ex (Nakano et al., 1994). Release of ET-1 from pig isolated 

perfused lung is stimulated by thrombin (Moon et al., 1989). 

1.5 SYNTHESIS AND METABOLISM OF ENDOTHELINS 
IN LUNGS 

8 



Endothelin-converting enzyme(s) are present in the upper and 

lower airways and lungs of the guinea-pig (Battistini et al..1995). 

For instance, in parenchymal strips of the guinea-pig lung. 

exogenously administered big ET-1 or big ET-2, but not big ET-3, are 

converted into mature active ET-1 and ET-2, respectively, The 

conversion of ET precursors is sensitive most exclusively to 

phosphoramidon, which acts as a dual inhibitor of NEP and ECE 

(Turner et al., 1995). Other structurally distinct NEP inhibitors, such 

as thiorphan (Pollock et al. 1991) and kelatorphan (McMahon et al., 

1991) were mostly ineffective at inhibiting the conversion of 

exogenous endothelin precursors in various systems, except on big 

ET -1-induced increase in rat blood pressure (McMahon et al., 1991) 

and guinea-pig pulmonary inflation pressure (Pons et al., 1992) 

where thiorphan was effective, although phosphoramidon was 

substantially more potent than thiorphan. SQ 28 603 also caused a 

significant attenuition of the pressor effects of human big ET -1, and 

of its renal and mesenteric vasoconstrictor effects, in conscious rats 

(Gardiner et al., 1992). 

ET isopeptides, like many other peptides such as substance P 

and tachykinins, are susceptible to degradation. Incubation of ET-1 

with· human recombinant NEP caused the degradation of ET-1 within 

minutes (Abassi et al., 1993 ). Exogenous ET -1 is also removed by 

60% in a single passage through guinea-pig lungs (De Nucci et al., 

1988). ET-induced contractions are also modulated by NEP in 

isolated airways of human and other species as shown by 

experiments where mechanical removal of the epithelial layer or the 

9 
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use of NEP inhibitors potentiated the contractile responses to ET 

(Advenier et al., 1992). NEP was shown to be predominantly located 

in airway epithelial cells, where it also cleaves and inactivates other 

bronchocontractile peptides such as bradykinin and neurokinins 

(Borson et al., 1986). In other organs or vascular beds, crude 

membrane preparations of human kidney and choroid plexus 

containing NEP activity were reported to degrade ET-1 (Fagny et al., 

1991). 

1.6 EFFECTS OF ENDOTHELINS ON AIRW A YS 

1.6.1 Effect on airway smooth muscle 

ET-1 is a relatively patent constrictor of guinea pig, rat, and 

rabbit airway smooth muscle in vitro (reviewed by Harnes, 1994) 

and causes brorîéhoconstriction in vivo via the release of secondary 

mediators, such as thromboxane and platelet-activating factor 

(Battistini et al., 1997). Similarly, ET-1 and ET-2 are patent 

constrictors of human airways smooth muscle in vitro, being even 

more patent than leukotriene D4 (Advenier et al., 1990). The 

contractile response is slow in onset and sustained, and ET-1 

appears to cause a maximal contractile response. The receptor 

mediating bronchoconstriction has been investigated by using 

selective agonists and antagonists. In guinea pig airways, the ET A 

antagonists BQ-123 and FR-139317 have no inhibitory effect on ET-

induced constriction. This evidence suggests that ETB receptors 

mediate the direct constrictor response in this species, although 
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there maybe a contributory effect of ET A receptors, acting via 

release of bronchoconstrictor cyclooxygenase products from airway 

epithelial cells (Battistini et al.. 1994 ). Similar results have also been 

found in human airways in vitro and are supported by the 

constrictor response to ETB-selective agonists BQ-3020 and IRL-

1620 (Hay et al., 1993). There may be regional differences, since in 

guinea pig trachea both ET A and ETB receptors appear to be involved 

in the contractile response to ET-1, whereas in branchus only ETB 

receptors are involved (Hay et al., 1993). 

1.6.2 Other airway effects 

ETs induced the release of cyclooxygenase-derived eicosanoids, 

mainly thromboxane A2 (TXA2) but also PGE2 and PGI2 in guinea pig, 

rat, dog. and rabbit isolated perfused lungs. ET-1 also stimulates the 

formation of TXÀ2 and PGD2 by resident luminal airway cells, such 

as dog al veolar macrophages (reviewed by Rae et al., 1994 ). In 

human, ET-1 promotes the release of PGE2 as well as PGD2, PGF20:, 

T XB 2 and 15-HETE from isolated cultured nasal mucosal explants 

(Wu et al., 1992). These multiple mediators may act as 

intermediates in some ET-induced vascular and bronchial actions. 

The release of prostanoids induced by ET-1 in human airways 

appears to be mediated via an ETA receptor, since this is effectively 

inhibited by BQ-123 (Hay et al .• 1993). 

ET-1 contricts human branchial arteries in vitro? but its effect 

on airway microvascular leak:age is conflicting. In rat trachea, ET -1 

causes an increase in plasma extravasation (Sirois et al, 1992) 
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whereas in guinea pig, ET-1 is without effect on plasma 

extravasation (Macquin-Mavier et. al., 1989). ET-1 stimulates ion 

transport in cultured airway epithelial cells (reviewed by Barnes, 

1994 ). ET-1 also increases the proliferation of rabbit tracheal 

smooth muscle cells, human pulmonary artery smooth muscle cells 

and promotes mitogenesis of lamb airway smooth musclt2 cells 

(reviewed by Barnes, 1994). 

1.7 PATHOPHYSIOLOGICAL ROLES OF ENDOTHELIN IN 
ASTHMA 

As outlined above, ETs can be generated in the respiratory 

tract and cause pronounced bronchospasm via multiple mechanisms. 

They are also synthetized and metabolized by distinct 

endopeptidases. However, does this mean that ETs exert any 

physiological rorês in this system? At present, the answer to this 

question is unknown, but a number of studies suggest that ETs may 

contribute significantly to certain diseases of the respiratory tract, 

especially in asthma. 

ETs mimic some of the features of asthma, notably sustained 

bronchoconstriction, mucus secretion, plasma exudation, and 

possibly structural changes. ET-1 is well associated with various 

elements implicated in the pathophysiology of asthma (see Table 1). 

ET-1 expression is markedly higher in the airway epithelium 

and microvascular endothelium of endobronchial biopsies from 

asthmatic patients compared to healthy tissues (Springall et al., 

1991; Mattoli et al., 1991; Vittori et al., 1992). In addition, the 
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Table 1. Elements Implicated in the Pathophysiology of Asthma 

that are Associated with ET -1 

Elements 

Sustained contractions of airways 

production of inflammatory mediators 

(TxA2, PG's, oxygen radicals, 15-HETE) 

Airway smooth muscle hyperplasia 

Mucus hypersecretion 

Branchial edemâ"' 

Airway hyperresponsiveness 

Epithelium damage 

Influx of inflammatory cells 

Increased levels in BAL fluid 

Response 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

? 

Yes 
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concentration of ir-ETs measured in the bronchoalveolar lavage fluid 

(BAL) of patients during the acute phase of status asthmaticus 

increases markedly (Nomura et al., 1989; Mattoli et al., 1991). The 

levels of ir-ETs paralleled the severity of symptoms. Furthermore, 

the lungs and airways constitute important vascular and non-

vascular sources of ETs originating from pulmonary endothelial, 

tracheal and bronchial (Clara) epithelial cells (Black et al., 1989; 

Ninomyia et al., 1991; Mattoli et al., 1991; Endo et al., 1992; 

Markewitz et al., 1995; Laporte et al., 1996). Exogenous 

administration of ETs were reported to induce a potent 

bronchocontriction and the release of pro-inflammatory mediators 

(prostaglandins, HETEs, oxygen radicals, etc.) (reviewed by Battistini 

and Wamer, 1997). These findings suggest a role for ET-1 as a 

paracrine hormone in the upper airways and a mediator in the 

pathophysiology of asthma. 

1.8 PATHOPHYSIOLOGY OF ASTHMA 

Asthma is a disease characterized by an increased 

responsiveness of the tracheo-bronchial tree to a variety of stimuli. 

The major symptoms of asthma are paroxysms of dyspnea, 

wheezing and cough, which may vary from mild and almost 

undetectable to severe and unremitting. The primary physiological 

manifestation of this hyperresponsiveness is variable airway 

obstruction. 

Five characteristic structural alterations are usually observed 

in the preterminal and terminal bronchioles of fatal cases of asthma: 
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1) plugs of basophilie, polysaccharide-rich, packed mucus block 

many of the terminal bronchioles, 2) the goblet cells are increased in 

size and in number, 3) marked thickening and irregularity of the 

basement membrane are present, 4) the smooth muscles of the 

preterminal bronchioles are hypertrophied, and 5) an inflammatory 

infiltrate composed of mononuclear cells and, particularly, 

eosinophilic granulocytes is found in submucosa and between the 

hypertrophied muscle bundles (Jeffery 1992) 

In many subjects the asthmatic attack consists of two mam 

phases: an immediate phase (bronchospasm) and a late phase 

(inflammation). The immediate phase occurs abruptly and is due 

mainly to allergen or non-specific stimuli, activates mast cells, 

platelets, macrophages, causing the release of mediators of asthma, 

e.g. histamin, platelet activating factor (PAF), leukotrienes C4 and D4 

(L TC4, LTD4), which stimulate the bronchial smooth muscle and 

causing bronchospasm. The late phase occurs at a variable time after 

exposure to the eliciting stimulus and may be nocturnal. 

Chemotaxins, (e.g. LTB4, PAF), infiltrate and activate inflammatory 

cells, particularly eosinophils which induce the release of other 

mediators, (e.g. LTC4, LTD4, PAF, neuropeptides, eosinophil major 

basic protein, eosinophil cationic protein). These mediators cause 

bronchospasm, vasodilatation, edema, mucus secretion, epithelial 

damage and branchial hyperresponsiveness [Figure 5] (J effery 

1992). 
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1.9 AIRW A Y EPITHELIAL CELLS 

1.9.l The major epithelial cell types in airway epithelium 

Columnar and basal cells are the predominant cell types in the 

upper airways and form a pseudo-stratified cell lining. The 

columnar cells are composed of both ciliated and non-ciliated cells, 

of which the latter (also referred to as the mucous cells) comprise 

the goblet, serous, Clara and presecretory cell types. They are 

involved primarily in the production of airway secretions [Figure 6] 

(Davies et al., 1992) 

1.9.2 Role of airway epithelial cells 

Traditionally, the airway epithelium has been regarded as a 

physical barrier,' playing an important role in mucociliary clearance 

and preventing the entry of noxious agents into the underlying 

tissues. Recent evidence, however, suggests that this barrier plays a 

critical role, not only in the pathogenesis of the inflammation that 

characterizes asthma but also in its aetiology [ Figure. 7]. (Davies et 

al 1992). 

lt 1s possible that several mechanisms may explain how 

epithelial abnormalities could lead to increased branchial reactivity 

(Davies et al., 1992). The mechanisms include: (1) increased 

permeability to allergen; (2) changes m osmolarity of the branchial 

surface lining fluid; (3) exposure of sensory nerve fibres and 

potentiation of local axon reflexes; (4) production of inflammatory 
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Figure 6. Schematic view of the major epithelial cell types in 

airway epithelium. 
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and reduction of putative 'protective' (both anti-inflammatory and 

relaxing) epithelium-derived mediators; (5) production of 

specifically 'inflammatory' cytokines and their interactions with 

other cytokines; (6) modulation of cell adhesion molecules; and (7) 

modulation of the immune system. 

1.10 DRUGS USED TO TREAT ASTHMA 

There are two main categories of anti-asthma drugs, 

bronchodilators and anti-inflammatory agents. Bronchodilators are 

effective in reversing the immediate response. The main drugs used 

are (32-adrenoceptor agonists, e.g. salbutamol, terbutaline and 

xanthine drugs, e.g. theophylline, enprofylline. Anti-inflammatory 

agents inhibit or prevent the later phase. The main drugs used are 

glucocorticoids and sodium cromoglycate (Boushey 1995). 

1.10.1. (3 2-adrenoceptor agonists 

(32-adrenoceptor agonists have been widely used in the 

treatment of asthma. They relax airway smooth muscle and inhibit 

the release of bronchoconstricting substances from mast cells and 

other cells. They may also increase mucociliary transport by 

increasing ciliary activity or by affecting the composition of mucous 

secretions. As in other tissues, the agonists stimulate adenylyl 

cyclase and catalyze the formation of cAMP in the airway tissue 

(Tattersfield, a., e. 1992.). 
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1.10.2 Xanthine drugs 

The three main methylxanthines are theophylline, 

theobromine, and caffeine. The importance of theophylline as a 

therapeutic agent in the treatment of asthma has been established. 

The mechanism of action is uncertain but may be attributed to the 

inhibition of cyclic GMP- or cyclic AMP-phosphodiesterase. Another 

proposed mechanism is the inhibition of cell surface receptors for 

adenosine (Boushey 1995). 

1.10.3 Corticosteroids 

Although corticosteroids have been used to treat asthma since 

1950, their precise mechanisms of action remain unknown. These 

drugs do not relax airway smooth muscle directly, but they may 

produce marked 1ncreases in airway caliber. Sorne studies suggested 

that corticosteroids may decrease airway obstruction by 

potentiating the effects of ~-receptor agonists. Most recent studies 

suggest that they also work by inhibiting or modifying the 

inflammatory response in airways. They can inhibit the generation 

of PAF and eicosanoids, reduce the formation of various cytokines, 

decrease activation of inflammatory cells and up-regulate NEP 

activity in airway epithelial cells. (Thomson, 1992, Borson et al., 

1991) 

1.10.4 Sodium cromoglycate 
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Clinical trais have shown that prophylactic treatment with 

cromoglycate prevents both phases of asthma in many but not ail 
C 

patients. The mechanisms of action are uncertain, but depression of 

axon reflex releasing neuropeptides and the inhibition of PAF 

interaction with platelets and eosinophils has been observed 

(Boushey 1995). 

1.11 EFFECT OF ASTHMA DRUGS ON THE LEVELS OF 
ETS IN THE AIRWAYS 

Experimental evidence shows that some current asthma 

therapies reduce elevated airway ET levels. Treatment of asthmatic 

patients that presented an increase in BAL fluid levels of ir-ETs with 

an inhaled B-adrenoreceptor (salbutamol) agonist or with oral 

corticosteroids (prednisone) for 15 days cause more than a 3-fold 

reduction in thé' contents of ir-ET-1 in lavage fluid (Mattoli et al., 

1991). Similarly, continous parenteral infusion of theophylline was 

associated with subsidence of asthmatic attacks and with decreased 

plasma ET-1 levels (Aoki et al., 1994 ). Hydrocortisone also 

decreased the level of ir-ETs into the culture medium of bronchial 

epithelial cells from asthmatics (Vittori et al., 1992). 

Dexamethasone (OEX) was also reported to decrease ET synthesis 

and production from A549 cells, a transformed human pulmonary 

epithelial cell line (Calderon et al., 1994). Budesonide abolished both 

the long-lasting inflammation and the increase in lung endothelin 

content produced by an intratracheal instillation of Sephadex beads 

in the rat lung (Andersson et al., 1992). Budesonide even reduced 
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basal ET-f content by 72%. Finally, DEX was also reported to 

reverse established ET-1-induced contractions in guinea-pig isolated 

tracheal and branchial strips (Filep et al., 1993) 

1.12. THE PURPOSE OF THE PRESENT STUDY 

In order to further understand the biosynthesis and 

metabolism of endothelins, the mechanisms of regulation of their 

release in lung and their effects on asthma, the secretion of 

endothelins by cultured guinea-pig tracheal epithelial cells was 

studied with the following objectives: 

1) Determine which of the three ETs are released by guinea-

pig tracheal epithelial cells. 

2) Characterize the pathways of ET biosynthesis and 

metabolism in these cells. 
,< 

3) Investigàte the effects of cytokines involved in asthma on 

ET production. 

4) Investigate whether asthma drugs, glucocorticoids and 82-

agonists regulate ET production in these cells. 
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MATERIALS AND METHODS 

2.1 ANIMALS 

Male Dunkin Hartley guinea-pigs (300-350g) were obtained 

from Charles River (Montreal, PQ). The animais were killed by 

cervical dislocation according to the guidelines of the Canadian 

Council on Animal Care. The trachea was harvested under sterile 

technique and dissected into Krebs-Henseleit buffer at 20 C. 

2.2 CELL ISOLATION AND CULTURE 

Tracheal epithelial cells of the guinea-pig were obtained by a 

1 h incubation of isolated trachea at 37°C with a solution of 0.15% 

protease type XXIV in Krebs-Henseleit buffer, according to a 

modification of the method of White et al., 1993. Tracheal epithelial 

cells of the guinea-pig were then mechanically removed from the 

mucosal surface of the trachea by gentle scraping with a policeman. 

The cells were centrifuged and washed twice with 20 ml of DMEM / 

F12 containing 10% of fetal bovine serum, penicillin (100u/ml), 

streptomycin (0.08%) and fungizone (1%). The cells were then 

resuspended in 10 ml of the same culture medium, and counted 

using a hematocytometer chamber. Viability was determined by the 

Trypan blue exclusion test. The cells were finally seeded at a 

concentration of 5 x 105 cells / well in 24 well (2 cm2 /well) culture 

plates (Flow Lab., McLean, V A, USA) and cultured at 37°C in an 
atmosphere containing 5% CO2. The culture medium was changed 
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after 24 h with the same medium and then replaced after 48 h with 

DMEM/Fl2 without serum. Thereafter, the medium was changed 

every 48 h. The cells reached confluency after 4-5 days. Ali 

experiments were conducted with confluent cells. 

2.3 IDENTIFICATION OF EPITHELIAL CELLS BY 
IMMUNOFLUORESCENCE 

The cells were characterized by phase-contrast microscopy 

and further confirmed by immunofluorescence techniques by 

staining with antibodies to cytokeratin and vimentin. Briefly, cells 

were grown in glass slide-polystyrene tissue culture chambers (10 

mm 2; Lab-Tek, Nunc Inc., DENMARK) until reaching confluence. The 

cells were rinsed with phosphate buffer solution (PBS) at pH 6.9 and 

fixed in the ch~ber with 2% paraformaldelyde in PBS for 20 min at 

room temperature and then washed twice with PBS. The cells were 

then immersed in PBS containing 100 mM glycine (lh, 4°C), washed 

twice with PBS; they were then incubated in PBS with Triton X-100 

(0.1 %) for 3 min and washed twice with PBS. Afterwards, the cells 

were incubated with a rabbit polyclonal anti-keratin antibody 

(1:200 dilution) or with a monoclonal mouse anti-vimentin antibody 

(1:25 dilution) for 1 h at room temperature, and washed twice with 

PBS. The cells were then incubated with fluorescein isothiocyanate 

(FITC) conjugated to anti-rabbit lgG or anti-mouse lgG for 30 min at 

room temperature. After washing twice with PBS, the cells were 

mounted in 90% glycerol, 10% PBS and 1 µg/ml phenyldiamine and 

observed by fluorescence microscopy (Leitz DMR microscope; Leica, 
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Heerbrugg, SWITZERLAND). The omission of the primary antiserum 

or the use of normal guinea-pig serum in the primary incubation 

served for contrais. 

2.4 MEASUREMENT OF IMMUNOREATIVE ET-1 BY 
RIA 

The concentrations of ir-ETs were measured by 

radioimmunoassay using a commercially available kit (Amersham; 

RPA 555). Briefly, fixed amounts of sample (50 ul), antiserum (50 

ul), and tracer (1251-ET-3; 50 ul) were mixed together. The assay is 

based on the competition between unlabeled ET-1 (sample) and 

fixed quantity of 1251-ET-1 for a limited number of binding sites 

on an ET-specific antibody. The amount of radioactive ligand bound 

by the antibody will be inversely proportional to the concentration 

of added non-raifioactive ligand. The antibody-bound fraction was 

separated with magnetic beads. The detection limit of the assay was 

0.5 fmoUtube. ET-1 antiserum cross-reacted with ET-2 (144%), ET-

3 (55%), and big-ET-1 (0.4%). The amount of ir-ETs of each aliquot 

was expressed in picograms per milligram of total cell proteins. 

2.5 IDENTIFICATION OF ET ISOFORMS BY RP-HPLC 

Reverse Phase High Pressure Liquid Chromatography (RP-

HPLC) was perfonned as previously described (Laporte, J. 1996), 

using a Delta-PAK C18 (5 µm particles column; 3.9 x 150mm ) in a 

Waters (Millipore, Milford, MA, USA) HPLC system. ET isoforms 
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were eluted from the column with a linear gradient of 25% to 45% 

acetonitrile in 0, 1 % trifluoroacetic acid (TF A) at a flow rate of I 

ml/min. The identification of the ET isoforms was assessed on the 

basis of the co-migration with synthetic ETs and specificity of 

ultraviolet absorbance at 214 nm. A number of fractions were 

collected and lyophilized. ET immunoreactivity was determined by 

direct RIA (see below). 

2.6 CELL VIABILITY 

Cell viability after treatment was determined with lactate 

dehydrogenase (LDH) assay in ail groups described below. A 

commercially available LDH diagnostic kit (Sigma Diagnostics; 

St.Louis, MO) was used following the procedure recommended by 

the manufacturer. This procedure is based on the 

spectrophotometfic method of Wroblewski and LaDue (1955). 

Briefly, 50 µl of sample are added to 2.85 ml of phosphate buffer 

and left 20 min at 25°C. Sodium pyruvate (100 µl) is added and 

absorbance is read at 340 nm every 30 sec over 3 min and 

compared to water as reference. 

2. 7 PROTEIN ASSAY 

Cell proteins were dissolved with 0.1 % Triton. A l O µl aliquot 

was mixed with 200 µl of the Bio-Rad protein assay reagent and 

incubated for 15 min at room temperature. The concentration of 
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proteins was determined by measuring the absorbance at 590 nm, 

using a standard curve of bovine serum albumin (31.25-250 µg/ml). 

2.8 EXPERIMENTAL PROCEDURE 

2.8.1 The activities of ECE and ET-degrading enzymes in 

guinea pig tracheal epithelial cells 

Confluent epithelial cells were washed twice with 1 ml 

DMEM/F12 and incubated under basal conditions. The supematant 

was collected at 2, 6, 10 and 24 h. In a first series of experiments, 

the cells were incubated for 2, 6 and 10 h with two dual NEP and 

ECE inhibitors: phosphoramidon (N-(a-

rhamnopyranosyloxyhydroxy-phosphinyl)-L-Leu-L-Trp; Roques et 

al., 1990) or CGS 26 303 ((S)-2-biphenyl-4-yl-I-(1H-tetrazol-5-yl)-

ethylamino-methy1' phosphonic acid; De Lombaert et al., 1994 ), at 

concentrations of 0.01, 0.1 and 1.0 mM. In other series of 

experiments, the cells were incubated with specific NEP inhibitors: 

thiorphan (DL-3-Mercapto-2-benzylpropoanoyl-glycine; Roques et 

al., 1990), SQ 28 603 (N-[2-(mercaptomethyl)-1-oxo-3-

phenylpropyl]-<8-alanine; Seymour et al., 1995), or CGS 24 592 ((S)-

N-[2-(phosphonomethy lamino )-3-( 4-biphenylyl)-propiony l]-3-

amino-proprionic acid; De Lombaert et al., 1994) at concentrations 

of 0.01, 0.1 mM or 1 mM for 2, 6 or 10 h incubation periods. The 

supematants were collected and stored at -80°C until assayed for ir-

ETs with a specific radioimmunoassay (see above). 
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Confluent epithelial cells were washed twice with 1 ml 

DMEM/Fl2 and incubated with either LPS (1, 5, 10 µg/ml), TNFa (1, 

5, 10 ng/ml) or IL-1B (1, 5, 10 ng/ml) for a period of 24 h. The 

supema.tants were collected and stored at -80°C until assayed for ir-

ETs. 

2.8.3. The effects of dexamethasone on the basal and 

stimulated release of ETs 

In a first set of experiments, the cells were initially pre-

incubated in the presence or absence of DEX (10-7, 10-6 M) for a 

period of 24 h. After changing the medium, the cells were incubated 

in the presence ~or absence of DEX for another period of 24 h. In 

separate experiments, the cells were pre-treated with DEX (10-7, 10-

6 M) for 24 h. After changing the medium, the cells were 

subsequently incubated in the presence or absence of DEX together 

with pre-selected concentrations of LPS (10 µg/ml), TNFa (10 

ng/ml) or IL-16 (1 ng/ml) for another period of 24 h. The 

supernatants were collected and stored at -80°C until 

radioimmunoassay. 

2.8.4 The effects of J3 -agonists and xanthine drug on the 

basal and stimulated release of ETs 
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In a first set of experiments, the cells were intially incubated 

in the presence or absence of salbutamol ( 10-8, 1 o-7 , 1 Q-6 M ) , 

theophylline (I0-5,I0-4 l0-3 M), forskolin (I0-6, l0-5, 10-4 M), 8-

bromo-cAMP oo-5, I0-4, 10-3 M) for a period of 8 h. In a separate 

set of experiments, the cells were pre-incubated with salbutalmol 

(l0-8, I0-7 , l0-6), theophylline (I0-5,I0-4 l0-3 M), forskolin (10-6, 

10-5, 10-4 M), 8-bromo-cAMP (1 Q-5, lQ-4, I Q-3 M) for 30 min and 

then incubated together with LPS (10 µg/ml) for 8 h. The 

supernatants were collected and stored at -80° C until 

radioimmunoassay. 

2.9 CHEMICALS AND DRUGS 

The f ollowing drugs and chemicals were used: Protease type 

XXIV, bovine serum albumin (fraction V, >98%), thiorphan, LDH 

diagnostic kit ;=" and anti-rabbit lgG and anti-mouse IgG FITC 

conjugated, lipopolysaccharide E. coli O 111 :B4, Salbutamol, 

Isoproterenol, Theophylline, Forskolin, 8-bromo-cAMP (Sigma Chem. 

Co., St. Louis, MO, USA); Dulbecco's Modified Eagle Medium-Fl2 

culture medium, penicillin, streptomycin and fungizone (Gibco Lab., 

New York, NY, USA); fetal bovine serum (Hyclone Lab., Logan, UT, 

USA); rabbit polyclonal anti-keratin and mouse monoclonal anti-

vimentin (Dako, Calpinteria, CA, USA); Bio-Rad protein assay kit 

(Bio-Rad Lab., Hercules, CA, USA); phosphoramidon (Peptide 

Institute, Osaka, JAPAN); ET-1 (American Peptide, Sunnyvale, CA. 

USA) and ET-2 and ET-3 (Peninsula Laboratories, Belmont, CA, USA). 

SQ 28 603 was a gift from Bristol-Myers Squibb (Saint-Laurent, PQ, 
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CANADA). CGS 26 303 and CGS 24 592 were synthesized at Ciba-

Geigy Corp. (Summit. NJ. USA). Dexamethasone (SABEX Pharma., 

Boucherville, PQ, CANADA); Recombinant human tumor necrosis 

factor-a (9.8 x 106 Units/mg protein) was a gift from Knoll 

Pharmaceuticals whereas recombinant human Interleukin-1 B ( 1.87 

x 105 Units / µg) was purchased from R&D Systems (Minneapolis, 

MN. USA). 

2.10 STATISTICAL ANALYSIS 

All values in the text and tables are expressed as mean + 

standard error of the mean. Statistical analysis of the data was 

performed by a Student's t test and p value < 0.05 were considered 

significant. 
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RESULTS 

3.1 EPITHELIAL CELL IDENTIFICATION 

Phase contrast micrograph of confluent cells displayed a 

typical cobblestone appearance [Figure 8]. Identification of the cells 

as epithelial cells was further confirmed by positive 

immunofluorescence staining in all cells for cytokeratin, a 

characteristic intermediate filament of epithelial cells, and negative 

staining for vimentin, an intermediate filament protein present in 

cells of mesenchymal origin [Figure 9 a-b]. 

3.2 CELL VIABILITY 

The growing cells that were treated with increasing 
.,., 

concentrations of dual or selective NEP and/or ECE inhibitors for up 

to 10 h did not present any signs of decreased viability as assessed 

by the levels of LDH activity in the culture supernatants when 

compared to growing cells under basal control conditions (LDH 

levels, 23 + 6 units / ml). 

Growing cells treated with increasing concentrations of 

inflammatory cytokines did not affect cell viability. The only 

exception was IL-18 which significantly increased LDH activity in 

the cell supernantants up to 135 + 9 units/ml when used at a 

concentration of 10 ng/ml (1 900 Units). 



33 

Figure 8. Phase contrast micrograph reveal guinea-pig tracheal 

epithelial cells after 4 days in culture. Confluent cells displayed a 

typical cobblestone appearance. 



Figure 9. Identification of the cells as epithelial cells was 

conf'JIID.ed by positive immunofluorescence staining for cytokeratin, 

a characteristic intermediate filament of epithelial cells (a). 

Negative staining to vimentin, an intermediate filament protein 

present in cells of mesenchymal origin (b ). 
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a. 

b. 
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3.3 BASAL RELEASE OF ir-ETs 

Tracheal epithelial cells of the guinea-pig released significant 

amounts of ir-ETs in a time-dependent fashion under basal 

conditions. After 2 to 24 h of incubation, the amounts of ir-ET 

increased 9-fold from 214 + 11 to 1938 + 122 pg/mg protein 

respectively [Figure 10]. 

3.4 IDENTIFICATION OF ET ISOFORMS. 

Using reverse-phase high pressure liquid chromatography 

(RP-HPLC) coupled to RIA, the ET isoforms in the culture 

supernatants of guinea-pig tracheal epithelial cells under basal 

conditions were identified. The elution profile revealed only one 

peak corresponding to ET-1 corresponding to the same retention 

time of the stanaard ET-1 . There was no noticeable release of ET-2 

or ET-3. [Figure Il ] 
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Figure 10. Basal release of ir-ET by guinea-pig 
tracheal epithelial cells in culture over a 24 h period as 
measured by radioim.munoassay. Values are means + 
s.e.m. of 12 experiments, in duplicate. 
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3.5 MODULATION OF ENDOTHELIN-1 PRODUCTION 
AND METABOLISM BY PEPTIDASE INHIBITORS. 

3.5.1 Regulation of ET-1 basal production by dual NEP and 

ECE inhibitors. 

When cells were incubated with 0.01 mM phosphoramidon, 

the basal levels of ET-1 were not significantly reduced. At a 

concentration of 0.1 mM, phosphoramidon inhibited the basal 

release of ET-1 by 63% and 75% after 6 and 10 h of incubation (p < 

0.001 ). At a concentration of 1 mM, phosphoramidon further 

reduced the basal release of ET-1 by 76% and 86% after 6 and 10 h 

incubation periods to 107 + 16, and 133 + 25 pg/mg protein, 

respectively [Figure 12]. Like phosphoramidon, CGS26303 (0.1 and 1 

mM) significantly reduced the basal release of ET-1 by 38% and 
.,r 

45%, and 66% alld 67%, after 6 or 10 h of incubation, respectively. 

The lowest concentration (0.01 mM) also inhibited the basal release 

of ET-1 by 32% but only after a 10 h incubation period [Figure 13] 
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Effect of phosphoramidon, a dual NEP 
and ECE inhibitor, on the basal release of ET-1 from 
guinea-pig tracheal epithelial cells. The cells were 
incubated with 0.01, 0.1 or 1 mM phosphoramidon for 
periods of 2, 6, or 10 h. Results are means ± s.e.m; 
control and treated, n=S; in duplicate. **, p < 0.001. 
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Figure 13. Effect of CGS 26303, a dual NEP and ECE 
inhibitor, on the basal release of ET-1 from guinea-pig 
isolated tracheal epithelial cells. The cells were incubated 
with 0.01, 0.1 or 1 mM CGS 26303 for periods of 2, 6, or 
10 h. Results are means ± s.e.m; control and treated, 
n=4; in duplicate. **, p < 0.001. 
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3.5.2. Regulation of ET-1 metabolism by selective NEP 

inhibitors. 

Selective, but structurally different NEP inhibitors, such as 

thiorphan, SQ 28603 and CGS 24592, significantly increased the 

concentration of ET-1 in the supernatant of guinea-pig tracheal 

epithelial cells in culture. Thiorphan, only at the highest 

concentration tested (1 mM), caused an accumulation (1.55 to 1.74-

fold) of ET-1 after 6 and 10 h of incubation [Figure 14]. CGS 24 592 

was the most potent and effective NEP inhibitor at blocking the 

degradation of ET -1 in cell cultures [Figure 15]. Firs t, the lowest 

concentration (i.e. 0.01 M; 1.49-fold increase) of the compound was 

as effective as lmM (1.47-fold increase) after 10 h of incubation. 

Secondly, both the concentrations of 0.1 and 1 mM were rapidly 

effective after 2 h of incubation. Finally, SQ 28 603 (0.01 and 0.1 

mM, at 6 and Hf h) also caused an increase (1.33 to 1.71-fold) in the 

basal concentrations of ET-1 m the culture supernatant. The 

effective threshold concentration of SQ 28 603 (0.01 M) was a 

hundred times lower than that of thiorphan. However, the highest 

concentration (1 mM) of SQ 28 603 caused an inhibition (32-40%) of 

ET -1 synthesis and release after 6 and 10 h incubation periods 

[Figure 16]. 
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Figure 14 . Effect of thiorphan, a selective NEP 
inhibitor, on the basal release of ET-1 from guinea-pig 
isolated tracheal epithelial cells. The cells were incubated 
with 0.1 or 1 mM thiorphan for periods of 2, 6 or 10 h. 
Results are means ± s.e.m; control and treated, n=5; in 
duplicate. *, p < 0.05; **, p < 0.001. 
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Figure 15. Effect of CGS 24 592, a selective NEP 
inhibitor, on the basal release of ET-1 from guinea-pig 
isolated tracheal epithelial cells. The cells were 
incubated with 0.01, 0.1 or 1 mM CGS 24592 for periods 
of 2, 6, or 10 h. Results are means ± s.e.m; control and 
treated, n=5; in duplicate. *, p < 0.05, **, p < 0.001. 
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Figure 16 . Effect of SQ 28 603, a selective NEP 
inhibitor, on the basal release of ET-1 from guinea-pig 
isolated tracheal epithelial cells. The cells were 
incubated with 0.01, 0.1 or 1 mM SQ 28 603 for periods 
of 2, 6, or 10 h. Results are means ± s.e.m; control and 
treated, n=5; in duplicate. *, p < 005,. **, p < 0.001. 
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3.6 THE EFFECTS OF LPS AND PRO-INFLAMMTORY 
CYTOKINES ON THE RELEASE OF ET-1 

45 

LPS (1, 5, 10 µg/ml) stimulated the release of ir-ETs by 33, 57 

and 87%, respectively after the 24 h incubation period. IL-18 (1, 5 

ng/ml) stimulated the release of ir-ETs by 107 and 116% whereas 

IL-18 (10 ng/ml) was cytotoxic as LDH activity increased in culture 

medium. TNFa (5, 10 ng/ml) was less patent and increased basal 

levels by 37 and 59%, respectively [Figures 17-19]. 

3.7. THE EFFECTS OF DEXAMETHASONE ON THE BASAL 
AND STIMULATED RELEASE OF ET-1 

Dexamethasone ( 1 o-7 , 10-6 M) significantly attenuated the 

basal release of ir-ETs by 33 and 31 %, respectively, after the 24 h 

incubation period [Figure 20]. When cells were pre-treated with 10-

7 M OEX for 24 h and incubated in the presence of selected 

concentrations of LPS (10 µg/ml), TNFa (10 ng/ml) or IL-18 (1 

ng/ml) for another 24 h, the release of ir-ETs was inhibited by 48, 

31 and 38%, respectively. At the concentration of 10-6 M, DEX 

inhibited ir-ETs release by 45, 37 and 46%, respectively [Figures 

21-23]. 
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Figure 17. Effects of selected concentrations of 
LPS on the release of ir-ETs from guinea-pig cultured 
epithelial cells incubated for 24 h. Results are means 
± s.e.m; (n=5 in duplicate; *, p < 0,05; **, p < 0.001; 
when compared to basal release. 
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Figure 18. Effects of selected concentrations of 
IL-18 on the release of ir-ETs from guinea-pig cultured 
epithelial cells incubated for 24 h. Results are means ± 
s.e.m; n=5 in duplicate; *, p < 0,05; **, p < 0.001; when 
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epithelial cells incubated for 24 h. Results are means ± 
s.e.m; n=5 in duplicate; *, p < 0,05; **, p < 0.001; when 
compared to basal release. 

48 



49 

2500 

...-.. 2000 = ·-..... 
0 
S.. 

1500 
1:)1) 

! 
1000 ..._.,. 

E-1 
1 

S.. ·- 500 

~,; 

0 
C 0.1 µM 1.0 µM 

DEXAMETHASONE 

Figure 20 Release of ir-ETs by the cells following a 24 
h incubation period in the presence or absence of 
dexamethasone. Results are means ± s.e.m; n=5 in 
duplicate; *, p < 0,05; when compared to basal release. 
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3.8. THE EFFECTS OF CAMP STIMULATION ON THE 
RELEASE OF ET-1 
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Incubation of guinea-pig tracheal epithelial cells with 

lipopolysaccharide (LPS; 10 µg/ml) significantly stimulated the 

release of ir-ETs after 8 h. Theophylline (IQ-5, 10-4, l0-3M) had no 

effect on the basal and LPS-stimulated release of ir-ETs after 8 h 

incubation period (data not shown). Salbutamol oo-8, 10-7, 10-6M) 

had no effect on the basal release of ir-ETs after a 8 h incubation 

period. However, salbutamol (10-7,10-6M) reduced by 27 and 24%, 

respectively, LPS-induced release of ir-ETs after 8 h incubation 

(p<0.05) [Figure 24]. Forskolin, a potent activator of adenylate 

cyclase, inhibited the basal release of ir-ET by 23% and 29% at 

concentration of 10-5 and 10-4 M, respectively, and LPS-stimulated 

release of ir-ET by 28, 40 and 50% at concentration of 10-6, 10-5 

and 10-4 M, ré~pectively, (p<0.05-0.001) after 8 h incubation 

[Figure 25]. 8-bromo-cAMP, a cAMP analogue, also reduced the 

basal release of ir-ETs by 29 and 31 % respectively at concentration 

of 10-4 and 10-3 M (p<0.05) and reduced LPS-induced release of ir-

ETs by 27, 32 and 42% (l0-5, 10-4 and 10-3M, respectively; 

p<0 .001) [Figure 26]. 
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Figure 24. Effects of salbutamol on basal and 
LPS-stimulated ir-ET release from guinea-pig treacheal 
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Figure 25. Effects of forskolin on basal and 
LPS-stimulated ir-ET release from guinea-pig treacheal 
epithelial cells incubated for 8 h. Results are means ± 
s.e.m; n =4 in duplicate; * P<0.05, ** P< 0.001 vs control; + 
p<0.05, ++ p < 0.001 vs stimulation. 

55 



,-.., = ·-.... 
0 
S.. 

t:)I) 

c.. ..__, 

1 
S.. ·-

56 

1500 
** 

1000 

500 

0 
10·5 10·4 10·3 

8-br-cAMP(M) 8-br-cAMP(M) 

LPS (lOµg/ml) 

Figure 26. Effects of 8-bromo-cAMP on basal and 
LPS-stimulated ir-ET release from guinea-pig treacheal 
epithelial ce Ils incubated for 8 h. Results are means ± 
s.e.m; n =4 in duplicate; * P<0.05, ** P< 0.001 vs control; + 
p<0.05, ++ p < 0.001 vs stimulation. 



DISCUSSION 

4.1 SECRETION OF ENDOTHELIN BY CULTURED 
GUINEA PIG TRACHEAL EPITHELIAL CELLS 

57 

We report that cultured tracheal epithelial cells of the guinea-

pig produce and release constitutively substantial amounts of ETs 

(the RIA being cross-reactive to ail three isopeptides) over a 24 h 

period. Similar observations have been reported with a few other 

pulmonary cells of various species: guinea-pig Clara and tracheal 

epithelial cells, dog and pig tracheal epithelial cells and rat alveolar 

epithelial cells (Mattoli et al., 1990: Laporte et al., 1996, black et al., 

1989, Endo et al., 1992 Markewitz et al., 1995). It is suggested that 

the enzymes responsible for the selective synthesis of endothelins, 

i.e. the ECE(s), are present in these cells. Locally produced ETs in the 
,f 

upper airways èould be acting via a paracrine route on the 

underlying airway smooth muscle cells and play a role in pulmonary 

pathophysiology, especially when considering that ETs are patent 

bronchoconstrictors and pro-mitogenic mediators. 

4.2 IDENTIFICATION OF ET ISOFORMS 

In guinea-pig cultured tracheal epithelial cells, analysis of the 

cell culture medium by high pressure liquid chromatography 

revealed only one peak corresponding to ET-1, with no noticeable 

release of ET-2 or ET-3. The present results show that ET-1 is the 

only one, amongst all three ETs, to be released by guinea-pig 
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cultured tracheal epithelial cells. In guinea-pig Clara cells. ET-l was 

also the only isoform to be releasd (Laporte et. al.. 1996). 

Conversely. both ET-1 and ET-3 were shown to be released from 

canine tracheal epithelial cells and human branchial epithelial cells 

(Black et al.. 1989; Mattoli et al.. 1990). These different results may 

suggest that ET isoforms are differentially expressed in specific 

species. 

4.3 MODULATION OF ENDOTHELIN PRODUCTION AND 
METABOLISM BY PEPTIDASE INHIBITORS 

4.3.1 Regulation of ET-1 basal production by dual ECE and 

NEP inhibitors. 

Our present results also show the presence of an ECE activity 

in guinea pig tracheal epithelial cells which is sensitive to both 

phosphoramidon and CGS 26 303. two dual NEP and ECE inhibitors. 

For sometime now. phosphoramidon has been reported to be the 

only non-selective ECE inhibitor available (Turner et al.. 1995). CGS 

26 303 is a recently described non-peptidic phosphonic acid 

inhibitor of both NEP and ECE (De Lombaert et al.. 1994 ). It is 

structurally related to CGS 24 592 which was found to be amongst 

the most potent NEP inhibitor reported (De Lombaert et al .• 1994). 

CGS 26 303 was previously reported to block the increase of ET-1 in 

the rat circulation after exogenous intravenous administration of big 

ET -1 and to reduce mean arterial blood pressure in spontaneously 

hypertensive rats (De Lombaert et al., 1994). In our study. both 
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phosphoramidon and CGS 26 303 were active as ECE inhibitors in 

guinea pig tracheal epithelial cells. Severa! other isolated cells. such 

as guinea-pig Clara cells. porcine aortic endothelial cells. bovine 

pulmonary artery and aortic endothelial cells were also shown to 

produce and release ir-ETs via a phosphoramidon-sensitive. but a 

thiorphan-insensiti ve. metalloprotease path way. (La porte et 

al., 1996; Matsumura et al.. 1990, Zaragoza et al., 1992). The recent 

cloning of ECE isoenzymes (rat, human. bovine endothelial cells and 

human renal adenocarcinoma) have now clearly established a close 

relationship. while maintaining a clear distinction, between ECEs. as 

zinc-metalloproteases. NEP and Kell proteins (Battistini et al.. 1995). 

However, because the structure of ECEs is very similar to NEP and 

NEP has much wider substrate specificity than ECE, it may prove 

difficult to eliminate NEP inhibitory activity from any ECE inhibitor. 

4.3.2 Regulation' of ET-1 metabolism by selective NEP 

inhibitors. 

The presence of an ET metabolizing neutral endopeptidase 

activity was also revealed in guinea-pig tracheal epithelial cells, 

with the use of CGS 24 592, SQ 28 603 and thiorphan, representing 

three diverse classes of NEP inhibitors. The NEP specificity of each 

compound was previously clearly established: for CGS 24 592 using 

the hydrolysis of the synthetic substrate glutaryl-Ala-Ala-Phe-2-

naphthylamide (GAAP) by kidney cortex membranes and via the 

measurement of plasma ANP concentrations in conscious rats 

injected with exogenous ANP (De Lorubaert et al., 1994); for SQ 28 
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603 by potentiating the actions of atrial natriuretic peptide in rats 

and monkeys (Seymour et al.,1995); and for thiorphan in numerous 

experimental models (Roques et al., 1990). In the presence of these 

inhibitors, the levels of ET-1 in culture supematants increased over 

time compared to the basal release. ET isopeptides have been 

shown to be substrates for NEP m other studies. For instance, 

incubation of exogenous ET -1 with human recombinant NEP caused 

the degradation of ET-1 within minutes (Abassi et al., 1993). Both SQ 

28 603 and phosphoramidon were reported to suppress the 

degradation of ET-1, but SQ 28 603 was much more effective in 

these conditions. Al0 cell membranes (from rat fetal aortic smooth 

muscle cells) were reported to contain a NEP sensitive to thiorphan, 

equally sensitive to SQ 28 603 but much more sensitive to 

phosphoramidon, which actively metabolizes ET-1 (Dickinson et al., 

1991 ). A permanent vascular endothelial cell line, EA.hy 926, which 

was shown to séérete big ET-1 and ET-1 into culture medium, was 

also reported to have a sensitive protease(s) that may be 

responsible for the degradation of ET-1 and big ET -1 since the 

concentrations of both big ET-1 and ET-1 were significantly 

increased 1n EA.hy 926 culture medium by phosphoramidon 

(Saijonmaa et al.,1991). ln guinea-pig tracheal epithelial cells, SQ 28 

603, at concentrations of 0.01 to 1 mM, caused a biphasic alteration 

of the ET-1 release. At lower concentrations of the drug, there was 

an increase of the release as a result of the likely inhibition of the 

degradation of the mature ET-1 peptide, whereas at the higher 

concentration, SQ 28 603 decreased ET -1 level 1n the cell 

supematants which can be attributed to the drug-induced inhibition 
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of ECE. Our results are consistent with those which showed that SQ 

28 603 did not only inhibit the NEP that is involved in the 

degradation of ANP and ETs, but also suppressed the activity of the 

enzyme involved in the conversion of human big ET-1 to ET-1 in 

conscious Long Evans rats (Gardiner et al., 1992). A similar 

observation (biphasic response related to the concentrations of the 

inhibitor used) was also reported using varions concentrations of 

phosphoramidon on ET-1 release in human aortic endothelial cells 

(Matsumura et al., 1995). 

The present results are also consistent with previous studies 

where NEP inhibitors potentiated ET-1 induced airway smooth 

muscle contractions in guinea-pig intact isolated trachea (DiMaria, 

1992). Removal of the tracheal airway epithelium in vitro was also 

shown to potentiate ETs-induced contractions (Advenier et al., 

1992). This is not surprising since NEP is predominantly located in 

airway epitheliar' cells where it plays an important role in lung 

pathophysiology (Johnson et al., 1985). Under normal conditions, 

NEP cleaves and inactivates bronchocontractile peptides such as 

bradykinin, substance P and neurokinins (Borson et al., 1986). But 

NEP activity is downregulated in airway diseases (Borson et al., 

1986) or lost, like in asthma when the epithelium is shed, which 

may lead to enhanced inflammatory and contractile responses 

mediated by bronchocontractile peptides. W e can now propose that 

ET-1 is also modulated in a fashion similar other bronchocontractile 

peptides such as neurokinins [Figure 27). The regulation of ET -1 

production and metabolism represents an important step in the 

control of local levels of ETs. Thus, this may explain in part the 
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increased levels of ir-ETs m the Bronchoalveolar Lavage fluid of 

asthmatic patients. 

In summary, we report that basal release of ET -1 by guinea-

p1g tracheal epithelial cells is inhibited by dual NEP and ECE 

inhibitors, phosphoramidon and CGS 26 303, but conversely 

potentiated in the presence of distinct and selective NEP inhibitors 

such as thiorphan, SQ 28 603 and CGS 24 592. NEP can therefore be 

considered as an ET-1-degrading enzyme (EDE). Any conditions that 

may either activate the ECE activity and/or decrease NEP activity 

may enhance the effectiveness of ETs. 

In perspective, cultured guinea-pig tracheal epithelial cells 

could therefore provide a useful bioassay to test novel ECE inhibitors 

since this preparation has an ECE activity. ECE inhibitors may 

produce therapeutic benefits similar to those proposed for ET 

receptor antag-6'nists in cardiovascular, pulmonary and renal 

diseases. 

4.4 THE EFFECTS OF LPS AND PRO-INFLAMMATORY 
CYTOKINES ON THE RELEASE OF ET-1 

In asthma, ET -1 gene expression and release are markedly 

elevated in lung cells and tissues and increa·sed 1n the 

bronchoalveolar lavage fluid (Nomura et al., 1989; Springall et al., 

1991; Mattoli et al., 1991; Vittori et al., 1992). Simultaneously, 

cytokines such as IL-1 B and TNFa, are also increased in the 

bronchoalveolar lavage fluid of patients with symptomatic asthma 
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(Broide et al.. 1987). These cytokines are involved in the 

inflammatory responses observed during asthma (Davies and 

Devalia, 1992). Interestingly, our present study is consistent with 

previous reports showing that LPS and vanous cytokines are 

capable of enhancing the release of ETs in numerous cell types 

(reviewed by Battistini et al., 1995). Therefore, increased levels of 

ETs in the bronchoalveolar lavage fluid of asthmatics may be in part 

attributed to stimulatory effects of cytokines which are also 

increased during asthma. Our results, and other reports. tend to 

support this hypothesis. For instance. LPS significantly increased ET 

release in a time-dependent fashion in guinea-pig tracheal epithelial 

cells (Ninomyia et al., 1991). IL-la, IL-18 or TNFa increase the 

expression and/or basal release of ir-ETs from human cultured 

bronchial epithelial cells (Nakano et al., 1994 ). ln guinea-pig 

cultured tracheal epithelial cells, IL-18, IL-2 and IL-6. each at the 

concentration of ~10 ng/ml, also increased the release of ET -1 after a 

24 h incubation period (Endo et al., 1992). IL-8 and TNFa (10 ng/ml) 

only increased transiently the secretion of ET -1 for up to 6 h 

incubation (Endo et al., 1992). In our study LPS, IL-18 and TNFa 

stimulated the release of ET-1 for at least 24 h in a concentration-

dependent fashion, except for IL-18, which at a concentration of 10 

ng/ml (1 900 units/ml), may have a cytotoxic effect since LDH 

activity increased in culture supematants. The apparent discrepancy 

between the results of Endo et al. (1992) (i.e. the lack of effect of 

T N Fa over 24 h and the absence of cytotoxic effect of the same dose 

of IL-16) and ours is possibly due to the specifications of cytokines 

used in our experiments. W e used 10 ng/ml for both TNFa and IL-
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lB, representing 100 and 1900 Units of activity, respectively. Endo 

et al. ( 1992) did not mention the activity units for the cytokines 

used. 

Endo et al. (1992) also reported that neither IL-18 nor TNFcx 

increased cell number and thymidine incorporation, two markers of 

cell proliferation. We also reported that LPS-, IL-18- and TNFa-

stimulated release of ir-ETs in guinea-pig tracheal epithelial cells 

was not accompanied with an increase in total cell proteins as 

compared with contrais after a 24 h incubation period. These 

results suggested that IL-18 and TNFa-stimulated ET-1 release was 

not attributable to cellular proliferation. 

4.5 THE EFFECTS OF DEXAMETHASONE ON THE BASAL 
AND STIMULATED RELEASE OF ET-1 

Our results-' also showed that OEX, a patent anti-inflammatory 

substance, attenuated the basal release of ir-ETs from guinea-pig 

cultured tracheal epithelial cells. A similar observation was reported 

in vivo using budesonide, another corticosteroid, in rat lungs 

(Andersson et al., 1992; 1996) and OEX in A549 transformed human 

pulmonary epithelial cell line (Calderon et al., 1994 ). Furthermore, 

we showed that OEX blocked the cytokine-stimulated release of ir-

ETs. Budesonide was also shown to abolish. the inflammation and the 

increase in lung endothelin content produced by intratracheal 

instillation of Sephadex beads in rat lungs (Andersson et al., 1992, 

1996). 
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The mechanisms by which glucocorticoids attenuated the basal 

and stimulated release of ir-ETs are yet to be determined. · 

Corticosteroids have been used in association with other hormones 

as culture medium supplements and it bas been repeatedly 

observed that they only potentiated the effect of epidermal growth 

factor, vitamin A, insulin or transferrin, on growth rate and 

differentiation and did not exert any activity alone (Lechner et al., 

1982; Wu et al., 1982; 1985). Thus, we exclude the possibility that 

DEX affected the release of ir-ET through indirect mechanisms 

involving growth rate and differentiation. 

One other likely possibility is the direct effect of OEX on the 

regulation of both the rate of transcription of ET -1 and the content 

of ET -1 mRN A in the present cells. Corticosteroids were reported to 

regulate the transcription and mRNA content of other mediators in 

many other cells (Venkatesh et al., 1991). Hydrocortisone was 

shown to inhibit'' the release of ir-ETs but not the concentrations of 

preproET mRNA m human bronchial cells (Vittori et al., 1992). 

Conversely, OEX was shown to diminish FBS- and IL-2-stimulated-

production of ET-1 m A549 cells, and the transcription and 

expression of mRNA ET-1 (Calderon et al, 1994). Thus, the effects of 

corticosteroids appear to be variable on the regulation of preproET 

mRN A, and maybe depending on the nature, the concentration 

and/or the time of exposure of the steroids used. 

Recent studies also suggested that glucocorticoids such as 

budesonide and dexamethasone, also increase the activity of neutral 

endopeptidases in time- and concentration-dependent fashions in 

human tracheal epithelial cells (Borson and Gruenert, 1991). We 
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previously showed that neutral endopeptidases degraded ET-1 in 

tracheal epithelial cells of the guinea-pig. By blocking NEP with 

specific inhibitors, the levels of ET-1 in the culture supematant 

increased over 10 h. It is possible that OEX modulated ET 

metabolism by up-regulating NEP activity. This point needs to be 

addressed in more specifically designed studies. 

In perspective, further study looking at the effect of 

glucocorticoids on the activity of NEP may provide new informations 

towards understanding the mechamisms of action of glucocorticoids 

in asthma. 

4.6 THE EFFECTS OF CAMP STIMULATION ON THE 
RELEASE OF ET-1 

8 2-adrenoceptor agonists have been widely used in the 

treatment of astHina. They relax airway smooth muscle and inhibit the 

release of bronchoconstricting substances from mast cells and other 

cells. They may also increase mucociliary transport by increasing 

ciliary activity or by affecting the composition of mucous secretions. 

As in other tissues, the beta agonists stimulate adenylate cyclase and 

catalyze the formation of cAMP in the airway tissue (Boushey et al., 

1995). Previous studies have shown that mouse and guinea-pig 

tracheal epithelium, human and bovine bronchial epithelial cells 

express a large number of 82-adrenoceptors which activate adenylate 

cyclase and the synthesis of cAMP (Henry et al., 1990; Goldie et al., 

1984, 1986; Nogami et al.,1993). 
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Many important airway epithelial cell functions are regulated 

by intracellular cAMP. Increased cAMP stimula tes chloride and 

water secretion, and ciliary beating (Welsh, M. J. 1987). In rat 

mesangial cells, an increase in intracellular cyclic AMP by forskolin 

or B-adrenergic agonist isoproterenol, inhibited serum-stimulated 

ET-1 production (Sak:amoto et., al 1992). Both cAMP analogue, 8-

bromo-cAMP, and forskolin reduced thrombin- and PDGF-induced 

ET-1 production m rat vascular smooth muscle cells (Masakazu et., 

al 1995). 

The present results showed that salbutamol had no effect on 

basal ir-ET release from guinea-pig tracheal epithelial cells. 

However salbutamol inhibited LPS-stimulated release of ir-ET, and 

this inhibition effect was mimicked by forskolin and 8-bromo-

cAMP. These suggests an effect due to adenylate cyclase activation 

and cAMP increase by stimulation of 82-adrenergic receptors. 

Forskolin and 8~bromo-cAMP inhibited basal and stimulated ET-1 

release. This suggests a cAMP-dependent down-regulation of ET-1 

production in guinea-pig tracheal epithelial cells. At present, we can 

not explain why salbutamol had no effect on the basal release of ET-

1, but f orskolin and 8-bromo-cAMP did. Further studies with other 

82-agonist and intracellular cAMP assays are needed. 

The importance of theophylline as a therapeutic agent m the 

treatment of asthma bas been established. The mechanism of action 

is uncertain but may be attributed to the inhibition of cyclic GMP-

or cyclic AMP-phosphodiesterase. Another proposed mechanism is 

the inhibition of cell surface receptors for adenosine (Boushey 

1995). Continuous parenteral infusion of theophylline was 
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associated with subsidence of asthmatic attacks and with decreased 

plasma ET -1 levels ( Aoki et al., 1994). 

Our present results also showed that theophylline had no 

effect on basal ir-ET release from guinea-pig tracheal epithelial cells. 

This result may be due to the fact that theophylline alone did not 

significantly elevate levels of intracellular cAMP. Further studies 

using intracellular cAMP assays are needed to elucidate this 

mechanism. 
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CONCLUSIONS 

Our results suggest that 

1. ET-1 is the only one, amongst ail three ETs, to be released 

by guinea-pig cultured tracheal epithelial cells. 

2. The basal release of ET-1 by these cells is inhibited by dual 

NEP and ECE inhibitors, phosphoramidon and CGS 26 303. NEP 

inhibitors, thiorphan, CGS 24 592, SQ 28 603 increased the levels of 

ET-1 in the culture medium by reducing ET-1 metabolism. However, 

at a high concentration, SQ 28 603 also inhibited the basal release of 

ET-1 which would suggest a non-selective inhibitory activity against 

EŒ. 

In these cells, ET-1 can therefore be synthesized via a 
,< 

phosphoramidon sensitive ECE while degraded via the NEP pathway. 

This observation is of interest when considering that asthma 

patients were shown to have a damaged airway epithelium 

combined with the loss of NEP activity, which was associated with 

an increased expression and production of ET -1 

3. LPS, IL-18 and TNFcx stimulated ET-1 production in guinea-

pig tracheal epithelial cells. These cytokines are involved in asthma. 

Increased ir-ET production in asthmatics might be attributed in part 

to a stimulatory effect by those cytokines. 
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4. DEX modulated basal and cytokine-stimulated release of 

ET -1 and salbutamol decreased LPS-stimulated ET-1 release from 

guinea-pig isolated tracheal cells. This could be one of the beneficial 

effects of corticosteroids and 82-agonists in asthma therapy. 

5. Forskolin and 8-bromo-cAMP inhibited basal and LPS-

stimulated ET-1 release. This suggests a cAMP-dependent down-

regulation of ET-1 production in guinea-pig tracheal epithelial cells. 

These results on ET-1 synthesis, metabolism and regulation of 

release by cytokines and asthma drugs in guinea-pig tracheal 

epithelial cells support a role for ET-1 as mediator in asthma. 
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