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Abstract

The endothelin system is highly activated during endotoxin and septic shock. To investigate this matter the selective non-peptide
Žw Ž .x Ž . w w . x xendothelin ET receptor antagonist A-192621 2 R- 2a ,3b,4a -4- 1,3-benzodioxol-5-yl -1- 2- 2,6-diethylphenyl amino -2-oxoethyl -2-B

Ž . .4-propoxy-phenyl -3-pyrrolidinecarboxylic acid was administered alone and in combination with the selective non-peptide endothelin
Ž w x Ž . .ET receptor antagonist PD 155080 sodium 2-benzo 1,3 dioxol-5-yl-3-benzyl-4- 4-methoxy-phenyl -4-oxobut-2-enoate during estab-A

lished porcine endotoxin shock. Cardiopulmonary vascular function, metabolic parameters and plasma endothelin-1-like immunoreactivity
levels were compared to a control group only receiving endotoxin. Administration of A-192621 alone resulted in cardiovascular collapse
and death whereas combining A-192621 with PD 155080 abolished endotoxin induced pulmonary hypertension, enhanced cardiac
performance and improved systemic oxygen delivery and acid–base balance. The beneficial effects of mixed endothelin ET rETA B

receptor antagonisms on the pulmonary and cardiovascular systems may result from blockage of constrictive endothelin receptors in and
pulmonary circulation, reduced afterload and a direct inotropic effect. Possible mechanisms for the devastating effects by selective
endothelin ET receptor antagonism include increased endothelin ET receptor-mediated vasoconstriction due to lack of endothelin ETB A B

receptormediated vasodilation and decreased endothelin clearance from endothelin ET receptor blockade. In conclusion, selectiveB

endothelin ET receptor antagonism is deleterious whereas combined endothelin ET and ET receptor antagonism has favourable effectsB A B

on haemodynamics, suggesting participation of the endothelin system in cardiopulmonary dysfunction during endotoxin shock. q 1999
Elsevier Science B.V. All rights reserved.
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1. Introduction

Endothelium-derived vasoactive substances have been
shown to be of importance both under normal and various

Ž .pathological conditions Bassenge, 1996 . One of these
mediators, endothelin-1, with potent vasoconstrictive prop-
erties has been suggested to be involved in several diseases

Ž .such as heart failure Kiowski et al., 1995 , ischaemiarre-
Ž .perfusion injury Pernow and Wang, 1997 , subarachnoid

Ž .haemorrhage Ehrenreich and Schilling, 1995 , primary
Ž .pulmonary hypertension Goldie et al., 1996 and sepsis

Ž .Battistini et al., 1996 . Apart from vasoconstriction, en-
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dothelin-1 also may mediate mitogenic stimulation of
Ž .smooth muscle cells Piero, 1995 , neutrophil activation

Ž .Caramelo et al., 1997 and lymph vessel constriction
Ž .Reeder and Ferguson, 1996 . The effects of this 21 amino
acid peptide, converted from its pro-form, big endothelin-1,
by an isoenzyme family named endothelin converting en-
zyme, are mediated by at least two receptors, the endothe-
lin ET and endothelin ET receptors. These two receptorsA B

are found in most mammals and through the development
of different receptor antagonists and agonists, their func-
tions have been shown to be more complicated than first

Ž .thought. Both endothelin ET and endothelin ET ETA B B2

receptors located on smooth muscle cells mediate contrac-
tion whereas stimulation of a subgroup of endothelin ETB

Ž .receptors ET , located on the endothelium, cause va-B1
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sodilation through release of prostacyclin and nitric oxide
Ž . Ž .NO De Nucci et al., 1988 . Furthermore, the endothelin
ET receptors could be further subdivided depending onB1

differences in sensitivity to various types of agonists and
Ž .antagonists MacLean et al., 1998; Miasiro et al., 1998 . In

addition, the endothelial endothelin ET receptor seems toB1

participate in the clearance of circulating endothelin-1
Ž .Dupuis et al., 1996 , a process that has been suggested to
be mediated by a splice variant of the endothelin ETB

Ž .receptor Elshourbagy et al., 1996 . Other mechanisms
proposed to be mediated by the endothelin ET receptorB

Ž .includes positive inotropy Beyer et al., 1995 and
Žmacrophage induced inflammatory response Sakurai-

.Yamashita et al., 1997 . Complicating the issue even more
is the suggested cross-talk between the endothelin ET andA

endothelin ET receptors, leading to increased endothelinB

ET receptor sensitivity during endothelin ET receptorB A
Ž .antagonism Ozaki et al., 1997 . Therefore, the role of the

different endothelin receptor subtypes in response to en-
dothelin stimulation is still not fully elucidated.

Septic shock, a condition where endothelium-derived
substances most likely play an important role, is often
accompanied by cardiac dysfunction, pulmonary hyper-
tension, systemic hypotension and impaired oxygen utilisa-

Ž .tion with systemic acidosis Vincent, 1998 . Experimental
Ž .endotoxaemia shows a similar pattern Parillo et al., 1990

and, like sepsis, is associated with an increase in circulat-
Žing plasma endothelin-1 levels Weitzberg et al., 1991;

.Shindo et al., 1998 . Furthermore, cardiac dysfunction
Ž .Pittet et al., 1991 and acute respiratory distress syndrome
Ž .Druml et al., 1993 , known features of septic shock,
correlate to increased plasma endothelin-1 levels. Our
group has previously shown that the mixed endothelin
receptor antagonist, bosentan, has favourable effects on
cardiopulmonary circulation both when administered be-
fore and during established porcine endotoxin shock
Ž .Weitzberg et al., 1996; Wanecek et al., 1997a . Interest-
ingly, the selective non-peptide endothelin ET receptorA

antagonist PD 155080 also counteracts endotoxin-induced
pulmonary hypertension but does not improve cardiac

Ž .performance in the same pig model Wanecek et al., 1999 .
Therefore, the aim of the present study was to investigate
the involvement of the endothelin receptor as well as toB

evaluate the mutual effects of the endothelin ET andA

endothelin ET receptors in the cardiopulmonary patho-B

physiology of porcine endotoxin shock. For this purpose,
the selective non-peptide endothelin ET receptor anta-B

Žw Ž .x Žgonist A-192621 2 R- 2a ,3b,4a -4- 1,3-benzodioxol-
. w w . x x Ž5-yl -1- 2- 2,6-diethylphenyl amino -2-oxoethyl -2- 4-pro-

. . Žpoxyphenyl -3-pyrrolidinecarboxylic acid Abbot Labora-
.tories, IL, USA was administered during established shock.

To achieve a combined endothelin receptor blockade, A-
192621 was also given in combination with PD 155080
Ž w x Žsodium 2-benzo 1,3 dioxol-5-yl-3-benzyl-4- 4-methoxy-

. . Ž .phenyl -4-oxobut-2-enoate Parke Davis, NJ, USA . Car-
diopulmonary vascular function was followed as well as

metabolic parameters and plasma endothelin-1-like im-
munoreactivity levels. Furthermore, the two antagonists
were also characterised, both in vivo and in vitro.

2. Materials and methods

The experimental protocol for this study was approved
by the Ethics Committee for experimental animal research
at the Karolinska Institute, Stockholm, Sweden.

2.1. Anaesthesia and surgical preparation

Ž .Eighteen pigs of both sexes wt 17.3–23.4 kg were
fasted overnight with free access to water. After premedi-
cation with an i.m. injection of ketamine 20 mg kgy1 and
atropine 25 mg kgy1 the animals were brought from the
animal department. General anaesthesia was induced by an
i.v. bolus injection of pentobarbital, 12 mg kgy1 and
fentanyl, 10 mg kgy1 and maintained by a continuous
infusion of pentobarbital, 6 mg kgy1 hy1 and fentanyl 5
mg kgy1 hy1. After the reaction to pain from fore-hoof
stimulation was extinguished, muscle paralysis, to prevent
shivering, was achieved by an infusion of pancuronium
bromide 0.1 mg kgy1 hy1. The animals were tra-
cheostomised and mechanically normoventilated with a

Ž . Žgas mixture of oxygen and air FiO s0.30 Servo 9002
.ventilator, Siemens Elema, Sweden with a respiratory

frequency of 18 miny1. The animals received a continuous
infusion of isotonic saline with glucose 25 mg mly1 at a
rate of 20 ml kgy1 hy1 throughout the experiment. Body
temperature was monitored by a rectal thermistor and
maintained around 38–398C by a heating pad. Left femoral
vein and artery catheters were inserted for infusions and
measurement of arterial blood pressure, respectively. A
balloon-tipped pulmonary artery catheter was inserted
through the right femoral vein to position in the pulmonary
artery by pressure guidance. A catheter was placed in the
urinary bladder by a small cystotomy. Finally the animals
were placed in left position and the pentobarbital infusion
rate was reduced to 3 mg kgy1 hy1.

2.2. Haemodynamic measurements and blood gases

Arterial and pulmonary artery catheters were connected
to pressure transducers and heart rate, mean arterial blood
pressure, mean pulmonary artery pressure and central ve-
nous pressure were recorded continuously, while pul-
monary capillary wedge pressure was registered intermit-

Ž .tently on a polygraph Grass 7B, Quincy, MA, USA .
Ž .Cardiac index indexed to body weight was measured by
Ž .thermodilution Edwards Lab 9520A, St. Ana, CA, USA

and determined as the mean of a triplicate of 10 ml of
ice-cold saline injections. The systemic vascular resistance
index was calculated as: mean arterial blood pressurey
central venous pressurercardiac index and pulmonary vas-
cular resistance index as: mean pulmonary artery pressure
ypulmonary capillary wedge pressurercardiac index. Left



( )M. Wanecek et al.rEuropean Journal of Pharmacology 386 1999 235–245 237

ventricular stroke work index was calculated as: mean
arterial blood pressureypulmonary capillary wedge pres-
sure=stroke volume index=0.0136 and right ventricular
stroke work index as: mean pulmonary artery pressurey
central venous pressure=stroke volume index=0.0136.
Blood was collected from the arterial and pulmonary artery
catheters for analysis of blood gases on an ILS 1610 blood

Ž .gas analyser Instrumental laboratories, USA . Systemic
oxygen delivery index was calculated as: arterial oxygen

Ž .saturation SaO =haemoglobin concentration=0.01392

=cardiac index and systemic oxygen consumption index
Ž .as: SaO ymixed venous oxygen saturation SvO =2 2

haemoglobin concentration=0.0139=cardiac index. For
estimation of pulmonary shunt fraction, the shunt equation,
ŽŽŽ . ŽŽ Žhaemoglobin concentration=1.39 q 28.5y Arterial

Ž . .. ..carbon dioxide partial pressure PCO r0.8 =0.225 y2
ŽŽ . Žhaemoglobin concentration=SaO =0.0139 q Arterial2

Ž . ... ŽŽŽoxygen partial pressure PaO =0.225 r haemoglobin2
. ŽŽ .. ..concentrationP 1.39 q 28.8 y PaCO r0.8 = 0.225 y2

ŽŽ . Žhaemoglobin concentration P SvO P 0.0139 q pulmo-2
...nary artery oxygen partial pressure=0.225 , was used.

2.3. Biochemical analysis

Plasma levels of endothelin-1-like immunoreactivity
were analysed in arterial and pulmonary arterial plasma

Žwith radioimmunoassay as previously described Hemsen,
.1991 . Haemoglobin concentration was measured spec-

Žtrophotometrically Haemoglobin photometer, LEO, Hels-
.ingborg, Sweden and erythrocyte volume fraction was

Žmeasured by means of a centrifuge Microspin, Bayer,
.Gothenburg, Sweden . Pulmonary release or uptake of

endothelin-1 was calculated as: pulmonary artery endothe-
lin-1-like immunoreactivityyarterial endothelin-1-like im-

Žmunoreactivity=cardiac output= 1-erythrocyte volume
.fraction r100 . A negative value indicates a release from

the pulmonary circulation. For arterial lactate measure-
ments, an Accusport blood lactate system was used
Ž .Boeringer Mannheim Scandinavia, Stockholm, Sweden .

2.4. Endotoxin

ŽEscherichia coli lipopolysaccharide endotoxin serotype
.0111:B4, Sigma, St. Louis, USA was used. Prior to

infusion, the endotoxin was dissolved in saline and heated
in order to dissolve any precipitate.

2.5. Experimental protocol

After surgical preparation, the animals were allowed to
stabilise for 1 h after which baseline measurements were

Ž .made prior to onset of endotoxin challenge T and T .1 h 0 h

An i.v. endotoxin infusion was started with a rate of 2.5
mg kgy1 hy1 and was increased stepwise until reaching 20
mg kgy1 hy1 after 30 min. At T six animals received an2 h

y1 Ži.v. bolus injection of A-192621 10 mg kg 16.5 mmol

y1 .kg , followed by a continuous i.v. infusion of 5 mg
y1 y1Ž y1 y1.kg h 8.2 mmol kg h , maintained throughout the

Ž .experiment T . A-192621 was dissolved in 2% dime-5 h
Ž .thylsulfoxide DMSO and a total amount of 100 ml was

administered. Another group of six animals received A-
192621 as described above in combination with PD 155080,

y1 Ž y1 .administered as a bolus of 10 mg kg 22.8 mmol kg
during 30 min, followed by an i.v.-continuous infusion of

y1. y1 Ž y1 y1.5 mg kg h 11.4 mmol kg h . PD 155080 was
dissolved in saline to a total amount of 100 ml. In this
group, the saline–glucose infusion was reduced by the
volume corresponding to the saline vehicle for PD 155080.
Six animals receiving only endotoxin and 100 ml of
DMSO vehicle served as controls. The endotoxin infusion

Ž .was discontinued after 3 h T in all groups.3 h

Mean arterial blood pressure, heart rate and mean pul-
monary artery pressure were continuously followed. Every
30 min cardiac output, pulmonary capillary wedge pressure
and central venous pressure were recorded and cardiac
index, systemic vascular resistance index, pulmonary vas-
cular resistance index, left ventricular stroke work index
and right ventricular stroke work index were calculated.
Blood samples were drawn hourly for analysis of
haemoglobin concentration, erythrocyte volume fraction,
blood gases, arterial lactate and endothelin-1-like immuno-
reactivity. At T the experiments were terminated and the5 h

Ž . Ž .Fig. 1. Mean pulmonary artery pressure MPAP a and pulmonary
Ž . Ž .vascular resistance index PVRI b during endotoxin infusion, started at

Ž . Ž .0h. At 2h one group ns6 ' received an intravenous bolus of
Ž y1 . Ž y1A-192621 10 mg kg followed by a continuous infusion 5 mg kg

y1 . Ž . Ž .h . Another group ns6 B received A-192621 in the same fashion
Ž y1 .in combination with a bolus of PD 155080 10 mg kg followed by a

Ž y1 y1. Ž . Ž .continuous infusion 5 mg kg h . Control pigs ns6 ` only
received endotoxin infusion and vehicle. aaaP -0.001 for differences in
time before intervention, UUU P -0.001 for differences between groups
after intervention.
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animals were sacrificed by a lethal dose of pentobarbital
injected into a central vein.

2.6. Receptor binding studies

One pig was anaesthetised and sacrificed as described
above, whereupon biopsies were obtained from the apex of
the heart and placed in cold saline. The tissue was ho-

Žmogenised using a polytron Kinematica, Luzern, Switzer-
.land and then centrifuged for 10 min at 1000=g after

which the supernatants were decanted and further cen-
trifuged for 30 min at 10 000=g. The second supernatants
were discarded and the remaining pellets, containing the
membranes, were resuspended in 0.9% NaCl, pH 7.4,
containing 5 mmol ly1 HEPES. The protein concentrations

were measured using BCA Protein Assay Kit Reagent
Ž .Pierce, Rockford, IL, USA . The assay buffer contained in
mmol ly1 : NaCl, 137; KCl, 2.68; MgCl , 2.05; CaCl ,2 2

1.80; and HEPES, 20; pH 7.4. Before use 0.1% bovine
serum albumin was added. The kinetic studies were per-

Ž .formed on diluted membranes 50–150 mg protein to
which radioligand, 1.5 nmol ly1 125I-labelled IRL 1620
Žw w 9 11,15 x Ž .x.N-succinyl- Glu ,Ala -ET-1 8–21 , a selective en-

Ž .dothelin ET receptor agonist DuPont NEN, MA, USAB
y1 3 Ž wor 40 pmol l H-labelled BQ-123 cyclo -D-Asp–L-Pro–

x.D-Val–L-Leu–D-Trp- , a selective endothelin ET receptorA
Ž .antagonist Amersham, Buckinghamshire, England were

added and incubated in a volume of 0.5 ml. Dissociation
time courses were studied by adding endothelin-1, PD
155080 and A-192621 after the binding had reached equi-

Table 1
Ž . Ž .Effects of endotoxin infusion started after baseline measurements at time zero 0 h . After 2 h of endotoxemia, one group ns3–6 received A-192621 in

Ž . Ž .combination with PD 155080 and another group ns5–6 only A-192621. Control animals ns4–6 only received endotoxin and vehicle. Data are
compared between groups before and after administration of either A-192621 and PD 155080 in combination or only A-192621. Data are presented as
mean"S.E.M.

Parameter Group 0 h 2 h 5 h
aŽ .Arterial oxygen tension kPa Controls 21.7"0.9 16.0"1.7 13.6"1.7

aA-192621rPD 155080 19.9"1.21 16.3"0.62 15.7"0.95
aA-192621 18.7"1.35 15.4"86

aŽ .Arterial oxygen saturation % Controls 99"0 98"1 91"6
aA-192621rPD 155080 99"0 98"0 98"0
aA-192621 99"0 97"0

b cŽ .Arterial carbon dioxide tension kPa Controls 4.7"0.37 5.2"0.23 6.4"0.5
b cA-192621rPD 155080 4.5"0.32 5.5"0.23 5.3"0.14
bA-192621 5.1"0.28 5.8"0.21

aŽ .Pulmonary shunt fraction % Controls 3"1 12"4 15"6
aA-192621rPD 155080 4"1 9"2 12"2
aA-192621 5"1 10"2

y1Ž .Central venous pressure mmPHg Controls 4"1.8 4"1.8 3"1.3
A-192621rPD 155080 2"1.0 2"1.0 2"1.1
A-192621 2"0.7 2"1.1

y1 aŽ .Pulmonary capillary wedge pressure mmPHg Controls 3"1.4 6"1.7 8"1.2
a dA-192621rPD 155080 3"1.1 5"1.0 3"0.9
aA-192621 4"0.7 6"1.2

y1 aŽ .Left ventricular stroke work index gPmPkg Controls 1.50"0.18 0.47"0.08 0.28"0.10
a eA-192621rPD 155080 1.32"0.17 0.32"0.06 0.39"0.08
aA-192621 1.47"0.23 0.26"0.05

y1 aŽ .Right ventricular stroke work index gPmPkg Controls 0.24"0.04 0.20"0.03 0.15"0.02
aA-192621rPD 155080 0.25"0.02 0.24"0.05 0.17"0.03
aA-192621 0.29"0.04 0.20"0.03

y1 aŽ .Arterial lactate mmolP l Controls 1.1"0.3 2.7"0.5 3.5"1.4
aA-192621rPD 155080 1.4"0.1 3.0"0.6 2.2"0.9
aA-192621 1.4"0.5 3.0"0.6

y1 aŽ .Haemoglobin concentration gP l Controls 111"4 129"5 126"3
aA-192621rPD 155080 119"5 114"7 110"7
aA-192621 112"3 107"6
aŽ .Erythrocyte volume fraction % Controls 34"2 38"2 39"2
aA-192621rPD 155080 37"2 35"2 34"3
aA-192621 34"1 32"2

aSignificant changes over time, prior to intervention P-0.001.
bSignificant changes over time, prior to intervention P-0.01.
cSignificant changes over time, after intervention P-0.05.
dSignificant changes between groups after intervention P-0.001.
eSignificant changes between groups after intervention P-0.01.
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librium. Non-specific binding was determined by adding
Ž y1 .unlabelled endothelin-1 0.1 mmol l to the membranes

before the addition of radioligand. Bound and free ligands
were separated by rapid centrifugation. Pellets were washed
once with assay buffer, dissolved in water and transferred
to new test tubes. Radioactivity in both free and bound
fractions was counted in a LKB 1272 CliniGamma Coun-

Ž . Žter Wallac, Finland or Beta counter Beckman-3801,
.Bromma, Sweden .

2.7. In ÕiÕo characterisation

Five animals were anaesthetised as described above.
After a midline incision, an ultrasonic flow probe was
placed around the splenic artery in two pigs and around the
portal vein in three pigs. The flow probes were connected

Ž .to a flowmeter T-202-s, Transonic Systems , NY, USA .
After baseline measurements, the animals received either

Ž .an endothelin-1 infusion American Peptide, CA, USA of
y1 Ž .120 pmol=kg for PD 155080 characterisation or the

selective endothelin ET receptor agonist sarafotoxin 6cB
Ž . y1 ŽAmerican Peptide, CA, USA of 140=pmol kg for

.A-192621 characterisation . At the end of the endothelin-1
infusion, an arterial blood sample for analysis of endothe-
lin-1-like immunoreactivity was obtained. Following a
resting period that allows blood flows to return to baseline
values, the animals received a bolus infusion of either PD

Ž y1 . Ž y1 .155080 10 mg kg or A-192621 10 mg kg after

which endothelin-1 or sarafotoxin 6c infusions were re-
peated in the same fashion as before antagonist administra-
tion.

2.8. Statistics

Ž .Data are presented as mean S.E.M. . An univariate
Ž .analysis for repeated measures of variance ANOVA

Ž .Statistica 5.0, StatSoft, Tulsa, USA was used for statisti-
cal calculation of changes over time and for comparison
between the control group and the intervened groups,

Ž . Ž Žbefore intervention T –T and after intervention T or0 2 2,5
. .T –T . T was used as covariate for the post intervention3 5 2

ANOVA. Differences were considered significant at P-

0.05.

3. Results

Prior to intervention, no differences were found in any
of the measured or calculated parameters between the
groups.

The animals only receiving A-192621 all died within 1
Ž . Ž .four animals to 2 two animals h after administration of
the drug. Therefore, statistical comparisons after interven-
tion were only made between the control group and the
group receiving the combination of A-192621 and PD
155080.

Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .Fig. 2. Heart rate HR a mean arterial blood pressure MAP b cardiac index CI c stroke volume index SVI d and systemic vascular resistance
Ž . Ž . Ž . Ž . Ž y1 .SVRI e during endotoxin infusion, started at 0h. At 2h one group ns6 ' received an intravenous bolus of A-192621 10 mg kg followed by a

Ž y1 y1. Ž . Ž . Žcontinuous infusion 5 mg kg h . Another group ns6 B received A-192621 in the same fashion in combination with a bolus of PD 155080 10
y1 . Ž y1 y1. Ž . Ž . aaamg kg followed by a continuous infusion 5 mg kg h . Control pigs ns6 ` only received endotoxin infusion and vehicle. P-0.001 for

differences in time before intervention, UU P-0.01 and
UUU

P-0.001 for differences between groups after intervention.
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3.1. Pulmonary circulation and gas exchange

A biphasic increase in mean pulmonary artery pressure
and pulmonary vascular resistance index was seen in re-
sponse to endotoxin. The second, more prolonged increase
in these parameters in the control animals was completely

Žand rapidly counteracted by A-192621rPD 155080 Figs.
.1a and b whereas A-192621 alone appeared to be without

effect on the pulmonary hypertension.
PaO and SaO decreased and PaCO increased in2 2 2

Ž . Ž .response to endotoxin 2 h Table 1 . This decrease in
PaO was sustained throughout the experiment while2

PaCO was further increased. Neither parameter was af-2
Ž .fected by A-192621rPD 155080 Table 1 . The pulmonary

shunt fraction increased after onset of endotoxin infusion

Ž . Ž .Fig. 3. Systemic oxygen delivery index DO I a systemic oxygen2
Ž . Ž .consumption index VO I b and mixed venous oxygen saturation2

Ž . Ž .SvO c during endotoxin infusion, started at 0 h. At 2 h one group2
Ž . Ž . Ž y1 .ns6 ' received an intravenous bolus of A-192621 10 mg kg

Ž y1 y1.followed by a continuous infusion 5 mg kg h . Another group
Ž . Ž .ns6 B received A-192621 in the same fashion in combination with

Ž y1 . Ža bolus of PD 155080 10 mg kg followed by a continuous infusion 5
y1 y1. Ž . Ž .mg kg h . Control pigs ns6 ` only received endotoxin

infusion and vehicle. aaP -0.01 and aaaP -0.001 for differences in
time before intervention, UU P -0.01

UUU
P -0.001 for differences be-

tween groups after intervention.

Ž . Ž . Ž .Fig. 4. pH a and base excess BE b during endotoxin infusion, started
Ž . Ž .at 0h. At 2h one group ns6 ' received an intravenous bolus of

Ž y1 . Ž y1A-192621 10 mg kg followed by a continuous infusion 5 mg kg
y1 . Ž . Ž .h . Another group ns6 B received A-192621 in the same fashion

Ž y1 .in combination with a bolus of PD 155080 10 mg kg followed by a
Ž y1 y1. Ž . Ž .continuous infusion 5 mg kg h . Control pigs ns6 ` only

received endotoxin infusion and vehicle. aaaP -0.001 for differences in
time before intervention, U P -0.05 for differences between groups after
intervention.

but after T , no further increase was seen in controls or in2
Ž .pigs receiving A-192621rPD 155080 Table 1 .

3.2. Systemic haemodynamics

After onset of endotoxin infusion, heart rate increased
while mean arterial blood pressure, cardiac index, and

Ž .stroke volume index decreased Fig. 2a, b, c and d .
Intervention with A-192621rPD 155080 at T counter-2

acted the decrease in cardiac index and stroke volume
Ž .index Fig. 2c and d . Heart rate and mean arterial blood

pressure were not significantly changed in either group the
Ž .last 3 h of the experiment Fig. 2a and b . After adminis-

tration, heart rate, mean arterial blood pressure, cardiac
index and stroke volume index all fell to very low values

Žamong the animals only receiving A-192621 Fig. 2a, b, c
.and d . Central venous pressure was not changed in any

group during the experiment while pulmonary capillary
wedge pressure initially increased. This increase in pul-
monary capillary wedge pressure was counteracted in the

Ž .group receiving A-192621rPD 155080 Table 1 . There
was an initial transient increased in systemic vascular
resistance index in all groups in response to endotoxin. In
the control group systemic vascular resistance index re-
turned to baseline values while A-192621rPD 155080
treatment resulted in a further decrease with a significant
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Ž .Fig. 5. Arterial plasma endothelin-1-like immunoreactivity levels a
Ž .pulmonary artery plasma endothelin-1-like immunoreactivity levels b

and pulmonary uptake or release of endothelin-1-like immunoreactivity
Ž .c where a negative value indicates net production and a positive value
net uptake, during endotoxin infusion started at 0 h. At 2 h one group
Ž . Ž . Ž y1 .ns3–5 ' received an intravenous bolus of A-192621 10 mg kg

Ž y1 y1.followed by a continuous infusion 5 mg kg h . Another group
Ž . Ž .ns5–6 B received A-192621 in the same fashion in combination

Ž y1 .with a bolus of PD 155080 10 mg kg followed by a continuous
Ž y1 y1. Ž . Ž .infusion 5 mg kg h . Control pigs ns4–5 ` only received

endotoxin infusion and vehicle. aP -0.05 and aaaP -0.001 for differ-
ences in time before intervention, U P -0.05 and UU P -0.01 for differ-
ences between groups after intervention.

Ž .difference between groups Fig. 2e . Both left ventricular
stroke work index and right ventricular stroke work index
markedly decreased during the first 2 h of endotoxemia.
Left ventricular stroke work index was slightly higher in
the A-192621rPD 155080 group after intervention while
no significant inter-group differences in right ventricular

Ž .stroke work index was observed Table 1 . Systemic oxy-
gen delivery index progressively decreased during endo-
toxaemia in all groups while systemic oxygen consumption
index was unchanged. Intervention with A-192621rPD
155080 significantly increased systemic oxygen delivery
index compared to controls but did not affect systemic

Ž .oxygen consumption index Fig. 3a and b . SvO signifi-2

cantly decreased the first 2 h while administration of
A-192621rPD 155080 resulted in higher values compared

Ž .to untreated animals Fig. 3c .

3.3. Acid–base status and haemoglobin concentration

Both arterial pH and base excess decreased markedly
during endotoxaemia. A-192621rPD 155080 prevented
any further decrease resulting in higher pH and base

Ž .excess compared to the control group Fig. 4a and b . The
A-192621 treated animals had pH and base excess values
in the same range as the control animals. Arterial lactate
levels increased in all groups during the first 2 h. Despite a
tendency towards lower lactate levels, A-192621rPD
155080 administration did not result in significant differ-

Ž .ences between the groups Table 1 . Endotoxaemia re-
sulted in an initial haemoconcentration with increased
haemoglobin levels and erythrocyte volume fraction fol-
lowed by a gradual return to pre-endotoxin values in both
groups with a tendency towards higher values among

Ž .control animals Table 1 .

3.4. Endothelin-1

The initial 2 h of endotoxaemia caused a three-fold
increase in arterial plasma endothelin-1-like immuno-
reactivity levels in all groups. Intervention with A-192621r
PD 155080 resulted in a further marked increase in arterial
plasma endothelin-1-like immunoreactivity levels. The val-
ues at T were four times higher in this group compared to5

Ž .controls Fig. 5a . Endothelin-1-like immunoreactivity lev-

3 Ž .Fig. 6. Specific binding in percent of H-labelled BQ 123 a and
125 Ž .I-labelled IRL 1620 b in membrane preparations from porcine heart

Ž . Ž .in response to incremental doses of endothelin-1 ` , A-192621 ' and
Ž .PD 155080 B .
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Fig. 7. Reduction in percent of baseline values of splenic artery blood
Ž . Ž . Ž . Ž .flow ns2 a in and of portal blood flow ns3 b . Response to an

y1 Ž .endothelin-1 infusion of 120 pmolPkg before open bars and after
Ž . Ž y1 .Ž .hatched bars administration of PD 155080 10 mg kg a and to a

y1 Ž .sarafotoxin 6c infusion of 140 pmolPkg before open bars and after
Ž . Ž y1 .Ž .hatched bars administration of A-192621 10 mg kg b .

els also increase to similar values up until T among the3
Ž .A-192621 treated group Fig. 5a . A similar pattern was

seen in pulmonary arterial endothelin-1-like immuno-
reactivity plasma levels with higher endothelin-1-like im-

Ž .munoreactivity levels in the treated group Fig. 5b . No
significant pulmonary net uptake or release of endothelin-
1-like immunoreactivity was seen, although a tendency for
release was observed after A-192621rPD 155080 adminis-

Ž .tration Fig. 5c .

3.5. Receptor characterisations

Both A-192621 and PD 155080 showed a high degree
of selectivity for the endothelin ET and endothelin ETB A

receptor respectively. IC values for A-192621 was 3.0=50

10y5 M for the endothelin ET receptor and 5.0=10y9
A

M for the endothelin ET receptor. For PD 155080, theB

IC value was 2.6=10y8 M for the endothelin ET50 A

receptor and was not reached at concentrations up to
1.0=10y6 for the endothelin ET receptor. In compari-B

son, endothelin-1 had IC values of 6.0=10y11 for the50

endothelin ET receptor and 8.5=10y11 for the endothe-A
Ž .lin ET receptor Fig 6a and b .B

3.6. In ÕiÕo characterisation

Endothelin-1 infusion resulted in a decrease in splenic
blood flow by 52%. After treatment with PD 155080,
endothelin-1 infusion reduced splenic blood flow by only

Ž .14% Fig. 7a . Sarafotoxin 6c caused a decrease in portal
blood flow by 39% which, after administration of A-

Ž .192621, was limited to 13% Fig. 7b .

4. Discussion

The major findings in the present study are the pro-
nounced cardiovascular and metabolic effects of endothe-

lin receptor antagonism given during porcine endotoxin
shock and the marked differences in response to selective
endothelin ET versus mixed endothelin ET rET recep-B B A

tor antagonism. Selective endothelin endothelin receptorB

antagonism alone has deleterious effects while the combi-
nation of selective endothelin ET and endothelin ETA B

receptor antagonism shows strong favourable effects on
cardiopulmonary circulation and metabolic condition.

Endothelin ET receptor antagonism resulted in a car-B

diovascular collapse and all animals died within 2 h after
administration. Several possible mechanisms behind the
fatal effects may be discussed. Endothelin ET receptorB

stimulation may mediate both vasodilation and vasocon-
striction and this receptor subtype is also suggested to be
responsible for clearance of circulating endothelin-1
Ž .Dupuis et al., 1996 . Therefore, antagonism of this recep-
tor generates an increase in plasma endothelin-1 levels,
which may lead to increased endothelin ET receptorA

activation and pronounced vasoconstriction. The decrease
in cardiac output, caused by endothelin-1 that is seen under
various circumstances in animals as well as in man, has
been suggested to be due to endothelin ET receptor-medi-A

Žated coronary vasoconstriction Kiely et al., 1997; Szalay
.et al., 1997 whereas the endothelin ET receptor has beenB

Žproposed to cause an increase in inotropy Beyer et al.,
.1995 . Selective endothelin ET receptor antagonism mayB

therefore have negative effects on cardiac contractility and
also, the coronary constrictive effect of the endothelin ETA

receptor might be further potentiated analogously to the
discussion above. Some studies support the existence of
cross talk between the endothelin ET and endothelin ETA B

Ž .receptors Mickley et al., 1997; Ozaki et al., 1997 . Each
receptor could compensate for each other, i.e., selective
endothelin ET receptor antagonism would lead to a moreB

pronounced effect of endothelin ET receptor activation,A

contributing to the negative effect of selective endothelin
ET receptor antagonism seen in this study. Another issueB

is the route of administration of the antagonist. Since the
vasodilating endothelin ET receptors are located on theB

endothelium, these receptors will most likely to be reached
first when an i.v. route is chosen. Antagonism of these
receptors, mediating vasodilation through release of NO
and prostacyclin could therefore contribute to the increase
in afterload and cardiovascular collapse. A direct toxic
effect of A-192621 is unlikely since the combination of
A-192621 and PD 155080 was beneficial.

Endotoxin induced-pulmonary hypertension is a repro-
Žducible finding in various animal models Leeper-Wood-
.ford et al., 1991; Weitzberg et al., 1993 and is also a

feature of human sepsis where it may affect right ventricu-
Ž .lar function Vincent, 1998 . Mechanisms such as vaso-

constriction and leukocyte aggregation have been sug-
Ž .gested Bigatello and Zapol, 1996 and endothelin-1 has

Žbeen shown to cause such changes Helset et al., 1994;
.Curzen et al., 1996 . The second increase in mean pul-

monary artery pressure and pulmonary vascular resistance
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index was completely counteracted by combined endothe-
lin ET rET receptor antagonism. We have previouslyA B

shown that selective endothelin ET receptor antagonismA

alone has the ability to reverse endotoxin-induced pul-
monary hypertension in supporting that endothelin ETA

receptor activation contributes to this increase in pul-
Ž .monary vascular tone Wanecek et al., 1999 . Despite this

we could not exclude some contribution to the pulmonary
hypertension by endothelin ET receptor activation whichB

Žhas been suggested by some authors Fukuroda et al.,
.1996 . However, this mechanism seems to be of less

importance in this model, since A-192621 appeared to be
without effect on these parameters. Pulmonary gas ex-
change decreased after onset of endotoxin infusion re-
flected by an increase in PaCO and decreased SaO and2 2

PaO as well as an increase in pulmonary shunt fraction.2

Despite tendencies towards an improvement, by endothelin
ET rET receptor antagonism, no significant changes inA B

these parameters was obtained. Hypoxia-induced pul-
monary vasoconstriction in a similar porcine model has
been suggested to be endothelin ET receptor mediatedA
Ž .Holm et al., 1998 . In this study as well in studies using

Žselective endothelin ET receptor antagonism Wanecek etA
.al., 1999 , no effect on PaO was obtained. Therefore2

hypoxia-induced pulmonary vasoconstriction appears to be
of less importance in the present endotoxin model. The
decrease in SvO , mainly reflecting cardiac index, seen2

among control animals was prevented by A-192621rPD
155080 administration. Absence of an increased pul-
monary shunt fraction from combined endothelin ET rETA B

receptor antagonism indicates an unaffected ventilationr
perfusion ratio upon A-192621rPD 155080 administra-
tion.

The effect of combined A-192621 and PD 155080
treatment on the cardiovascular system during endotoxin
infusion is quite different compared to either drug used

Ž .alone Wanecek et al., 1999 . After administration of both
antagonists in combination, cardiac index increased to
baseline values within 30 min, and was due to the in-
creased stroke volume index since heart rate was un-
changed. The issue of sepsisrendotoxin induced cardiac
depression is still under debate. Advocated mechanisms
include the release of myocardial depressant factors such

Ž .as tumour necrosis factor-a TNF-a , interleukin-1, NO
Ž .Herbertson et al., 1996; Kumar et al., 1996 and, although
less forwarded in human septic shock, coronary artery

Ž .vasoconstriction Peyton et al., 1976 . TNF-a as well as
endothelin-1 causes coronary artery vasoconstriction dur-
ing endotoxic conditions and the vasoconstrictive proper-
ties of TNF-a has been suggested to be mediated by

Ž .endothelin-1 Hohlfeld et al., 1995 . Although indications
of the existence of coronary constrictive endothelin ETB

Žreceptors has been shown in dogs with heart failure Can-
.nan et al., 1996 the endothelin ET receptor has beenA

suggested to be the major coronary vasoconstrictive en-
Ž .dothelin receptor Wang et al., 1995 . We have previously

shown that selective endothelin ET receptor antagonismA

by PD 155080 is without beneficial effects on cardiac
Žperformance during porcine endotoxin shock Wanecek et

.al., 1999 . The markedly improved cardiac index and
stroke volume index from combined endothelin ET rETA B

receptor antagonism might be explained by a larger reduc-
tion in both right- and left-sided afterload compared to
selective endothelin ET receptor antagonism. This isA

probably due to the large vascular population of constric-
Ž .tive endothelin ET receptors Lodge et al., 1995 . After-B

load reduction has also been forwarded as an explanation
behind the increased cardiac output seen from mixed en-
dothelin antagonism during human congestive heart failure
Ž .Kiowski et al., 1995 . Also, the left ventricular stroke
work index actually increased among the A-192621rPD
155080 treated animals. Meanwhile, the right ventricular
stroke work index did not differ between groups which to
a certain degree speaks against a negative inotropic effect
of combined endothelin ET rET receptor antagonism,A B

Žwhich has been described by others Ishikawa et al., 1988;
.Mebazaa et al., 1993 . Therefore, this study together with

Žour previous study using PD 155080 alone Wanecek et
.al., 1999 , strongly suggests that dual endothelin ET rETA B

receptor antagonism is necessary to obtain favourable ef-
fects. Mean arterial blood pressure did not significantly
decrease upon mixed endothelin ET rET antagonismA B

despite a marked decrease in systemic vascular resistance,
a result of the improvement in cardiac index. As a conse-
quence of the increased cardiac index, systemic oxygen
delivery index significantly increased after administration
of A-192621rPD 155080. This did not result in an overall
increase in oxygen consumption. However, lack of changes
in global systemic oxygen consumption index does not
rule out a more favourable local oxygen utilisation. Antag-
onism of the vasoconstrictive properties of vessels in vital
organs such as the heart, brain, splanchnicus and kidneys
could direct blood flow from skeletal muscle and skin.
Also, oxygen is used for purposes other then oxidative
phosphorylation like the formation of reactive oxygen
species seen during endotoxaemia, consuming large

Ž .amounts of oxygen Vlessis et al., 1995 . Interestingly,
endothelin-1 has been shown to promote leukocyte activa-

Ž .tion Caramelo et al., 1997 resulting in production of
reactive oxygen species and therefore endothelin receptor
antagonism might result in better oxygen utilisation. In
fact, the lesser degree of metabolic acidosis, reflected in a
higher pH and base excess and a tendency towards lower
arterial plasma lactate levels, among A-192621rPD 155080
treated animals suggests a more adequate oxygen utilisa-
tion in response to combined endothelin ET rET recep-A B

tor antagonism.
Both arterial and pulmonary artery plasma endothelin-

1-like immunoreactivity levels increased in response to
endotoxaemia. These results are in line with earlier studies

Žin both experimental and human sepsis Weitzberg et al.,
.1991; Curzen et al., 1997 . After administration of com-
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bined endothelin ET rET receptor antagonism, a furtherA B

elevation in plasma endothelin-1-like immunoreactivity
levels were seen analogous with previous results from our

Ž . Žgroup Wanecek et al., 1997b and others Dupuis et al.,
.1996 and is thought to be caused by antagonism of the

clearing function of endothelin ET receptors. This is alsoB

supported in this study where selective endothelin ETB

receptor antagonism by A-192621 increased plasma en-
dothelin-1-like immunoreactivity levels to values similar to
those in the A-192621rPD 155080 group. The pulmonary
circulation has been suggested to be an important producer

Žof endothelin-1 during diseased conditions Stewart et al.,
.1991 . In the present study, a tendency towards net pul-

monary endothelin-1 release was seen, which to some
degree supports the concept of the pulmonary circulation
as a net producer of endothelin-1 during endotoxaemia.
Another supportive finding for a net release is the fact that
during endothelin-1 infusion in the pig, a pulmonary up-

Ž .take is seen Weitzberg et al., 1995 . If other sources of
endothelin-1 production are of importance during endotox-
aemia remains to be elucidated.

In vitro receptor characterisation on membrane prepara-
tions from porcine heart shows that both antagonists used
in this study have high selectivity for its receptor. In
addition, the in vivo effect of each drug was studied. The
splenic artery and portal vein are known to respond strongly
to endothelin-1 and sarafotoxin 6c, respectively, suggest-
ing high population of endothelin ET rET receptorsA B
Ž .Hemsen, 1991; Filippelli et al., 1996 . Arterial plasma
endothelin-1-like immunoreactivity levels after endothelin-
1 infusion were similar to those seen during endotoxaemia

Ž .among the control animals not shown . Both PD 155080
and A-192621 counteracted the vasoconstrictive properties
of endothelin-1 and sarafotoxin 6c, respectively, indicating
that both drugs affects the receptor activation in these
vascular beds. Together this suggests that both PD 155080
and A-192621 are suitable substances for in vivo studies of
both endothelin ET rET receptor mediated-mechanisms.A B

In conclusion, the present study shows that the endothe-
lin system is of importance in the cardiopulmonary vascu-
lar pathophysiology of porcine endotoxin shock. In this
model, combination of a selective endothelin ET and aA

selective endothelin ET receptor antagonist markedly im-B

proved pulmonary circulation, cardiac performance and the
metabolic condition. In bright contrast, selective endothe-
lin ET receptor antagonist alone had detrimental effectsB

resulting in cardiovascular collapse. A possible mechanism
is increased endothelin ET receptor-mediated events dueA

to decreased clearance from endothelin ET receptors.B

Previous results in an identical model using selective
endothelin ET receptor antagonism showed effects mainlyA

limited to the pulmonary circulation. These results show
the importance of the balance between the different en-
dothelin receptor subtypes and that this has to be taken in
consideration when discussing interference of the endothe-
lin system as a treatment modality.
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