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1 The role of endothelin in the initial vasoconstrictor step of hyperacute xenogeneic rejection was
investigated.

2 Isolated rat livers were perfused in recirculation. Perfusion with human sera provided an ex vivo
model of hyperacute rejection in a discordant combination.

3 Perfusion of 10% xenogeneic serum induced a marked (70%) and sustained reduction of the liver
¯ow and induced the release of endothelin into the perfusion medium. In contrast, perfusion of 10%
allogeneic serum or of 10% decomplemented human serum induced a weak (25%) and transient
reduction of the liver ¯ow and induced the release of minimal amounts of endothelin. The
simultaneous administration of BQ 123 and BQ 788, the respective antagonists of ETA and ETB

endothelin receptors, or that of bosentan, a mixed ETA/ETB antagonist, antagonized the
vasoconstrictor e�ect of 10% xenogeneic human serum, as well as that of 1079

M endothelin-1.

4 The vasoconstrictor e�ects of xenogeneic serum on liver circulation are, at least partly, mediated
through the release of endothelin by the graft.
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Introduction

Transplantations between discordant species are invariably
followed by hyperacute rejection. Hyperacute xenogeneic
rejection is initiated by the binding of natural antibodies to

the graft endothelium and by complement activation. This
binding leads to an immediate vasoconstriction of the graft,
which is considered as the earliest step of rejection. Subsequent

stages involve endothelial cell activation and cellular recruit-
ment leading to intravascular clotting and ischemic necrosis of
the graft (Auchincloss, 1988; Platt & Bach, 1991). Those

phenomena may induce irreversible function damages in the
graft and accelerate its rejection. A better knowledge of the
mechanisms responsible for the early vasoconstrictor step

could help design preventive treatments of hyperacute
xenogeneic rejection, in association with inhibition of
complement and antibody depletion.

The di�erent steps of hyperacute rejection are di�cult to

study separately because of the rapid overlapping of events
following graft revascularization. Isolated perfused organs are
a model of choice, since the initial step of hyperacute rejection

may be observed after introducing xenogeneic serum into the
circuit, thus avoiding blood coagulation and cellular recruit-
ment. Isolated kidneys (Land et al., 1971; Linn et al., 1971) and

hearts (Wartenberg & Milgrom, 1978) have been used for that
purpose. Isolated perfused rat liver has been widely used to
study vasoactivity in the liver (Ballet et al., 1987; Gores et al.,

1986; Huet et al., 1993), but rarely to study graft rejection. In
the present work, isolated rat livers were perfused with

xenogeneic human serum to study hyperacute xenogeneic
rejection. This combination is characterized by the presence of
natural anti-rat antibodies in human serum that are able to

activate complement.
We hypothesized that the vasoconstriction observed at the

very beginning of hyperacute rejection was mediated through

the in situ production of endothelin by activated endothelial
cells. Endothelins are three related vasoactive 21-amino acid
polypeptides. Endothelin-1 (ET-1) is the most potent known

vasoconstrictor (Yanagisawa et al., 1988). In the liver, ET-1
increases vascular resistances (Gandhi et al., 1990; Okumura et
al., 1994; Tran-Thi et al., 1993) and decreases oxygen

saturation of blood in sinusoids (Okumura et al., 1994). ET-
1 may thus alter microcirculation and oxygen delivery to
tissues and induce liver damage. It has been demonstrated that
two endothelin receptors (ETA and ETB) mediate the vascular

e�ects of endothelins (Arai et al., 1990; Sakurai et al., 1990). It
is generally assumed that the vasoconstrictor action of ET-1 is
mediated through ETA receptors (Robert-Levine, 1995).

However, it has been recently shown that ETB receptors also
exert prolonged vasoconstrictor e�ects in the rat liver (Zhang
et al., 1995; 1997). The vasoactive e�ects of ET-1 may be

reverted by speci®c antagonists of ETA (Ihara et al., 1992) or
ETB receptors (Ishikawa et al., 1994; Karaki et al., 1994). More
recently, bosentan has been introduced as a potent mixed, non

peptide ETA/ETB receptor antagonist (Gardiner et al., 1994;
Palacios et al., 1997).

To investigate whether endothelin plays a role in hyperacute
xenogeneic rejection, we designed several sets of experimental

studies using the isolated liver perfusion model in the
discordant rat-to-human xenogeneic combination.
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Methods

Animals

Male adult Sprague-Dawley rats (Janvier, Le Genest-Isle,
France), weighing 250 ± 300 g, fed on a standard pellet diet and
given water ad libitum, were kept in the animal unit at least 2

days prior to the experiments. They were fasted for 12 h before
the experiments, but were given free access to water (50 g l71

glucose). All the experiments were conducted according to

local institutional guidelines for the care and use of laboratory
animals.

Preparation of sera

Human sera have been obtained from six healthy human

donors by venous puncture after informed consent. For ex vivo
experiments, human sera have been pooled. Decomplementa-
tion has been performed by heating for 40 min at 568C. Rat
blood has been obtained by arterial puncture at the iliac

bifurcation. For ex vivo experiments, the sera from 20 rats have
been pooled.

Drugs

ET-1 was from Sigma. BQ123, a selective ETA receptor

antagonist (Ihara et al., 1992), and BQ788, a selective ETB

receptor antagonist (Ishikawa et al., 1994; Karaki et al., 1994),
were from Neosystem, Strasbourg, France. Bosentan, a mixed,

non peptide ETA/ETB receptor antagonist (Gardiner et al.,
1994; Palacios et al., 1997), was kindly provided by Produits
Roche (Neuilly sur Seine, France).

Isolated perfused liver experiments

Isolated perfused rat livers Rats were anaesthetized with

ether, and the liver was prepared according to a standard
technique (Marteau et al., 1989). Brie¯y, the bile duct was
cannulated with polyethylene tubing (ID 0.30 mm) (Biotrol,

Paris, France). One ml of saline (9 g l71) containing 1000 IU
of heparin (Laboratoire LeÂ o, Neuilly, France) was injected
into the penis vein. The portal vein was then cannulated
with a large polyethylene catheter (ID 2 mm, length 2 cm)

(Biotrol, AsnieÁ res, France) and the hepatic artery ligated.
The liver was immediately perfused with approximately
20 ml of the perfusion solution, excised and transferred to

the perfusion chamber. The entire procedure took less than
10 min. The liver was perfused through portal vein in a
recirculating system slightly modi®ed from Miller (Marteau

et al., 1989; Miller, 1973), with 100 ml of Krebs-Ringer bi-
carbonate phosphate bu�er with 1% bovine serum albumin
(Fraction V, Calbiochem, Los Angeles, U.S.A.). The perfu-

sion solution was supplemented with 1.5 g l71 of glucose
and 2.5 mM calcium. The perfusate was oxygenated with a
mixture of 95% O2 and 5% CO2. The pH value of perfusate
was maintained at 7.40+0.05 by adjusting CO2 ¯ow. The

perfusion was performed at 378C in a thermostatically
controlled cabinet. Portal pressure was equal to the height of
the column of medium perfusing the liver and was main-

tained constant at the physiological value of 11.5+0.15 cm
H2O (8.5 mmHg) by over¯ow of the perfusate into the re-
servoir. Portal venous ¯ow was determined after diversion of

the out¯ow by measuring the volume of perfusion medium
collected over 1 min. All values were expressed as
ml min71 g liver71. After an equilibration period of 15 min,
the out¯ow from hepatic vein was measured every 5 min.

Only experiments where the initial portal ¯ow was higher
than 3 ml min71 g71 of liver tissue were selected.

Standard criteria were used to assess the viability of the

perfused liver (7,8): normal gross appearance; stable pH; bile
¯ow41 ml min71 g71 liver; ALT activity in the venous out¯ow
stable and less than 10 IU l71 in the controls; rate of increase
in potassium in the venous out¯ow less than 0.3 mM per hour,

and oxygen consumption42 mmol min71 g71. The haemody-
namic stability of the perfused liver in the basal state was
monitored by measuring portal blood ¯ow for 65 min after the

equilibration period. This corresponded to the longest
experimental period of time, during which the portal blood
¯ow did not vary signi®cantly. The bile ¯ow also remained

stable during the control experiments.
During each experiment, liver biopsies were performed

before adding serum and then at 5 and 25 min after serum

(allo- or xenogeneic) had been introduced into the perfusion
medium. At the end of the experiment, the liver was perfused
for 10 min with Trypan blue (200 mmol l71), in order to assess
cell viability (Vaubourdolle et al., 1993).

Experimental protocol

In the ®rst set of experiments (®ve experiments in each
group), the e�ects of di�erent concentrations of ET-1
(Sigma) (10710 to 1078

M) on portal circulation were

determined. In the control group, the same volume of saline
was added at 20 min.

In the second set of experiments (®ve experiments in each

group), the respective roles of ETA and ETB endothelin
receptors on the vasoconstrictor e�ects of ET-1 were assessed.
BQ 123 and BQ 788 were introduced 10 min prior to ET-1.
Group 1 received 1079

M ET-1; group 2, 1079
M ET-1

combined with 1076
M BQ123 and 1076

M BQ 788; group 3
(control group) received the same volume of saline.

In the third set of experiments (®ve experiments in each

group), eight experimental groups were designed. After the
perfusion ¯ow had been allowed to stabilize for 20 min, the
experimental groups were perfused as follows: (1) bu�er

solution alone; (2) rat allogeneic serum at the ®nal
concentration of 10%; (3) human xenogeneic serum at various
®nal concentrations (2.5, 5, 10 and 20%); since the e�ect of
20% xenogeneic serum was not signi®cantly di�erent from that

obtained with 10%, this latter concentration was used in
further experiments; (4) decomplemented human xenogeneic
serum at the ®nal concentration of 10%; (5) 10% human

xenogeneic serum + 1076
M BQ123 and 1076

M BQ788; in this
group, BQ123 and BQ788 were added into the perfusate
10 min prior to human serum.

In the fourth set of experiments (®ve experiments in each
group), the respective roles of ETA and ETB endothelin
receptors on the vasoconstrictor e�ects of human serum

were assessed. After the perfusion ¯ow had been allowed to
stabilize for 20 min, the experimental groups were perfused
as follows: (1) bu�er solution alone; (2) 10% human
xenogeneic serum; (3) 10% human xenogeneic serum

+1076
M BQ123; (4) 10% human xenogeneic serum

+1076
M BQ788; BQ123 and BQ788 were added into the

perfusate 10 min prior to human serum.

In the ®fth set of experiments (®ve experiments in each
group), ®ve experimental groups were designed. After the
perfusion ¯ow had been allowed to stabilize for 20 min, the

experimental groups were perfused as follows: (1) bu�er
solution alone; (2) 10% human xenogeneic serum; (3) 10%
human xenogeneic serum + 1075

M bosentan (added to the
perfusate 10 min prior to the human serum).
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Histological study and immunohistochemistry

A portion of each liver biopsy and of the liver obtained at the

end of the experiment was immediately ®xed in Bouin's
solution then embedded in para�n. Sections were stained with
haematoxylin-eosin-safran for histological examination. The
remaining portion of each biopsy was snap-frozen in liquid

nitrogen and stored at 7808C for immunohistochemical
analysis. Optically, a mild and non speci®c pattern of injury
was constantly observed in the groups perfused with

xenogeneic serum as well as in those perfused with allogeneic
or decomplemented xenogeneic sera. Periportal hepatocytes
were slightly clari®ed, contrasting with an increased eosino-

philic staining of peripheral cells. Only a few endothelial cells
(55%) of sinusoids and portal and central veins were stained
after perfusion with Trypan blue (Figure 1).

Cryostat sections from each biopsy, 5 mm thick, were
mounted on polylysine-coated slides (CML-CBE). Immuno-
globulin and complement expression was evaluated by an
indirect immuno¯uorescence method. After air drying,

cryostat sections were successively re®xed in acetone for
5 min, incubated with phosphate bu�ered saline (BioMeÂ rieux),
pH 7.6, for 10 min, washed, then incubated with mouse

monoclonal primary antibody for 1 h in a moist chamber at
378C. The primary antibodies were anti-human IgG (1:50),
anti-human IgM (1:20), or anti-human C3c, C3bi, C4d or

factor Bb (1:100)(Byk). The slides were then incubated with
1:100 ¯uorescein isothiocyanate-labeled goat anti-mouse
immunoglobulin (Tebu) as second antibody for 30 min, at

room temperature. The method to detect human immunoglo-
bulins and complement was then the same as above. In
negative controls, the primary antibody was replaced by a non-
relevant antibody at the same dilution. Stained sections were

examined using an epi¯uorescent microscope (Leitz).

Endothelin production

Endothelin production by the perfused liver was estimated by
the endothelin levels in the perfusion medium, determined by

an ELISA from Cayman Chemical (Ann Arbor, MI, U.S.A.),
according to the manufacturer's instructions. The intra- and
interassay coe�cients of variation are less than 10%. The
speci®city of the assay for ET-1, ET-2 and ET-3 is 100%,

whereas it is 50.01% for big endothelin. The threshold of
detection of endothelin in culture media is 5 pg ml71.

Statistical analysis

Data are expressed as means+s.e.mean. Statistical analysis

was done using StatviewTM IV software (Abacus Concepts,
Berkeley, CA, U.S.A.) on a Macintosh computer. Analysis of
variance (ANOVA) and Sche�e's test was used.

Results

Haemodynamic studies

In the control group, the liver ¯ow was 3.12+0.19 ml
min71 g71 of liver tissue during the ®rst 5 min and reached a

maximal level of 3.23+0.22 ml min71 g71 after 15 min. The
liver ¯ow remained stable at 3.04+0.30 ml min71 g71 at the
end of the 65 min period of observation (Figure 2). Variations

in the liver ¯ow were not signi®cant during the experiment.
In the group perfused with 2.5% fresh human serum, the

liver ¯ow decreased from 3.35+0.25 ml min71 g71 at 15 min,
to 2.59+0.29 ml min71 g71, 5 min after injection of serum

into the medium (decrease by 23% of the initial value),
whereas the perfusion with 5% fresh human serum decreased
the liver ¯ow by 53%, from 3.50+0.36 to 1.65+0.34 ml

min71 g71, that with 10% fresh human serum by 66%, from
3.55+0.21 to 1.24+0.14 ml min71 g71, and that with 20%
fresh human serum by 80%, from 3.69+0.35 to

0.72+0.22 ml min71 g71 (Figure 2). In the two latter cases,
no tendency to recovery was observed. The concentration of
10% was used in the following experiments.

Perfusion of 10% fresh rat serum led to a transient liver
vasoconstriction, with a ¯ow dropping from 3.72+0.22 to
2.45+0.35 ml min71 g71 (P50.05 vs control group). The liver
¯ow returned to 3.56+0.39 ml min71 g71, 10 min later, and

remained stable until the end of the 65 min period of
observation (Figure 3).

Decomplemented human serum at 10% also induced a

transient liver vasoconstriction, with a ¯ow dropping from
3.62+0.22 to 2.22+0.15 ml min71 g71 (P50.05 vs control
group). The liver ¯ow returned to its initial level 10 min later,

then remained stable until the end of the experimentation
(Figure 3).

Figure 1 Histological study. Minimal injury was constantly
observed in the group perfused with xenogeneic serum. Only a few
endothelial cells (55%) of sinusoids and portal and central veins
were stained after perfusion with trypan blue. Haematoxylin-eosin-
safran staining. Bar=50 mm.

Figure 2 Isolated rat livers perfused with human serum (®ve
experiments in each group). In the control group (perfusion with
bu�er solution alone), the liver ¯ow remained stable and higher than
3 ml min71 g71 during the 65 min period of observation. After
perfusion with 2.5, 5, 10 and 20% fresh human serum, the liver ¯ow
dropped by 23, 53, 66 and 80%, respectively. *:P50.05 vs controls.
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The administration of 1076
M BQ 123 and 1076

M BQ 788,
10 min before the perfusion of 10% xenogeneic serum,
partially reversed the vasoconstrictor e�ects of the serum

(Figure 4). The liver ¯ow decreased from 3.61+0.17 ml min71

g71 at 15 min to 2.15+0.26 ml min71 g71 at 25 min and
1.71+0.13 ml min71 g71 at 35 min. A level of 2.46+0.21
ml min71 g71 had been recovered at the end of perfusion. All

the values in this group were higher than the corresponding
data in the group perfused with fresh human serum alone
(P50.05).

In order to analyse the contribution of each subtype of
endothelin receptor in vasoconstriction during xenogeneic
rejection, BQ 123 and BQ 788 (1076

M) have also been used

separately. BQ 123 partially reversed the vasoconstrictor
e�ects of the serum, and BQ 788 had only marginal e�ects
on this vasoconstriction (Figure 5).

The administration of 1075
M bosentan, 10 min before the

perfusion of 10% xenogeneic serum, completely reversed the
vasoconstrictor e�ects of the serum (Figure 6). The liver ¯ow

decreased from 3.11+0.57 ml min71 g71 at 15 min to
2.55+0.56 ml min71 g71 at 25 min and 2.78+0.63 ml min71

g71 at 35 min. A level of 2.86+0.61 ml min71 g71 had been
recovered at the end of perfusion. None of the values in this

group were di�erent from those of the control group. Bosentan
alone had no signi®cant e�ect on the liver ¯ow (data not
shown).

The administration of 1076
M BQ 123 and 1076

M BQ 788
inhibited the transient liver vasoconstriction induced by the
perfusion of 10% rat serum (Figure 7).

Endothelin production

Endothelin was undetectable in normal rat and human sera.
Adding fresh human xenogeneic sera into the perfusate
produced a marked ET-like immunoreactivity production
after 5 min, which was signi®cantly higher than during

perfusion of decomplemented human sera or allogeneic sera
(Figure 8).

Figure 3 Isolated rat livers perfused with rat or decomplemented
human serum (®ve experiments in each group). In the group perfused
with 10% fresh rat serum, a transient liver vasoconstriction was
induced. The liver ¯ow recovered to basal value within 10 min, and
remained stable until the end of the 65 min period of observation. In
the group perfused with 10% decomplemented human serum, a
transient liver vasoconstriction was also observed. *:P50.05 vs
controls; {:P50.01 vs controls.

Figure 4 Isolated rat livers perfused with human serum. E�ect of
combined endothelin antagonists (®ve experiments in each group).
The administration of 1076

M BQ 123 and 1076
M BQ 788, 10 min

before the serum perfusion, partially reversed the e�ects of
xenogeneic human serum. *:P50.01 vs controls; {:P50.05 vs livers
perfused with fresh human serum alone.

Figure 5 Isolated rat livers perfused with human serum. Individual
e�ects of endothelin antagonists (®ve experiments in each group).
The administration of 1076

M BQ 123 and 10 min before the serum
perfusion, partially reversed the e�ects of xenogeneic human serum,
whereas that of 1076

M BQ 788 had only marginal e�ect. *:P50.01
vs controls; {:P50.05 vs livers perfused with fresh human serum
alone.

Figure 6 Isolated rat livers perfused with human serum. E�ect of
bosentan (®ve experiments in each group). The administration of
1075

M bosentan, 10 min before the serum perfusion, completely
reversed the e�ects of xenogeneic human serum. *:P50.01 vs
controls; {:P50.05 vs livers perfused with fresh human serum alone.
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Immunohistochemistry

On liver biopsies taken 5 and 25 min after adding xenogeneic

serum, immuno¯uorescence studies showed the deposition of
human IgM (Figure 9a), C3bi (data not shown), and factor Bb
(Figure 9b) along the sinusoidal endothelial cells. In contrast,
such deposits were not observed with allogeneic serum or in

control experiments (data not shown). After adding decom-
plemented human serum, only IgM deposits were observed
(Figure 9c).

Discussion

This report shows for the ®rst time the role played by
endothelin in hyperacute rejection of discordant xenografts.

Vasoconstriction of the graft is considered as the earliest step
that initiates hyperacute rejection of discordant xenografts
(Auchincloss, 1988; Platt & Bach, 1991). Our results support
the concept that this vasoconstriction is mediated through the

in situ production of endothelin by activated endothelial cells.

This ®nding could help prevent that phenomenon which
burdens the functional future of the graft and accelerates its
rejection.

Ex vivo perfusion of isolated liver is a model of choice to
investigate the vasoactive e�ects of xenogeneic rejection. In
contrast to in vivo models, where all components of xenogeneic
rejection act simultaneously, ex vivo experiments allow to

discriminate the various factors involved in the rejection
process. We used a constant pressure system, because it
provides a stable basal vascular resistance and allows direct

and sensitive measurement of ¯ow rates (Ballet et al., 1987;

Figure 7 Isolated rat livers perfused with rat serum. E�ect of
endothelin antagonists (®ve experiments in each group). The
administration of 1076

M BQ 123 and 1076
M BQ 788, 10 min

before the serum perfusion, inhibited the vasoconstrictive e�ect of rat
serum. *:P50.05 vs controls.

Figure 8 Endothelin production in the isolated perfused rat liver
experiments (®ve experiments in each group). Adding fresh human
xenogeneic serum into the perfusate produced a marked endothelin
production after 5 min, which was signi®cantly higher than during
perfusion of decomplemented human serum or allogeneic serum.
*:P50.05 vs controls perfused with bu�er solution.

a

b

c

Figure 9 Immunohistochemistry in the isolated perfused rat liver
experiments. On liver biopsies taken 5 and 25 min after adding
xenogeneic serum, immuno¯uorescence studies showed the deposition
of human IgM (a) and factor Bb (b) along sinusoidal endothelial cells
(patterns obtained from one representative experiment out of six).
After adding decomplemented human serum, only IgM deposits were
observed (c). Bar=10 mm. Deposits are indicated by arrows.
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Huet et al., 1993; Marteau et al., 1989) for at least 65 min.
Perfusion pressure was set at a value within the physiological
range of portal pressure values (Vorobio� et al., 1984;

Ossenberg et al., 1974). Since the resistance of the perfusion
system is a constant factor, we assume that variations in the
liver ¯ow re¯ect variations in the intrahepatic resistance.

The experimental rat-to-human combination was used to

investigate the vasoactive e�ects of hyperacute xenogeneic
rejection, because many reagents are readily available to detect
human antibodies and complement components in the liver

graft. This is a discordant combination, since natural human
anti-rat antibodies that can activate complement and lyse rat
endothelial cells are present in human sera (data not shown).

In the present study, natural human anti-rat antibodies and
C3bi and Bb deposits were detected along sinusoidal
endothelial cells from rat livers perfused with fresh human

serum.
Perfusion of rat livers with fresh human serum induced a

dramatic reduction in liver ¯ow, when compared to perfusion
with allogeneic serum or to controls. In contrast, we found no

signi®cant increase in the release of liver enzymes (alanine
aminotransferase, aspartate aminotransferase, lacticodehydro-
genase and creatine kinase) after perfusion of human serum,

compared to allogeneic or control groups. Moreover, the
isoenzyme creatin kinase-BB, a marker of liver sinusoidal
damage (Vaubourdolle et al., 1993), remained constantly

undetectable in the perfusion medium. Those results suggest
that endothelial cells were activated rather than lysed, and that
there was no signi®cant parenchymal damage. Mild liver

lesions observed under light microscopy were in agreement
with the absence of signi®cant increase in liver enzyme
production along the experiments.

In contrast, decomplemented human serum and allogeneic

sera had minimal e�ect on liver ¯ow. Those data suggest that
complement activation is necessary to e�ciently induce the
release of vasoconstrictor mediators by stimulated endothelial

cells. Both direct and alternative pathway have been activated
in this model; no further attempt has been made to determine
the respective roles of these two pathways in the release of

vasoactive substances.
Several vasoconstrictor mediators could be involved in the

phenomenon observed: serotonin, neuropeptide Y, angioten-
sine II, platelet activating factor, endothelin as well as an

inhibition of synthesis of vasodilators such as NO or
vasodilatory prostaglandins. In preliminary reports, we and
others have shown the early production of endothelin in a

discordant xenogeneic combination (Massault et al., 1994;
Terajima et al., 1996). In the liver, endothelin seems to be one
of the most powerful vasoconstrictor substances. Indeed, we

have shown in a previous work that the liver ¯ow decreased by
50% after a perfusion of 1079

M ET-1 and was interrupted
following the perfusion of 1078

M ET-1 (Zhang et al., 1997).

Our present data strongly suggest that endothelin is an
important mediator of the vasoconstriction induced during the
initial step of hyperacute xenogeneic rejection: (a) ET-like
immunoreactivity was released a few minutes after introducing

fresh xenogeneic serum; in contrast, ET-like immunoreactivity
release was minimal after introducing allogeneic or decom-
plemented xenogeneic serum, which have weak vasoconstrictor

activities; (b) the vasoconstriction induced by xenogeneic
serum was inhibited by previous injection of ETA and ETB

receptor antagonists into the perfusate. The inhibition

obtained by the combination of ETA and ETB receptor
antagonists BQ123 and BQ 788 was only partial, as was the
inhibition of the vasoconstriction induced by 1079

M ET-1
under the conditions used in the present work. In contrast,

reversal was complete when bosentan, a mixed ETA/ETB

receptor antagonist, was used at 1075
M. Although we cannot

rule out that other vasoconstrictor substances are simulta-

neously released during the activation of the endothelial cells,
this reversal strongly suggests that ET-1 is one of the main
substances mediating vasoconstriction during xenogeneic
rejection.

It has been previously shown that, in rat liver, ETA and ETB

receptors coexist in equal proportions (Journeaux et al., 1994).
ETA receptors are usually considered as the mediators of

vasoconstriction, whereas ETB receptors mediate vasodilata-
tion in most tissues. However, recent data (Zhang et al., 1995;
1997) suggest that ET-1 modulates hepatic microcirculation via

both ETA and ETB receptors. Vascular smooth muscle cells
contain both ETA and ETB receptors. ET-1 may cause
contraction of presinusoidal portions of the portal vein, artery,

and pericentral hepatic veins (Gondo et al., 1993). Moreover,
the presence of endothelin receptors has also been demon-
strated on stellate cells and sinusoidal endothelial cells (Mallat
et al., 1995; Rockey, 1995), and increased production of ET-1

leading to reduced liver blood ¯ow has been shown in the liver
after liver allograft rejection (Watschinger et al., 1991).

Whilst both ETA and ETB receptors mediate vasoconstric-

tion to exogenously applied ET-1 in this model of isolated
perfused rat liver, it is unclear which subtype is involved in the
response to xenogeneic serum, where endothelin is presumed to

be released endogenously from endothelial cells. Indeed,
exogenously applied endothelin probably targets ETB recep-
tors present on sinusoidal endothelial cells before ETA

constrictor receptors. In contrast, endogenously generated
endothelin is likely to meet ®rst the ETA constrictor receptors,
to which it binds immediately and dissociates slowly, leaving
less interaction with ETB subtype. Our results support this

hypothesis, since ETB receptor antagonist BQ788 had marginal
e�ects on the vasoconstrictor e�ects of human serum, whilst
ETA receptor antagonist BQ123 signi®cantly reversed this

vasoconstriction.
A weak and transient vasoconstriction was also observed in

the groups perfused with rat serum or with decomplemented

human serum. This phenomenon has been noticed for a long
time (Brauer et al., 1953). It could be triggered by
endothelium-activating substances, either present in the
peripheral blood, or released during the clotting process

required to obtain the serum. Those endothelium-activating
substances, which seem to be cleared by the liver with an
apparent half-life of 10 ± 15 min, remain to be de®ned.

Reversal of the vasoconstriction induced by rat serum by
endothelin antagonists suggests that endothelin may be
involved. However, the short duration of this vasoconstriction

does not allow to conclude, since spontaneous reversal, related
to hepatic clearance of other vasoactive mediators, could be
involved as well.

In conclusion, intrahepatic release of endothelin occurs very
early during hyperacute xenogeneic rejection, following the
engagement of the complement cascade and endothelial cell
activation. Our data suggest that endothelin is an important

mediator of the vasoconstrictor step of hyperacute xenogeneic
rejection of the liver. The use of the endothelin antagonists,
such as bosentan, in association with inhibitors of complement

activation could have synergistic bene®cial e�ects in the
prevention of xenogeneic rejection.
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