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Objective
To evaluate the effect of a new endothelin receptor antagonist
(ET-RA) on the course of severe experimental pancreatitis.

Background
Endothelin-1 has been shown to reduce regional blood flow in
various organs, including the pancreas, and to aggravate cer-
ulein-induced mild pancreatitis.

Methods
Acute necrotizing pancreatitis (ANP) was induced in rats by
standardized intraductal bile acid infusion and cerulein hyper-
stimulation. Serum trypsinogen activation peptides (TAP) were
measured to verify comparable disease severity. Starting 6
hours after the onset of ANP, animals randomly received ei-
ther saline or the new ET-RA LU-135252. Monitoring included
cardiorespiratory parameters, urine output, hematocrit, and
TAP levels. After 24 hours, animals were relaparotomized to
determine pancreatic capillary blood flow and to assess the
amount of free intraabdominal fluid and acinar cell necrosis.

Survival was determined in a second set of experiments on
24 animals observed for 48 hours after pancreatitis induction
and treatment with either normal saline or ET-RA.

Results
Comparable TAP increases confirmed equally severe ANP in
both groups before treatment. Treatment with ET-RA signifi-
cantly reduced the mortality rate, from 50% in untreated ani-
mals to 8%. Improved survival was associated with signifi-
cantly decreased hematocrit, improved urinary output,
decreased ascites, and increased pancreatic capillary blood
flow. There were no significant differences in plasma TAP and
acinar cell injury in the surviving animals of the two treatment
groups.

Conclusion
Therapy with the new ET-RA reduces the early mortality rate
in experimental ANP, probably by reducing fluid sequestration
and improving microcirculation.

The severity of acute pancreatitis is determined by the
extent of pancreatic necrosis, the presence of secondary
infection of pancreatic necrosis, and the systemic inflam-
matory response to pancreatic injury and infection. Thus,
the aim is to limit the progression of necrosis, to prevent
pancreatic infection, and to eliminate or block the inflam-
matory mediators responsible for the systemic inflammatory
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response. Using an improved model of acute necrotizing
pancreatitis (ANP) in the rat, we and others have previously
shown the beneficial effect of reducing pancreatic necrosis
and infection on survival.1-4 The clinical relevance of the
experimental concepts used in this model (e.g., hemodilu-
tion, antibiotic administration, selective gut decontamina-
tion) has been confirmed by clinical studies in which the
same measures proved effective in severe pancreatitis in
humans.47
The present study reports our first experience with a new

endothelin receptor antagonist (ET-RA) in this model of
ANP. Based on experimental and clinical data suggesting
that endothelin plays a major role in triggering the multior-
gan dysfunction syndrome in low-flow states and sepsis,8'9
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we assumed that endothelin receptor blockade would affect
the systemic rather than the local sequelae of acute pancre-

atitis. Therefore, we evaluated the effect of the new specific
endothelin-1 (ET-1) antagonist LU-135252 on intrapancre-
atic protease activation, pancreatic capillary blood flow,
acinar cell injury, systemic cardiorespiratory parameters,

renal function, fluid sequestration, and mortality rate. Our
data provide strong evidence that endothelin is a major
contributor to death and complications in acute pancreatitis
and that endothelin receptor blockers may become a new

therapeutic tool in this disease.

METHODS

All experiments were conducted in accordance with na-

tional guidelines for the use and care of laboratory animals
and were approved by the local ethics committee. After
overnight fasting, male Sprague-Dawley rats (330 ± 20 kg)
were anesthetized with intraperitoneal pentobarbital (20 mg/
kg) and ketamine (40 mg/kg). Polyethylene catheters (ID
0.5 mm) were inserted into the right jugular vein and the left
carotid artery and subcutaneously tunneled to the neck and
advanced through a steel tether that allowed blood sampling
and intravenous access in the unrestrained animals. An
additional catheter was placed in the bladder for continuous
urine collection, as described previously.10 ANP was in-
duced by a standardized retrograde infusion of 0.5 ml of 10
mM glycodeoxycholic acid (Sigma, St. Louis, MO) into the
biliopancreatic duct for 10 minutes, followed by a continu-
ous intravenous infusion of 5 ,ug/kg/hour cerulein (CAE;
Farmitalia Freiburg, Germany) over 6 hour. As an improve-
ment on the original technique first described in 1992,11 a

special infusion pump (IVAC 770; Lilly Medizintechnik,
Giessen, Germany) was used for a pressure-controlled (30
mmHg), volume-controlled (0.5 cc), and time-controlled
(10 minutes) intraductal glycodeoxycholic acid infusion.

Experiment 1

Six hours after induction of pancreatitis, 24 animals were

randomized for intravenous injection of either 100 mg/kg of
LU-135252 (provided by Knoll AG, Ludwigshafen, Ger-
many) or the volume equivalent (0.5 cc) of normal saline.
Ten healthy sham-operated animals (intraductal and intra-
venous saline infusion) given ET-RA or normal saline
served as additional controls. Mean arterial pressure, heart
rate, arterial blood gases, hematocrit, urine production,
trypsinogen activation peptides (TAP) in plasma, and
plasma ET-1 levels were determined before the start of
therapy, 6 hours thereafter, and at the end of the experiment
at 24 hours. At 24 hours, animals were reanesthetized and
laparotomized to determine ascites, pancreatic capillary
blood flow, and acinar cell necrosis.
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Experiment 2 (Survival Study)

After pancreatitis induction, 24 animals were randomized
to receive either 100 mg/kg ET-RA (n = 12) or the volume
equivalent of normal saline (n = 12). The animals had free
access to water and (after 24 hours) dry food. The mortality
rate was assessed at 48 hours, after which surviving animals
were killed. Measurements included arterial pressure, uri-
nary output, hematocrit, and TAP in plasma at 6 and 48
hours, as well as ascites and acinar cell necrosis in animals
that survived the 48-hour observation period. To measure

ET-1 levels, plasma withdrawn from the carotid artery was

immediately placed on ice, centrifuged at 4°C, and stored at
-70°C until it was assayed by a commercially available
enzyme-linked immunosorbent assay kit (Biomedica, Vi-
enna, Austria).

Pancreatic capillary blood flow was determined by
intravital microscopy using the equipment and technique
described previously.'2"13 The animals were reanesthe-
tized 24 hours after pancreatitis induction and therapy
with ET-RA or saline. The abdomen was opened through
a small midline incision; the duodenum and the head of
the pancreas were mobilized and exteriorized, placed in
an immersion chamber with Ringer's lactate maintained
at 37°C, and positioned under a fluorescence microscope
(Leitz, Wetzlar, Germany) with a heat-protection and
excitation filter (450 to 490 nm). At that point, the
animals received an intravenous injection of 0.5 ml/kg
erythrocytes labeled with fluorescein isothiocyanate
(FITC; Sigma, Deisenhofen, Germany). After a stabili-
zation period of 5 to 10 minutes, three randomly chosen
regions in the head of the pancreas (400 to 325 ,um) were

recorded for off-line analysis. In each animal, blood flow
was calculated in 30 to 40 consecutively recorded capil-
laries from the concentration of fluorescent erythrocytes
per unit of arterial blood at the time of the recording, the
capillary hematocrit, and the number of FITC-labeled
erythrocytes passing through the respective vessel.'2'13

Cardiorespiratory monitoring included repeated mea-

surements of mean arterial pressure, heart rate, and arte-

rial blood gases. Because systemic circulatory derange-
ment may influence regional perfusion, intravital micro-
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Figure 1. Endothelin plasma levels in animals with severe acute pan-
creatitis treated with endothelin receptor antagonist and saline.
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Table 1. TARGET PARAMETERS BEFORE THERAPY*

Sham-OP Pancreatitis

SAL ET-RA SAL ET-RA

MAP
HR
pO2

pC02
pH
TAP
Hct

Urine

(mm Hg)
(min-1)
(mm Hg)
(mm Hg)

(nmol/l)
(%)
(ml/h)

126 ± 4
350 ± 6
101 ± 4
38 ± 2

7.40 ± 0.04
<1.5 ± 0.5
46 ± 1
0.6 ± 0.1

124 ± 3
358 ± 5
98 ± 6
40 ± 3

7.44 ± 0.22
<1.5 ± 0.5
46 ± 1
0.7 ± 0.1

125 ± 5
430 ± 12t
105 ± 8
40 ± 3

7.43 ± 0.02
5.4 ± 0.4t

54.0 ± 2*
0.3 ± O.lt

126 ± 5
440 ± 1Ot
108 ± 9
40 ± 4

7.46 ± 0.02
5.9 ± 1.3t
54 ± 2t
0.3 ± 0.1t

* 6 hours after pancreatitis induction or sham-operation and randomization for administration of ET-RA or saline.
t p < 0.05 pancreatitis vs. sham-OP.
SAL = normal saline; ET-RA = endothelin receptor antagonist; MAP = mean arterial pressure; HR = heart rate; TAP = trypsinogen activation peptides; Hct = hematocrit.

scopic evaluation of pancreatic capillary blood flow was
measured only in animals with stable cardiorespiratory
function (mean arterial pressure > 90 mmHg; Po2 > 90
mmHg; pco2 < 50 mmHg; pH 7.3 to 7.5). According to
these criteria, one animal treated with ET-RA and two
animals given normal saline had to be excluded. In ad-
dition, three animals treated with normal saline died
before the end of the 24-hour observation period (exper-
iment 1).

Urine output was measured cumulatively at 6, 12, 24, and
48 hours.
TAP levels were determined by an enzyme-linked im-

munosorbent assay using affinity-purified rabbit anti-
TAP antibodies, as described by Hurley et al.14 Samples
were coded, stored at -20°C, and assayed in a blinded
fashion.

Pancreatic necrosis was evaluated and scored according
to previously described criteria'" by a pathologist blinded to
treatment.

Statistical Analysis
All results are expressed as mean ± SEM. Variables were

tested for group differences with the Student's t test. A
probability value < 0.05 was considered significant.

RESULTS

ET-1 plasma levels in animals treated with ET-RA were

about threefold higher than in animals given saline, indicat-
ing that LU-135252 expelled ET-1 from its receptors (Fig.
1). In sham-operated healthy controls, plasma ET-1 levels
were beyond the reliable lower detection limit of the test.
Mean arterial pressure, respiratory parameters, urine pro-

duction, hematocrit, and TAP levels in plasma before
ET-RA administration are shown in Table 1. Compared
with healthy controls, animals with ANP developed a sig-
nificant decrease in urine production and an increase in
hematocrit and plasma TAP levels. However, these param-

Table 2. TARGET PARAMETERS 24 HOURS AFTER THERAPY WITH ET-RA OR SALINE

Sham-OP Pancreatitis

SAL ET-RA SAL ET-RA

MAP
HR
pO2

pC02
pH
TAP
Hct

Urine
Ascites

(mm Hg)
(min-1)
(mm Hg)
(mm Hg)

(nmol/l)
(%)
(ml/h)
(ml)

122 + 4
376 ± 5
101 ± 4
36 ± 1

7.41 ± 0.02
<1.5 ± 0.5
46 ± 1
0.5 ± 0.1

126 ± 5
380 + 8
98 ± 6
37 ± 3

7.43 ± 0.02
<1.5 ± 0.5
45 ± 1
0.5 ± 0.1

120 ± 2
447 + 1 0
105 ± 8
36 + 2

7.45 ± 0.04
6.1 ± 1.3
53 + 2
0.2 ± 0.1
0.6 ± 0.1

125 ± 6
442 ± 9
110 ± 9
35 ± 2

7.41 ± 0.02
6.3 ± 1.9
48 ± 1*
0.4 ± 0.1*
0.3 ± 0.1*

* p < 0.05 ET-RA vs. SAL.
SAL = normal saline; ET-RA = endothelin receptor antagonist; MAP = mean arterial pressure; HR = heart rate; TAP = trypsinogen activation peptides; HCT =
hematocrit.
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Figure 2. Pancreatic capillary blood flow after therapy with endothelin

receptor antagonist or normal saline.

eters (including plasma TAP) did not differ at the time of

randomization, indicating that the severity of pancreatitis

was comparable in all animals before administration of the

test compounds (ET-RA or saline). Six and 24 hours after

the start of therapy, ANP animals treated with ET-RA had

a higher urine output, lower hematocrit values, and less

ascites than those given normal saline (Table 2). Measure-

ments obtained at 48 hours revealed analogous results (data

not shown), indicating that the decrease in urine production

and hemoconcentration was less severe in animals with

endothelin receptor blockade. Comparison of the other pa-

rameters (including TAP) showed no significant differ-

ences. Ascites collected in animals killed at 24 hours (ex-

periment 1) was less than 0.3 cc in animals treated with

ET-RA and 0.6 cc in those given normal saline (p < 0.05).

Animals that survived 48 hours (experiment 2) had no

significant amounts of ascites, indicating that free abdomi-

nal fluid was reabsorbed. In healthy controls, all parameters

remained stable, with no differences between animals

treated with ET-RA or saline (see Table 2).

Histologic examination revealed acinar cell necrosis

scores of 2.8 ± 0.1 (24 hours) and 3 ± 0.2 (48 hours) for the

saline-treated animals and 2.6 ± 0.1 (24 and 48 hours) for

those given ET-RA (not significant).

Compared with healthy controls, pancreatic capillary

blood flow was significantly decreased 24 hours after pan-

creatitis induction (Fig. 2). ET-RA therapy enhanced pan-

creatic capillary blood flow by 25% in ANP animals but had
no effect in healthy controls.
The mortality rate at 48 hours (experiment 2) was 8% in

animals with severe pancreatitis treated with ET-RA and
50% in saline-treated controls (p < 0.05) (Fig. 3).

DISCUSSION

Death from acute pancreatitis occurs biphasically from

two different causes. Early death (within the first 2 weeks)

results from acute consequences of the pancreatic inflam-

matory process and the systemic inflammatory response,

with subsequent multiorgan dysfunction; late death (after
several weeks) is mainly caused by sepsis. '5 Factors con-

tributing to early multiorgan dysfunction in acute pancre-

atitis are believed to involve proinflammatory cytokines and
other still unknown immunomodulators and vasoactive sub-
stances. 16
The hypothesis that ET-1, first described in 1988 as a

vasoconstrictor,17 may play a significant role in triggering
the multiorgan dysfunction syndrome is supported by the
fact that elevated plasma levels of ET-1 are found in criti-
cally ill patients with hypoxemia, low-flow states, and sep-
sis, and by its broad spectrum of action as an ubiquitous
polyfunctional cytokine that involves not only the vascular
system but also other organs by not yet completely under-
stood mechanisms.8'9
The role of ET-1 in acute pancreatitis has not yet been

systematically studied, but findings suggest that the pan-
creas is particularly susceptible to ET-1. For example,
exogeneous endothelin given in a dose not affecting
systemic hemodynamics has been shown to reduce pan-
creatic perfusion and aggravate mild cerulein-induced
pancreatitis.18 19 To our knowledge, our study is the first
to investigate the effect of endothelin receptor blockade
in a model of severe pancreatitis that closely resembles
severe human pancreatitis. The ET-RA used in the
present experiment (LU-135252) is a new, specific agent.
Depending on the dose, LU-135252 first blocks endothe-
lin A receptors mainly found on vascular smooth muscle
cells, which selectively bind ET-1 over ET-3 to mediate
contraction. It also blocks ET-B receptors, which mediate
contraction by releasing mediators such as prostacyclin
and nitric oxide.20'2' The properties of LU-1352525 have
been described elsewhere.2225

Because doses as high as 100 mg/kg of LU-1352525 are
well tolerated in rats and do not cause significant changes in
systemic hemodynamic parameters (as shown in previous
experiments26'27 and the healthy controls in the present
experiment), we chose this dose for our experiments to
achieve complete ET-A receptor blockade. Depending on
the type and dose, endothelin antagonists can block ET-A or
ET-B receptors or both. This and the different degree of
cytokine activation, endogeneous endothelin release, and
microcirculatory disorders in the various models used may
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Figure 3. Mortality rate after 48 hours in animals with acute necrotizing
pancreatitis treated with endothelin receptor antagonist or normal sa-
line.
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explain different (even contrary) results28 after administra-
tion of ET-1 and ET-RA in experimental pancreatitis.
To test the therapeutic effect of endothelin receptor

blockade, ET-RA was given 6 hours after disease onset,
when the first acinar cell necroses have developed and
systemic cardiorespiratory parameters and pancreatic capil-
lary perfusion are already reduced." The manifold increase
of plasma ET-1 measured in ET-RA-treated animals com-
pared with saline-treated controls indicated effective recep-
tor blockade by LU-1352525.
The most striking finding of this study was a significant

reduction in the death rate, from 50% in untreated animals
to 8% in ET-RA-treated rats. The 50% mortality rate in
untreated animals exceeded the 30% to 40% mortality rate
in this model observed in previous experiments.29 In those
experiments, the observation time was limited to 24 hours
(here it was 48 hours) and the animals were given vigorous
fluid resuscitation. Fluid resuscitation was not given in the
present experiment so that the effect of ET-RA could be
tested selectively.

Improved survival was not associated with significantly
decreased TAP levels and acinar cell necrosis, suggesting
that intrapancreatic protease activation and the evolution of
acinar cell injury are not affected when ET-RA therapy is
delayed. However, some data indicate that ET-RA prevents
pancreatic injury when given prophylactically.30

Clinical experience has demonstrated that pancreatic ne-
crosis is only one factor determining the severity of pancre-

31atitis. Just like patients, animals with severe acute pancre-
atitis do not die of intrapancreatic protease activation or
pancreatic necrosis but of the systemic inflammatory re-
sponse to pancreatic injury, which can lead to multiorgan
failure. The interrelation between local injury and systemic
response is not completely understood and is believed to
involve the release and activation of enzymes, cytokines,
and other yet unknown factors, including vasoactive sub-

323stances. 2,33 The significance of vasoactive substances (e.g.,
platelet-activating factor or ET-1) for both the progression
of local tissue injury and the development of multiorgan
dysfunction syndrome has recently been addressed by ex-
perts in the field.3435 There is increasing evidence that
microcirculatory derangement is not confined to the pan-
creas but may be a systemic phenomenon in severe pancre-
atitis. We have recently demonstrated that capillary blood
flow in the colon is likewise decreased in this model of
acute pancreatitis,36 whereas others have shown microcir-
culatory changes in the liver and capillary leakage in the
lung.37 Our study, as well as the findings of other groups,38
suggests that ET-1 contributes to the development of these
systemic sequelae in acute pancreatitis and that these sys-
temic complications can be prevented by the use of ET-RA.
In the present experiment, this is demonstrated by decreased
fluid loss into the third space (as indicated by lower hemat-
ocrit levels, increased urine output, and less ascites) and
increased pancreatic capillary blood flow with endothelin
receptor blockade. In other studies, we could demonstrate
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that ET-RA also increases capillary blood flow in the co-
lon,36 underlining its systemic rather than local action.

Despite the differences in capillary blood flow and fluid
homeostasis between animals treated with ET-RA and sa-
line, we found no significant differences in systemic car-
diorespiratory parameters. There may be several reasons for
this. A selection bias may exist because we obtained our
results from the surviving animals; thus, animals with less
severe disease may be overrepresented in the control group.
Also, ET-1 may affect the microcirculation rather than the
macrohemodynamics, and fluid loss at the capillary level
may be sufficiently compensated by decreased urine pro-
duction.

Although we could not conclusively resolve the ET-RA
mechanisms, the present study clearly demonstrates that
endothelin receptor blockade significantly reduces fluid se-
questration and hemoconcentration and improves pancreatic
capillary blood flow and survival in this model of ANP. This
model was previously shown to mimic many aspects of
severe human pancreatitis and to be most suited for evalu-
ating novel therapies for this disease. Thus, we conclude
that endothelin is a major contributor to the systemic se-
quelae of severe acute pancreatitis and that endothelin an-
tagonists, which will presently be available for clinical use,
may become a new therapeutic tool in the treatment of this
disease.
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