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Review

The endothelin system in septic and endotoxin shock
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Abstract

The view of the endothelium as a passive barrier has gradually changed as a number of endothelium-derived substances have been
discovered. Substances like nitric oxide, prostaglandins and endothelins have potent and important properties, involving not only the
circulation as such but also the response to stimuli like inflammation and trauma. The endothelin system, discovered in 1988, has not only
strong vasoconstrictor properties, but also immunomodulating, endocrinological and neurological effects exerted through at least two
types of receptors. Septic shock, a condition with high mortality, is associated with vast cardiovascular changes, organ dysfunction with
microcirculatory disturbances and dysoxia. In the experimental setting, endotoxaemia resembles these changes and is, as well as septic
shock, accompanied by a pronounced increase in plasma endothelin levels. The pathophysiology in septic and endotoxin shock remains to
be fully elucidated, but several studies indicate that endothelial dysfunction is one contributing mechanism. Activation of the endothelin
system is associated with several pathological conditions complicating septic shock, such as acute respiratory distress syndrome, cardiac
dysfunction, splanchnic hypoperfusion and disseminated intravascular coagulation. Through the development of both selective and
nonselective endothelin receptor antagonists, the endothelin system has been the object of a large number of studies during the last
decade. This review highlights systematically the findings of previous studies in the area. It provides strong indications that the endothelin
system, apart from being a marker of vascular injury, is directly involved in the pathophysiology of septic and endotoxin shock.
Interventions with endothelin receptor antagonists during septic and endotoxin shock have so far only been done in animal studies but the
results are interesting and promising. q 2000 Elsevier Science B.V. All rights reserved.
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1. The endothelin system

Endothelin was first isolated by Yanagisawa et al.
Ž .1988 . They identified the endothelium-derived contract-
ing factor as a 21-amino acid peptide from porcine aortic
endothelium cells. The peptide possessed strong vasocon-
strictive properties, at least ten times as potent as those of
angiotensin II. This peptide was named endothelin-1 and
belongs together with endothelin-2 and endothelin-3, which
were identified later, to the endothelin isopeptide family.
All three peptides have been cloned from the human
genome although the latter two peptides are less well

Ž .studied Inoue et al., 1989 . The endothelin system is
found in most mammals and also in fish and invertebrates,
indicating its importance in evolutionary history. Endothe-
lin-1 is mainly produced by the vascular endothelium and
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is secreted constitutively thereby participating in the regu-
Žlation of vascular tone Haynes and Webb, 1994;

.Weitzberg, 1994 . Endothelin-2 may be found in the intes-
tine and endothelin-3 in the lung, central nervous system

Ž .and intestine Rubanyi and Polokoff, 1994 . Endothelin-1
synthesis is not limited to the endothelium but it is also
produced in a broad variety of other cells, including vascu-

Ž .lar smooth muscle cells Resink et al., 1990 , mucosal
Ž .epithelium Takahashi et al., 1990 , macrophages

Ž . Ž .Ehrenreich, 1990 , mast cells Ehrenreich et al., 1992 ,
Ž . Žcardiomyocytes Suzuki et al., 1993 , neurones Giaid et

. Ž .al., 1989 , tracheal epithelium Endo et al., 1992 , renal
Ž .medulla Endo et al., 1992 , hepatic sinusoids and Kupffer

Ž .cells Liu et al., 1997 .
Endothelin-1, the predominant form in human plasma

Ž .and tissue Opgenorth, 1995 , is synthesised as a prepro
Ž .peptide, containing 212 203, porcine amino acids. The

prepro peptide is cleaved by endopeptidases to big en-
Ž .dothelin-1 pro endothelin-1 , a 38-amino acid peptide

Ž . Ž .Rubanyi and Polokoff, 1994 see Fig. 1 . Big endothelin-1
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Ž . Ž .Fig. 1. Amino acid sequence of Big endothelin-1: Big endothelin-1 pro endothelin-1 containing 39 amino acids porcine is converted by endothelin
Ž . Ž .converting enzyme ECE to the 21-amino acid peptide, endothelin-1, and the inactive C-peptide big endothelin-1 22-39 , containing 18 amino acids.

has vasoconstrictive properties, although two orders of
Žmagnitude weaker than those of endothelin-1 Kimura et

.al., 1989 . A zinc metalloprotease, endothelin-converting
enzyme, trims big endothelin-1 to form endothelin-1 and

Ž .an inactive C-peptide Ottoson Seeberger et al., 1998 .
Three isoforms of ECE with different selectivity for the

Žpropeptides are known Xu et al., 1994; Emoto and Yanag-
.isawa, 1995 . Secretion of endothelin-1 occurs in a polar

fashion, with approximately 80% towards the abluminal
Ž .side of the vessel Wagner et al., 1992 . Factors known to

stimulate endothelial cells to release endothelin-1 include
Ž .low shear stress Yoshizumi et al., 1989 , hypoxia

Ž . ŽKourembanas et al., 1991 , endotoxin Sugiura et al.,
. Ž . Ž1989 , tumour necrosis factor a TNF-a Marsdeen and

. Ž .Brenner, 1992 , interleukin-1 Maemura et al., 1992 ,
Ž .transforming growth factor-b Kurihara et al., 1989 ,

Ž .adrenalin Yanagisawa et al., 1988 , thrombin and an-
Ž .giotensin II Emori et al., 1989 . Inhibition of endothelin-1

Žrelease is seen in response to prostacyclin Razandi et al.,
. Ž .1996 , nitric oxide Boulanger and Luscher, 1990 , atrial

Ž .natriuretic peptide Hanehira et al., 1997 , and heparin
Ž .Hanehira et al., 1997 among others.

Endothelin-1 has a plasma half-life of 1–2 min in both
Žhuman and pig Pernow et al., 1989b; Hemsen, 1991;

.Weitzberg et al., 1993 . In addition, a second half-life of
plasma disappearance has been calculated at about 35 min

Ž .in pig and human Weitzberg et al., 1993, 1995b . The
pulmonary vascular bed is an important location for plasma

¨Ž .clearance of endothelin-1 Anggard et al., 1989 , but both˚
the kidney and the liver have been shown to participate
Ž .Weitzberg et al., 1991a .

Under normal conditions, endothelin-1 is considered to
act as a paracrine mediator, and effects are mediated by at
least two types of receptors, the endothelin ET and theA

endothelin ET receptors. Both of these G-protein-coupledB
Žreceptors have been cloned and characterised Arai et al.,

.1990; Sakurai et al., 1990 , displaying differences in ago-
nist rank order of potency. The endothelin ET receptorA

has higher affinity for endothelin-1 and endothelin-2 than
for endothelin-3 whereas the endothelin ET receptor hasB

equal affinity for all three isopeptides. The endothelin ETB

receptor exists as at least two subtypes, the endothelin
ET receptor, located on the endothelium and the en-B1

dothelin ET receptor, expressed on smooth muscle cells.B2

The endothelin ET receptor, located on the smooth mus-A

cle cell, together with the endothelin ET receptor medi-B2

ates contraction and endothelin ET receptor activationB1

causes relaxation through the release of nitric oxide and
Ž .prostacyclin De Nucci et al., 1988 . Other functions at-

tributed to the endothelin ET receptor include autoinduc-B1

tion of prepro endothelin-1 transcription and plasma en-
Ždothelin clearance Iwasaki et al., 1995; Dupuis et al.,

.1996 , suggested to be mediated by a splice variant of this
Ž .receptor Elshourbagy et al., 1996 . Furthermore, subdivi-

sion of the endothelin receptors according to different
sensitivity to various antagonistsragonists has been sug-

Ž .gested MacLean et al., 1998; Miasiro et al., 1998 . In
addition, a cross-talk between the endothelin ET recep-B

tors has been described, involving increased endothelin
ET receptor sensitivity during endothelin ET receptorB A

Ž .antagonism Ozaki et al., 1997 . It is, therefore, obvious
that the physiological response to endothelin receptor acti-
vation is complex and varies depending on the local
receptor population.

Endothelin receptor stimulation results in activation of
Ž .several intracellular second messengers see Fig. 2 . Acti-

vated endothelin receptor–ligand complexes are rapidly
internalised by endocytosis and remain in complex for



( )M. Wanecek et al.rEuropean Journal of Pharmacology 407 2000 1–15 3

Fig. 2. Brief schematic overview of the endothelin system: aasamino acid, cAMPscyclic adenosine monophosphate, cGMPscyclic guanosine
monophosphate, DAGsdiacylglycerol, ECsendothelial cell, ECEsendothelin converting enzyme, IP s inositol triphosphate, PKCsprotein kinase C,3

VSMCsvascular smooth muscle cell.

hours, which could explain the prolonged vasoconstriction
Ž .caused by endothelin-1 Chun et al., 1995 . After internali-

sation, the receptors have been shown to be recycled as
Ž .they are externalised Marsault et al., 1993 . In vitro,

endothelin degradation is mediated by the metalloendopep-
tidase, neutral endopeptidase 24.11, but in vivo findings do
not unambiguously support the involvement of this pepti-

Ždase in endothelin degradation Scili et al., 1989; Asaad et
.al., 1993 .

Despite the relatively short time that has elapsed since
the discovery of the endothelin system, there has been an
impressive number of studies concerning endothelin. This
has largely been a result of the development of specific
endothelin receptor agonists and antagonists. Today, more
than 80 different antagonists are known and some of them

Žare currently being introduced in clinical trials Battistini
.and Dussault, 1998 .

2. Endothelin in sepsis

Endothelin has been postulated to participate in the
pathogenesis of a number of diseases, such as myocardial

Ž . Žinfarction Tomoda, 1993 , Raynaud’s disease Cim-
. Žminiello et al., 1991 , bronchial asthma Mattoli et al.,

. Ž .1991 , pulmonary hypertension Giaid et al., 1993 , renal
Ž . Žfailure Benigni et al., 1993 , gastric ulceration Matsumaru

.et al., 1997 and cerebral vasospasm following subarach-
Ž .noidal haemorrhage Clozel and Watanabe, 1993 . More-

over, in clinical trails, endothelin antagonism proved to be
Žeffective and safe in the treatment of hypertension Krum

. Ž .et al., 1998 and severe heart failure Sutsch et al., 1998 .¨
Among the pathophysiological conditions known to in-

volve the endothelin system, sepsis presents with the high-
Ž .est plasma levels of endothelin Battistini et al., 1996 . The

possible involvement of the endothelin system in human
septic shock is further supported by a clear correlation
between endothelin plasma levels and morbidity and mor-

Žtality in septic patients Pittet et al., 1991; Weitzberg et al.,
.1991b . In the experimental setting, endotoxin induces the

expression of prepro endothelin-1 mRNA in the lung and
Ž .heart Hemsen, 1991; Kaddoura et al., 1996 , and in-

creased plasma endothelin-1 levels are seen in various
Žspecies during endotoxaemia Pernow et al., 1989b; Chou

.et al., 1995; Kaszaki et al., 1997 . Infusion of endothelin-1
to humans causes cardiovascular changes in part resem-
bling those seen during sepsis i.e. decreased cardiac output
and vasoconstriction in the pulmonary, renal and splanch-

Ž .nic circulation Weitzberg et al., 1991a, 1993 . Endothelin-
1 has also been suggested to contribute to dysfunction of

Žseveral vital organ systems in septic shock Pittet et al.,
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1991; Ruetten and Thiemermann, 1996; Oldner, 1999;
.Wanecek, 1999 .

2.1. CardioÕascular manifestations

In the heart, the predominant endothelin isopeptide is
Ž .endotheli-1 Plumpton et al., 1996 and both endothelin

ET and endothelin ET receptor mRNA are found inA B

human atrial and ventricular myocardium, the conducting
system, endocardial cells and in porcine coronary arteries
Ž .Molenaar et al., 1993; Awane Igata et al., 1997 . In vivo
effects of endothelin-1 on the heart include massive coro-

Ž .nary vascular constriction Ezra et al., 1989 , decreased
Ž .cardiac output Lerman et al., 1991 , and arrhythmias

Ž .Horkay et al., 1998 . In vitro, a positive chronotropic
Ž .effect has been observed Ishikawa et al., 1988b . Further-

Ž .more, a positive inotropic effect Ishikawa et al., 1988a ,
suggested to be mediated by the endothelin ET receptorB
Ž .Beyer et al., 1995 , has been described. However, these
results, obtained mainly in vitro, have not been uniformly

Ž .confirmed in in vivo studies Kiely et al., 1997 . Also, in
human sepsis the evaluation of plasma endothelin-1 levels

Žcorrelates inversely with the cardiac index Pittet et al.,
.1991 .

Exogenous endothelin-1 causes a rapid, transient, va-
sodilation followed by a sustained vasoconstriction
Ž .Yanagisawa et al., 1988 , the former mediated by en-
dothelin ET and the latter by endothelin ET andB1 B2

endothelin ET receptors. The vasoconstrictor effects areA
Žmore pronounced in veins than in arteries Cocks et al.,

.1989 and vary between different vascular beds depending
Ž .on the endothelin-receptor population Lodge et al., 1995 .

Endothelin-1 is also a potent modulator of regional perfu-
sion and may well contribute to the maldistribution of
blood flow seen in septic shock. As compared to more
vital organs, skeletal muscle perfusion seem to be less

Žaffected by endothelin-1 Gasic et al., 1992; Weitzberg et
.al., 1993 .

The mechanisms behind the cardiac dysfunction during
endotoxaemia and sepsis have been the object of a vast
number of studies, but they still remain to be fully eluci-
dated. Earlier reports from animal studies implicating coro-
nary vasoconstriction as the main mechanism have later

Žbeen questioned Peyton et al., 1976; Dhainaut et al., 1987;
.Cunnion and Parillo, 1989 . Despite this, there are indica-

tions of a depressed subendocardial blood flow during
Ž .endotoxaemia Goldfarb et al., 1986 . Recent experimental

studies indicate that hypoxic regions in the myocardium
Ž .Ince and Sinaasappel, 1999 and troponin I levels are
increased in human septic shock, indicating myocardial

Ž .damage Turner et al., 1999 . Endothelin-1 is a most potent
Ž .coronary vasocostrictor Ezra et al., 1989 , an effect that is

mediated by both endothelin ET and endothelin ETA B
Žreceptors in the pig Bonggwan et al., 1994; Awane Igata

.et al., 1997 . The mixed endothelin receptor antagonist,

bosentan, has been shown to increase coronary blood flow
in a porcine model of endotoxin shock.

Nitric oxide and cytokines, such as TNF-a and inter-
leukin-1, are released during sepsis and endotoxaemia and

Žare suggested exert cardiodepressant effects Brady, 1995;
.Kumar et al., 1996 . Endotoxin-induced coronary vasocon-

striction in rats depends on TNF-a-mediated endothelin-1
Ž .release Hohlfeld et al., 1995 and antagonising endothelin

receptors might, therefore, influence the effects of cy-
tokines, such as TNF-a , modulating their cardiodepressant
effects. Nevertheless, clinical studies aiming to prevent or
oppose the effects of TNF-a , interleukin-1 and nitric oxide
have so far not shown favourable effects on cardiac perfor-

Ž .mance Opal, 1995; Grover et al., 1999 . Another sug-
gested mechanism behind endotoxin and septic cardiac
dysfunction is that leukocytes, when activated by contact
with microbes, might exercise cardiodepressant effects
Ž .Granton et al., 1997 . Leukocyte transit time increases in
the coronary microcirculation during porcine endotox-
aemia and endothelin-1 promotes leukocyte adhesion, an
effect that could be counteracted by endothelin antibodies
Ž .Lopez Farre et al., 1993; Goddard et al., 1995 . Endothe-
lin ET receptor antagonism has been shown to protectA

against leukocyte-induced injury during ischemiarreperfu-
Ž .sion Gonon et al., 1998 .

Direct actions of endothelin-1 on myocardial function
have also been suggested, but these data are contradictory.
Positive inotropic effects of endothelin-1 and, therefore, a
possible negative inotropic effect of endothelin receptor

Žantagonism, have been described in vitro Ishikawa et al.,
.1988a; Mebazaa et al., 1993 . The positive inotropic effect

has been suggested to depend on an increase in myosin
Ž .light chain-2 phosphorylation Rossmanith et al., 1997 .

Ž .De Keulenaer et al. 1995 proposed this positive inotropic
effect was endothelin ET receptor-mediated, whereasA

Ž .Beyer et al. 1998 in in vivo studies on rats, have sug-
gested that this effect was mediated by the endothelin ETB

receptor.
However, in strong contrast to these studies, negative

inotropic actions of endothelin-1 have been observed in
vitro in rabbit atria and in vivo in both pig and human
Ž .Kaszaki et al., 1997; Kiely et al., 1997; Zhu et al., 1997 .
In line with these results, several studies have shown that
mixed endothelin receptor antagonism induces a clear in-
crease in cardiac output during endotoxaemia, suggesting
that the net effect of endothelin during sepsis is severely

Ž .cardiodepressive Wanecek et al., 1997a, 1999b . Interest-
ingly, diverse effects of mixed as compared to selective
endothelin receptor antagonism have been demonstrated.
In one study, selective endothelin ET receptor antagonismA

was without positive effects on cardiac performance and
selective endothelin ET receptor antagonism was deleteri-B

Ž .ous Oldner et al., 1999 . This may be explained by the
fact that selective antagonism leaves an unblocked en-
dothelin receptor population exposed to its agonist, the
presence of cross-talk between the two types of receptors
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Ž .Mickley et al., 1997; Ozaki et al., 1997 , various effects
on afterload or coronary blood flow due to the existence of
both endothelin ET and endothelin ET receptors withA B

Žconstrictor properties Lodge et al., 1995; Zhang et al.,
.1998 .

2.2. Pulmonary manifestations

Endothelin-1 is believed to play an important role in the
regulation of pulmonary vascular tone, and pulmonary
tissue is rich in endothelin-1-like immunoreactivity, lo-

Ž .calised to the vascular endothelium Pernow et al., 1989a .
In both pig and man, there are indications that the endothe-
lin system participates in the regulation of pulmonary

Ž .vascular tone under normal conditions Weitzberg, 1994 .
Other cells within the lung that produce endothelin-1

Ž .include endocrine cells Giaid et al., 1991 , airway epithe-
Ž .lial cells Black et al., 1989; Mattoli et al., 1990 and

Ž .macrophages Ehrenreich, 1990 . MRNA encoding both
endothelin ET and endothelin ET receptors has beenA B

found in human pulmonary arteries. Although the endothe-
Ž .lin ET receptors dominates Davenport et al., 1995 ,A

constrictor endothelin ET receptors have been shown inB
Žpulmonary resistance arteries Fukuroda et al., 1994;

.MacLean et al., 1994 . The receptor population in periph-
eral lung tissue appears to vary between species and is also
heterogeneously distributed throughout the vascular system
Ž .Goldie et al., 1996a; Higashi et al., 1997 . Infusion of
endothelin-1 in animal models affects pulmonary vessels
differently, depending on the existing vascular tone in the
pulmonary circulation, but the main vascular effects of
endothelin-1 during pathological conditions within the lung

Žare believed to be constrictor Cassin et al., 1991; Goldie

.et al., 1996b . Endothelin-1 has also been shown to in-
crease pulmonary microvascular permeability in experi-

Ž .mental models Helset et al., 1993 . The effects of en-
dothelin on pulmonary gas exchange are less studied and
still need to be clarified. The pulmonary vascular bed
clears the blood of circulating endothelin-1 under normal
circumstances but, under certain circumstances, such as
primary pulmonary hypertension, may become a net pro-

¨Ž .ducer Anggard et al., 1989; Stewart et al., 1991 .˚
Since the lungs receive all returning venous blood,

possibly containing toxins, inflammatory cells and inflam-
matory mediators, they are often involved in inflammatory
processes. The pulmonary dysfunction during sepsis in-
cludes pulmonary hypertension, hypoxemia and low lung
compliance and may progress to acute distress syndrome
Ž .Bigatello and Zapol, 1996 . In this state with a mortality

Ž .of around 50% Krafft et al., 1996 , the lung may become
a net endothelin-1 producer contributing to increased

Žplasma endothelin-1 Druml et al., 1993; Langleben et al.,
.1993 .

Endotoxin-induced pulmonary hypertension is a repro-
Žducible phenomenon seen in several animal models Leeper

.Woodford et al., 1991; Booke et al., 1995 . The pathophys-
iology includes a characteristics biphasic increase in mean
pulmonary artery pressure and pulmonary vascular resis-
tance index and is thought to involve different mediators,
including cytokines, which lead to increased expression of
adhesion molecules, leukocyte activation and endothelial
damage resulting in endothelial oedema, vascular oblitera-

Ž .tion and vasoconstriction Bigatello and Zapol, 1996 . The
involvement of both the cyclooxygenase pathway in the
early phase, and the endothelin system in the late phase of
endotoxin-induced pulmonary hypertension, has been

Ž . Ž .Fig. 3. Relationship between arterial plasma endothelin-1-like immunoreactivity ET-1-LI and mean pulmonary artery pressure MPAP and pulmonary
Ž . Ž .vascular resistance index PVRI : Endotoxaemic pigs ns29 .
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shown, and mixed as well as selective endothelin endothe-
lin ET receptor antagonism can counteract the late changesA

Žin the experimental setting Svartholm et al., 1989; Curzen
.et al., 1996; Wanecek et al., 1997a, b, 1999a . Also, a

positive correlation between mean pulmonary artery pres-
sure, pulmonary vascular resistance index and plasma en-

Ž .dothelin-1 levels has been found see Fig. 3 supporting
the involvement of endothelin receptor stimulation in the
late phase of endotoxin-induced pulmonary hypertension
Ž .Wanecek, 1999 . Moreover, endothelin has been advo-
cated as a major mediator of pulmonary hypertension in

Ž .nonseptic conditions Cody et al., 1992 .
The similarities in effects on pulmonary vascular tone

with selective endothelin ET receptor antagonism com-A

pared to those with nonselective endothelin receptor antag-
onism indicate that it is mainly endothelin ET receptor-A

mediated mechanisms that are involved in edotoxin-in-
duced pulmonary hypertension. This is consistent with
other results obtained under both nonendotoxic and endo-

Ž .toxic conditions, Curzen et al., 1996; Holm, 1997 . In
spite of this, some authors have found endothelin ET -B

mediated pulmonary vasoconstriction in the rabbit and rat
Ž .Fukuroda et al., 1994; Sato et al., 1995 . Actually, when
comparing the relative reduction in mean pulmonary artery
pressure in response to either nonselective endothelin-re-
ceptor antagonism or selective endothelin ET receptorA

Ž . Žantagonism seen in the studies from Wanecek 1999 see
.Fig. 4 , a possible involvement of the endothelin endothe-

lin ET receptor during endotoxin-induced pulmonaryB2

hypertension may be anticipated.
In addition to vascular effects, endothelin-1 has oede-

Ž .magnic effects in the lung Helset et al., 1994 . Moreover,

Fig. 4. Effect of selective and nonselective ET receptor antagonism on
pulmonary artery pressure: Percent reduction of mean pulmonary artery

Ž .pressure MPAP after intervention with either combined ET rETA B
Ž . Žreceptor antagonism ns21 or selective ET receptor antagonism nsA

. Ž . Ž . Ž .8 . Data are presented as means I , "S.E.M. box and S.D. bars .

endothelin-1 also can increase the expression of neutrphil
Žadhesive molecules McCarron et al., 1993; Ishizuka et al.,

.1999 and promotes leukocyte migration into the alveoli
Ž .Filep et al., 1993; Helset et al., 1994 . Significantly lower
levels of protein and number of white blood cells in
broncheo-alveolar lavage fluid after endotoxaemia are seen

Žwith mixed endothelin-receptor antagonism Wanecek et
.al., 1997a , indicating a lower degree of permeability

disturbance in the lungs.

2.3. Intestinal manifestations

Disturbances in intestinal perfusion are common find-
Žings in states of sepsis and systemic inflammation Humer

.et al., 1996 . The vulnerability of the gut and, in particular,
the intestinal mucosa, is partly due to the vascular anatomy
of the intestinal villi, which are perfused by a central
arteriole in close contact with the returning capillary net-
work, allowing a counter-current exchange of oxygen,
making the tip of the villus hypoxic in state of altered gut
perfusion. The pathophysiology of splanchnic perfusion
disturbances and mucosal acidosis in the setting of sepsis
and inflammation is also complicated by regional hyper-
metabolism, cytopathic hypoxia and microcirculatory dis-
turbances that may further aggravate the situation.

Interestingly, infusion of endothelin-1 will induce
Ž .splanchnic vasoconstriction Weitzberg et al., 1991a and

there is a growing body of data reflecting the involvement
of endothelin in the pathogenesis of mucosal lesions with
various aetiologies. Local administration of endothelin-1

Žinduces mucosal ulcerations Lazaratos et al., 1993; Whit-
.tle and Lopez-Belmonte, 1993 and endothelin antagonism

has been demonstrated to protect against mucosal ulcera-
tion induced by HCl and indomethacin, ischaemiarreper-

Žfusion and haemorrhagic shock Michida et al., 1994;
.Kitajima et al., 1995; Matsumaru et al., 1997 . Dikranian

Ž .et al. 1994 noted a significant increase of colonic en-
dothelial and epithelial endothelin-1 levels in response to
hypoxia. Moreover, mucosal levels of endothelin-1 have
been shown to be elevated in critically ill patients, in

Žparticular, in those exposed to hypoxia Michida et al.,
.1997 . In a rat model of stress-induced mucosal haemor-

rhage, the increase in endothelin-1 levels were more pro-
Žnounced in mucosal tissue than in plasma Said and El-

.Mowafy, 1998 . In the setting of sepsis and endotoxaemia,
with profound increases in endothelin levels in plasma
ŽPittet et al., 1991; Weitzberg et al., 1991b; Wanecek et

. Žal., 1997a and the intestinal mucosa Wilson et al., 1993;
.Miura et al., 1996a , endothelin antagonism has proven to

counteract endotoxin-induced intestinal vasoconstriction
Žand to increase red blood cell velocity Wilson et al.,

. Ž .1993 . In 1993, Wilson et al. 1993 were able to restore
intestinal blood flow and improve microcirculation by
treating septic rats with endothelin antiserum. These find-
ings suggested an important role for endothelin in the
pathophysiology of splanchnic perfusion disturbances dur-
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Ž .ing sepsi. Lately, Oldner et al. 1998 were able to restore
both an endotoxin-induced reduction in gut oxygen deliv-
ery and intestinal mucosal pHi, as measured by intestinal
tonometry, in a porcine model. As opposed to result of
several studies using catecholamines, the increase in both
systemic and gut oxygen delivery was followed by an
improved mucosal pHi. Such data suggests that endothelin
may be of importance not only for splanchnic circulation
but also for mucosal homeostasis. This possibility is fur-
ther supported by a clear correlation between arterial
plasma levels of endothelin and mucosal pHi as seen in

Ž .Fig. 5 Oldner, 1999 . The effects of endothelin ET , asA

opposed to endothelin ET , receptor stimulation in the gutB
Ž .have not been fully elucidated. Massberg et al. 1998

showed that only endothelin ET receptor antagonism wasA

efficient when counteracting endothelin-1-induced gut in-
jury. The importance of endothelin ET receptors was alsoA

Ž .demonstrated in a study by Miura et al. 1996b in which
reducing endotoxin-induced mucosal injury in rats was
reduced. However, in a study from our laboratory, only
nonselective endothelin receptor antagonism was able to
improve splanchnic blood flow and reduce mucosal acido-

Ž .sis in endotoxaemic pigs Oldner et al., 1999 . In that
study, selective endothelin ET receptor antagonism wasA

without effect in the splanchnic region despite clear effects
on pulmonary hypertension in the same experimental model
Ž .Wanecek et al., 1999a , whereas selective endothelin ETB

receptor antagonism proved fatal. Possible explanations for
these findings have been discussed above. The relative
importance of the endothelin ET receptor in the regula-B

tion of gut blood flow has, however, been indicated in
humans, where infusion of endothelin-3, an endothelin
ET receptor stimulator, resulted in reduced blood flow.B

Fig. 5. Relation between ileal mucosal pHi and arterial plasma levels of
endothelin-1-like immunoreactivity: The graph illustrates a significant

Ž .correlation Spearman rank order correlation p-0.001 and R sy0.77s

in endotoxaemic pigs. Number of observationss99. Arterial plasma
Ž .levels of of endothelin-1-like immunoreactivity ET-1-LI on the x-axis

Ž .logarithmic scale and ileal mucosal pHi on the y-axis.

Fig. 6. Relative decrease in portal venous blood flow in sham animals in
response to: 200 pmolPkgy1 of the selective ET receptor agonist,B

Ž . Žsarafotoxin S6c, Sigma, Stockholm, Sweden, ns5 or endothelin-1 ET-
. Ž . Ž .1 ns3 . Data presented as mean "S.E.M. .

Moreover, a more pronounced reduction in portal blood
flow was seen upon administration of sarafotoxin 6c, a
selective endothelin ET receptor agonist as opposed toB

that of endothelin-1, an agonist with higher endothelin ETA
Ž . Ž .receptor affinity see Fig. 6 Oldner, 1999 .

How can endothelin mediate mucosal deterioration?
Endothelin is a most potent endogenous vasoconstrictor.
By means of intravital videomicroscopy, endothelin antag-
onists have been demonstrated to directly counteract sep-
sis-induced intestinal vasoconstriction in both large and
small arterioli as well as venulae with subsequent increases

Žin red blood cell velocity Wilson et al., 1993; Miura et al.,
.1996b . Thus, endothelin seems to be involved in both

macro and microcirculatory disturbances. Furthermore, en-
dothelin antagonism has been shown to counteract endo-
toxin-induced leukocyte sticking in intestinal venulae in

Ž .rats Miura et al., 1996b . Leukocyte-mediated tissue dam-
age could contribute to mucosal injury and acidosis.

To our knowledge, changes in distribution of blood
flow within the intestinal wall in response to endothelin
and endothelin antagonists have not yet been studied.
Endothelin-mediated redistribution away from the mucosal
layer would obviously contribute to mucosal deterioration.
Moreover, despite reports of possible endothelin involve-
ment in the pathogenesis of mitochondrial dysfunction
ŽMaxwell et al., 1992; Mino et al., 1992; Yamanaka et al.,

.1997 , there are currently no data available on a potential
contribution of endothelin to mitochondrial dysfunction
and reduced cellular oxygen utilisation capacity in sepsis
and endotoxaemia. All these factors may contribute to the
often found discrepancy between beneficial effects on
systemic, and even regional, oxygen delivery and the lack
of effects on mucosal homeostasis. This was recently

Ž .reflected in a study by Hayes et al. 1998 in which
volume-resuscitated endotoxaemic dogs were treated with
catecholamines. Despite increasing systemic oxygen deliv-
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ery epinephrine, norepinephrine and dobutamine all de-
creased mucosal pHi.

Interestingly, endothelin is reported to be more potent
Žas a constrictor of large veins than of arteries Cocks et al.,

.1989 . This may contribute to blood pooling and oedema
formation impairing tissue oxygenation. A disturbed out-
flow of portal venous blood through the liver may also
contribute to splanchnic blood pooling in endotoxaemia
Ž .Ayuse et al., 1995 .

2.4. Hepatic manifestations

Interestingly, regulation of liver perfusion seems to
depend largely on endothelin-receptor activity during en-
dotoxaemia and possibly septicaemia. Infusion of endothe-
lin-1 into the portal vein markedly and dose-dependently

Ž .reduces sinusoidal blood flow Bauer et al., 1994 . Release
of endothelin-1 from sinusoidal endothelial cells acting on
Ito cells mediating contraction is one mechanism sug-

Ž .gested for flow regulation Tanikawa, 1995 . Moreover,
endotoxin has been reported to enhance the portal venous

Ž .contractile response to endothelin-1. Pannen et al. 1996a
showed that bosentan only slightly reduced hepatic vascu-
lar resistance in sham-treated animals, while it had a
notable effect during endotoxaemia. In a study from our
laboratory, endotoxaemia induced a sixfold increase in
portal-hepatic vascular resistance that was effectively
counteracted by nonselective endothelin-receptor antago-

Ž .nism Oldner et al., 1999 . These findings support the
concept of endothelin being highly important in liver blood
flow regulation during endotoxaemia. Both endothelin ETA

and ET receptors have been reported to mediate theB
Ž .vasoconstrictor response in the liver Zhang et al., 1995 ,

but the reports in the literature concerning the relative
importance of these receptors are not unanimous. Partly in

Ž .agreement with the findings above, Iwai et al. 1998 noted
that hepatocellular damage and blood flow disturbances in
perfused rat livers in response to endothelin-1 infusion
were aggravated by both endothelin ET and ET selectiveA B

receptor antagonism while their simultaneous administra-
tion resulted in improvement of both parameters. Likewise,

Ž .Zhang et al. 1997 demonstrated that combined endothelin
ET and ET antagonism was necessary to fully antago-A B

nise the effect of endothelin in isolated perfused rat livers.
However, both endothelin ET and endothelin ET recep-A B

tor antagonism was partly effective in that study. In con-
Ž .trast, Ruetten and Thiemermann 1996 observed a reduced

hepatocellular injury in endotoxaemic rats treated with
endothelin ET but not endothelin ET receptor antago-B A

Ž .nists and Nishida et al. 1998 noted aggravated
endotoxin-induced hepatic injury in rats treated with selec-
tive endothelin ET receptor antagonists. Thus, the effectsA

of endothelin on the liver are complex and heterogeneous
and may vary between experimental models and species.
The liver is, however, a highly important organ under
septic conditions. The Kupffer cells constitute the largest

population of tissue macrophages in the body and are of
great immunological importance partly as they participate
in the clearance of bacteria and toxins derived from a
leaky septic gut. Endothelin receptor antagonism, by im-
proving liver perfusion and thereby attenuating liver in-
jury, may become an important tool in the treatment of
septic shock in the future.

2.5. Renal manifestations

Endothelin exerts multiple effects on renal function.
Endothelin-1 has been suggested to have diuretic effects
but also negative effects on glomerular filtration rate and

Žrenal blood flow Goetz et al., 1988; Oishi et al., 1991;
.Clavell, 1994 . Infusion of endothelin-1 causes reductions

Žin renal blood flow Weitzberg et al., 1991a; Cirino et al.,
. Ž1997 , and endothelin-1 constricts afferent arterioles Nord,
.1997 . Recently, infusion of endothelin was shown to

Ž .induce acute renal failure in pigs Schulz et al., 1995 , and
increased plasma endothelin-1 levels have been associated

Ž .with renal failure in several diseases Nord, 1997 . In the
porcine kidney, the endothelin ET receptor dominates,B

and endothelin ET receptor stimulation may decreaseB
Žrenal blood flow also in humans Hemsen, 1991; Weitzberg

.et al., 1995a .
Acute renal failure is a common manifestation in septic

Ž .shock, Rangel-Frausto et al. 1995 reported an incidence
of over 50%. In experimental settings of septic shock
decreased renal blood flow as well as renal dysfunction are

Žindeed common findings Oldner et al., 1998; Mitaka et
.al., 1999 . The effects of endothelin receptor antagonism in

Ž .septic models are mixed. Mitaka et al. 1999 were re-
cently able to improve renal function in a model of canine
endotoxaemia. In that study, pretreatment with a nonselec-
tive endothelin receptor antagonist resulted in increased
renal blood flow, creatinine clearance and urine volume.
Similar results have also been obtained in response to

Žendothelin antibody treatment in endotoxaemic rats Morise
.et al., 1994 . Other studies, however, have failed to obtain

an improved renal blood flow in endotoxin shock models
Ž .Oldner et al., 1998 .

The somewhat different effects on renal circulation and
urinary output during endotoxaemia could depend on the
marked endotoxin-induced release of other substances, such
as angiotensin, platelet activating factor and catechol-
amines affecting the kidneys.

Interestingly, endothelin has been suspected as a media-
tor of radiocontrast-induced as well as myoglobin-induced
renal failure, both common problems among septic patients

Žin the intensive care unit Anarat et al., 1997; Clozel et al.,
.1999 .

2.6. Coagulation

Endothelin-1 has been shown to shorten bleeding and
clotting time together with a prolongation of the activated



( )M. Wanecek et al.rEuropean Journal of Pharmacology 407 2000 1–15 9

Žpartial thromboplastin time in a rat model Pietraszek et
. Ž .al., 1996 . In a pig model, Schulz et al. 1995 induced a

consumptive coagulopathy by giving endothelin. In sepsis,
an early activation of the coagulation system is seen,
which ultimately could lead to disseminated intravascular
coagulation, involving systemic activation of the coagula-
tion system, leading to microvascular thrombi in various
organs, possibly contributing to organ failure. Secretion or
leakage of endothelin-1 and big-endothelin from injured
endothelial cells may cause vasospasm and aggravate the
disseminated intravascular coagulation process by facilitat-
ing the formation of intravascular microthrombi, leading to
ischemic end-organ dysfunction. Human sepsis compli-
cated by disseminated intravascular coagulation is associ-

Žated with higher plasma levels of endothelin-1 Endo et al.,
.1995 . This is also seen during disseminated intravascular

coagulation associated with other conditions, such as ma-
Ž .lignancy Ishibashi et al., 1994 . Interestingly, plasma

levels of endothelin-1 have been shown to be higher in
patients with disseminated intravascular coagulation com-
plicated by multiple organ failure, endothelin-1 levels were
decreased or remained low with clinical improvement in
these patients suggesting that endothelin-1 may play an
important role in the progression of multiple organ failure
Ž .Asakura et al., 1992 .

2.7. General aspects

Generally, there are several mechanics by which en-
dothelin may contribute to the pathophysiology of sepsis
and endotoxaemia. Apart from its pronounced vascular
effects, endothelin-1 also activates neutrophils enhances
vascular cell adhesion molecule expression and thereby
promotes adhesion of leukocytes to vascular endothelium
ŽHelset et al., 1994; Caramelo et al., 1997; Ishizuka et al.,

. Ž .1999 . In line with this, Hogaboam et al. 1996 showed
that mixed endothelin-receptor antagonism decreases the
degree of leukocyte activation in a rat model of colitis.
Furthermore, endothelin-1 has been demonstrated to in-
duce the production of reactive oxygen species, fundamen-
tal mediators in the development of septic and endotoxic

Ž .shock Cheng et al., 1999 . Moreover, endothelin-1 affects
the endothelial barrier as it produces a dose-dependent
increase in permeability to protein and extravasation of

Žalbumin with concomitant haemoconcentration Filep et
.al., 1995; Wanecek et al., 1997a; Porter et al., 1999 .

Endothelins have also been shown to cause mitochondrial
Ždamage in several organ systems Maxwell et al., 1992;

.Mino et al., 1992; Yamanaka et al., 1997 , a possible
mechanism underlying the cytopathic hypoxia seen in sep-

Ž .sis Fink, 1997 . Interestingly, in addition to this, endothe-

Table 1
Overview of results of endothelin receptor antagonism during endotoxaemia

Species Antagonist Parameters Ref.

CI PVRrPAP MAP Regional effects

Ž . Ž .Mice Bosentan ET ArB antagonist ≠ mesenteric blood flow Iskit et al., 1999
x liver and spleenic weight

Ž . Ž .Pig Bosentan ET ArB antagonist ≠ x l ≠ portal blood flow Oldner et al., 1998
Ž .x intestinal mucosa acidosis Wanecek et al., 1997a

Ž . Ž .Rat Bosetan ET ArB antagonist x portal resistance Pannen et al., 1996b
Ž . Ž .Pig Bosetan ET ArB antagonist ≠ x l ≠ renal blood flow Weitzberg et al., 1996

≠ spleenic blood flow
Ž . Ž .Pig Bosetan ET ArB antagonist and ≠ x x portal resistance Yamamoto et al., 1997

Ž .indometacine COX I and II inhibitor x hepatic artery resistance
l s. mesenteric artery-portal
vein resistance

Ž . Ž .Rat SB 209670 ET ArB antagonist x ≠ renal blood flow Gardiner et al., 1995
≠ intestinal blood flow

Ž . Ž .Rat SB 209670 ET ArB antagonist x ≠ renal dysfunction Ruetten et al., 1996
≠ metabolic acidosis

Ž . Ž .Dog TAK-044 ET ArB antagonist l l ≠ renal blood flow Mitaka et al., 1998
x metabolic acidosis

Ž .Pig PD 155080 and A 192621 ≠ x l ≠ portal blood flow Oldner et al., 1999
Ž . Ž .ET A and B antagonist x intestinal mucosa acidosis Wanecek et al., 1999b

Ž . Ž .Dog ET-antag. peptide ETR-P1rfl ≠ and ≠ Kaszaki et al., 1997
Ž .ET ArB antagonist contractility

Ž . Ž .Rat anti-ET-1 antibody AwET-1N40 ≠ urine volume Morise et al., 1994
Ž .ET ArB antagonist ≠ urinary sodium excretion

Ž . Ž .Pig PD 155080 ET A antagonist l x x l portal blood flow Oldner et al., 1999
Ž .l intestinal mucosa acidosis Wanecek et al., 1999a

Ž . Ž .Rat BQ123 ET A antagonist in vitro x Curzen et al., 1996
Ž . ŽRat BQ-788 ET B antagonist ≠ x degree of hepatocellular Ruetten and

.injury and dysfunction Thiemermann, 1996
Ž . Ž .Pig A 192621 ET B antagonist 100% Oldner et al., 1999

Ž .mortality Wanecek et al., 1999b
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lin-1 was shown to delay the clearance of Escherichia coli
bacteria from the circulation and increased bacterial colo-
nization of several vital organs, reflecting a reduction in

Ž .bacterial killing function Schmeck et al., 1999 . There-
fore, the endothelin system may contribute to septic and
endotoxin shock not only by vast changes in organ perfu-
sion but also by several other mechanisms.

2.8. Clinical aspects

Despite enormous progress in intensive care, mortality
in sepsis remains high. Even taking into account recent
studies, which attempted to modulate the cytokine re-
sponse seen in sepsis, the results are dissappointing, with
no change in, or even an increased, mortality in the clinical

Ž .setting Zeni et al., 1997 . This emphasises the great
complexity of these conditions and the need for new
approaches. Several studies using mainly combined en-
dothelin ET and endothelin ET receptor antagonism inA B

an experimental setting have shown beneficial effects with
improvements in central, regional and metabolic parame-

Ž . Žters see Table 1 , Curzen et al., 1996; Ruetten et al.,
1996; Kaszaki et al., 1997; Wanecek et al., 1997a, 1999b;

.Oldner et al., 1998, 1999 . Hypotension due to vasolida-
tion often accompanies human septic shock and further
vasodilatation as a result of endothelin receptor antago-
nism may be of some concern for the clinician. However,
in the experimental setting, the vasodilating properties of
endothelin antagonists have resulted in increased perfusion
rather than hypotension, even though human data are still
lacking. One must also keep in mind that human sepsis has
a time course that may be substantially longer then that of
most experimental studies, which are conducted in a
short-term perspective. Long-term studies of sepsis, utilis-
ing endothelin antagonists, are still lacking. So far, en-
dothelin receptor antagonism has not been used in the
clinical setting, but the substantial amount of data support-
ing the involvement of the endothelin system in the patho-
physiology of septic and endotoxic shock strongly suggest
the potential beneficial effects of such therapy.
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