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1 In order to investigate the mechanism of kinin release leading to vascular symptoms in acute
interstitial-oedematous pancreatitis, the novel, selective inhibitors of tissue kallikrein, (2S,2'R)-2-
(2'-amino-3'-(4'-chlorophenyl)propanoylamino)-N-(3-guanidinopropyl)-3-(1-naphthyl)propano-
amide (FE999024, CH-2856), and of plasma kallikrein, (2'S,2''R)-4-(2'-(2''(carboxymethylamino)-3''-
cyclohexyl-propanoylamino)-3'-phenyl-propanoylamino)piperidine-1-carboxamidin (FE999026, CH-
4215), were used in experimental caerulein-induced pancreatitis in rats.

2 Oedema formation and plasma protein extravasation during the 2 h infusion of caerulein were
inhibited in a dose-dependent manner by i.p. pretreatment with FE999024 (7 ± 60 mmol kg71) while
FE999026 had no e�ect at the same doses.

3 Haemoconcentration and hypovolaemia associated with the pancreatic oedema formation during
pancreatitis were signi®cantly attenuated by FE999024 at a dose of 20 mmol kg71. The reduction in
circulating plasma volume was not a�ected by FE999026.

4 Accumulation of amylase and lipase in the pancreas was dose-dependently reduced by FE999024
while enzyme activities in the blood serum were increased by FE999024 at 60 mmol kg71 indicating
improved enzyme removal from the tissue. Enzyme activities in the tissue and in the blood remained
una�ected by FE999026.

5 FE999024 (20 mmol kg71) largely inhibited increased tissue kallikrein-like activity in the pancreas
during acute pancreatitis and also strongly attenuated in¯ux of plasma kallikrein into the tissue.
FE999026 (20 mmol kg71) signi®cantly inhibited plasma kallikrein-like activity in the pancreas but
had no e�ect on tissue kallikrein-like activity.

6 In conclusion, vascular kinin-mediated symptoms observed during oedematous pancreatitis in the
rat are caused by the action of tissue kallikrein in the pancreas whereas an involvement of plasma
kallikrein seems to be unlikely.
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Introduction

Ever since the discovery of the kallikrein-kinin system it had
been speculated that the release of kinins could play an
important role in the pathophysiology of acute pancreatitis

(Forrell, 1955; Werle et al., 1958). Previous investigations
using the bradykinin B2 receptor antagonist, icatibant (Hoe-
140), have demonstrated that kinins are not involved in the

induction of the disease, but play a pivotal role in the
development of the vascular in¯ammatory symptoms, i.e.
oedema formation and plasma protein extravasation, and

their associated phenomena such as hypotension, haemo-
concentration, hypovolaemia and retention of activated
digestive enzymes in the pancreatic tissue (Griesbacher &
Lembeck, 1992; Griesbacher et al., 1993; 1995). Kinins also

may have some importance for the progression of
oedematous to necrotizing forms of the disease (Ho�mann
et al., 1996; Satake et al., 1996). Hence, bradykinin B2

receptor antagonists are currently being further investigated
on their e�ects in di�erent models of acute pancreatitis.
However, aside from blockade of kinin receptors, the

inhibition of kinin generation could be an alternative
strategy for the prevention of kinin-mediated e�ects
provided that the enzyme(s) responsible for the release of

endogenous kinins are determined and speci®c inhibitors for
these enzymes are available. Apart from the `speci®c'
kininogen-cleaving enzymes, the kallikreins, a number of

other enzymes, which are also present in the pancreas, such
as trypsin, cathepsin B and others, have the potential for
kinin release. Investigations on the mechanisms of kinin
release during acute pancreatitis have also been hindered by

the fact that enzyme inhibitors capable of inhibiting
kallikrein activity also inhibit the other enzymes, frequently
with much higher potency.

Recently, two series of low molecular weight inhibitors
have been developed which are selective inhibitors for tissue
kallikrein and plasma kallikrein, respectively (Evans et al.,
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1996a,b). In the present investigation we have sought to
determine the role of the two forms of kallikrein using the
tissue kallikrein inhibitor, (2S,2'R)-2-(2'-amino-3'-(4''chloro-
phenyl)propanoylamino)-N-(3-guanidinopropyl)-3-(1-naphthyl)
propanoamide (FE999024, previously CH-2856; Figure 1a),
and the plasma kallikrein inhibitor, ((2'S,2''R)-4-(2'-(2''-
(carboxymethylamino)-3''-cyclohexyl-propanoylamino)-3'-
phenyl-propanoylamino)piperidine-1-carboxamide) (FE999026,
previously CH-4215; Figure 1b), in acute interstitial-oedema-
tous pancreatitis induced by exocrine hyperstimulation by the

cholecystokinin analogue, caerulein, in rats.

Methods

Surgical procedure

Female Sprague Dawley rats (200 ± 250 g body weight) were
obtained from the Institute of Laboratory Animal Science and
Genetics (University of Vienna, Austria). The animals were

anaesthetized with a combination of pentobarbitone sodium
(40 mg kg71, i.p.) and phenobarbitone sodium (20 mg kg71,
i.p.). In order to prevent the breakdown of kinins by kininase II

(identical to angiotensin-converting enzyme) in the pancreatic
tissue samples taken for the measurements of immunoreactive
kinins (in preparation), captopril (50 mmol kg71) was injected

i.p, in all animals; in order to assure comparable experimental
conditions in the entire study, captopril was also administered
to the rats in the remaining experiments. The tissue kallikrein

inhibitor, FE999024, and/or the plasma kallikrein inhibitor,
FE999026, were injected i.p. at doses of 7 ± 60 mmol kg71. A
jugular vein was cannulated for the i.v. injection of Evans blue
and the infusion of caerulein. A carotid artery was cannulated

for regular measurements of haematocrit. The azo dye, Evans
blue (5 mg kg71), which stains albumin and, to a lesser extent,
other plasma proteins (Allen & Orahovats, 1948), was injected

i.v. 25 min after the administration of FE999024 or FE999026.
Five min later, the i.v. infusion of caerulein (4 nmol kg71 h71

for 2 h) was started; control animals were infused with

phosphate-bu�ered-saline (4 ml kg71 h71) instead.
All animal experiments followed the Principles of Labora-

tory Animal Care (NIH) and the Austrian Law on
Experiments in Living Animals. Permission for the experi-

ments was granted by the Commission for Animal Experi-
ments of the Austrian Ministry of Science.

Quantification of haematocrit and hypovolaemia

For the measurements of haematocrit small samples (about

40 ml) of arterial blood were drawn from the carotid artery.
These measurements were made 10 min before, immediately
prior to the start, and 10, 25, 45, 60, 75, 90, 105 and 120 min

after the start of the infusion of caerulein. The percentage
changes in the circulating blood volume and plasma volume
were calculated according to the formulae given in
Griesbacher et al. (1993).

Quantification of oedema formation and plasma protein
extravasation

At the end of the experiment, the animals were perfused via
the aorta with 40 ml phosphate-bu�ered saline to which

heparin (10 u l71) had been added. The splenic portion of the
pancreas was excised and weighed. After drying in a vacuum
centrifuge, the tissue samples were weighed again. The ¯uid

content of the tissue was calculated as the di�erence between
the wet weight and the dry weight of the samples. The water
content of the pancreas is given as ¯uid content per dry
weight of the tissues. Each sample was incubated in 8 ml

formamide at 558C for 24 h (Gamse et al., 1980). The Evans
blue extracted into the supernatant was measured photo-
metrically at a wavelength of 520 nm (Saria & Lundberg,

1983). The Evans blue content of the tissues is given as mg
dye per g dry weight of the tissues.

Measurements of enzyme activities in the blood serum and
in the pancreatic tissue

For experiments involving the determination of amylase,
lipase, and kallikrein-like activity in the pancreatic tissue
separate groups of rats were used. At the end of the caerulein
infusion the animals were sacri®ced by decapitation and

subsequent exsanguination. The trunk blood was collected to
determine enzyme activities in the blood serum. The pancreas
was excised, cut into smaller pieces and placed in 2 ml cold

(48C) 154 mM NaCl solution. The samples were centrifuged
immediately at 48C at 26105 m s72 for 25 min. The super-
natant was then stored at 7808C until assayed. Amylase and

lipase activities in the samples were determined using
standard substrate assays (Roche, Basel, Switzerland) on a
Cobas Fara Autoanalyser (Roche). For the measurement of

tissue concentrations of glandular (tissue) kallikrein-like
activity samples of the pancreatic tissue were excised and
immediately placed in liquid nitrogen. After homogenization,
the samples were diluted serially up to 1 : 128 in Tris bu�er.

Activities of tissue kallikrein and plasma kallikrein were
determined photometrically using the chromogenic substrates
S-2266 (D-Val-Leu-Arg-p-nitroanilide) and S-2302 (D-Pro-

Phe-Arg-p-nitroanilide), respectively, as described by Amund-
sen et al. (1979) and Ito & Statland (1981). All measurements
were done in duplicate. A puri®ed kallikrein preparation of

porcine pancreas was used to control the performance of the
system.

Inhibitory activity of kallikrein inhibitors in vitro

Inhibition activity in vitro was determined using the
¯uorogenic substrate H-D-Val-Leu-Arg-AFC for human

tissue kallikrein, the chromogenic substrates S2302 and
S2222 for human plasma kallikrein and human trypsin
respectively. The enzyme was incubated at 378C with three

di�erent concentrations of the ¯uorogenic or chromogenic
substrates and various concentrations of the test compound.
Residual enzyme activity (initial rate of reaction) was

determined by measuring the change in optical absorbence
at 405 nm and the inhibitory constant Ki for the test
compound was determined from a Dixon plot (Shori et al.,
1992).

Substances

FE999024 ((2S,2R)-2-(2'-amino-3'-(4''chlorophenyl)propanoyl-
amino)-N-(3-guanidinopropyl)-3-(1-naphthyl)propanoamide;
previous name CH-2856) and FE999026 ((2'S,2''R)-4-(2'(2''-
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(carboxymethylamino)-3''-cyclohexyl-propanoylamino)-3'-phenyl-
propanoylamino)piperidine-1-carboxamidine) were synthe-
sized by Ferring Research Limited (Southampton, U.K.)

and were dissolved in 154 nM NaCl solution at concentra-
tions of 7 ± 60 mmol ml71. Caerulein (Sigma Chem.Co., St.
Louis, MO, U.S.A.) was dissolved in phosphate-bu�ered
saline (composition in mM: NaCl 136.9, KCl 2.7, KH2PO4

1.5, Na2HPO4 7.7; pH 7.4). All salts were of analytical grade
and were obtained from Merck (Darmstadt, Germany).
Further substances were: pentobarbitone sodium (Nembutal,

Sano® SanteÂ Animale, Libourne, France), phenobarbitone
sodium (Apoka, Vienna, Austria), Evans blue (Sigma),
formamide (Merck), S-2266 (COA-Chrom Diagnostica,

Vienna, Austria), S2222 and S2302 (Quadratech, Epsom,
Surrey, U.K.), H-D-Val-Leu-Arg-AFC (Bachem Ltd., St.
Helens, Lancs., U.K.), heparin (Immuno AG, Vienna,

Austria), human tissue kallikrein, human plasma kallikrein
and human trypsin (CN Biosciences Ltd, Nottingham, U.K.).

Data analysis

Comparisons between di�erent treatment groups were made
using nonparametric analysis of variance and multiple

comparisons for independent data (Zar, 1984). Probability
values of P50.05 were considered signi®cant. All values
presented are arithmetical means with s.e.mean. The dose-

dependency of the e�ects was tested by the Jonckheere test
for ordered alternatives (Siegel & Castellan, 1988).

Results

Selectivity of the kallikrein inhibitors in vitro

The selectivity of FE999024 and FE999026 with respect to
inhibition of tissue and plasma kallikrein was tested in vitro

using the tripeptide derivatives H-D-Val-Leu-Arg-AFC and
S2302 as substrates, respectively (Table 1). Both compounds
showed inhibition of one of the enzymes with a Ki value in

the low nM range. FE999024 thus proved to be a potent
inhibitor of human tissue kallikrein. Human plasma
kallikrein was inhibited only at much higher concentrations
(Ki1.0 mM), so that the selectivity of FE999024 for tissue vs

plasma kallikrein is about 1 : 200. In contrast, FE999026 was
a selective inhibitor of plasma kallikrein displaying poor
activity for tissue kallikrein (Ki 6.0 mM), so that the selectivity

for plasma vs tissue kallikrein is approximately 1 : 2,000. Both
inhibitors had a very low inhibitory potency when tested

against human trypsin. The Ki values obtained for inhibition
of this enzyme were 250 ± 300 fold higher than those for the
respective kallikrein (Table 1).

Effects in experimental pancreatitis

Oedema formation The i.v. infusion of caerulein induced an

acute interstitial-oedematous pancreatitis as demonstrated by
the increase of the pancreatic water content from basal
values of 2.8+0.2 g g71 dry wt (n=11) to 11.3+0.9 g g71

dry wt (n=14) (P50.01). This e�ect was inhibited by the
tissue kallikrein inhibitor, FE999024, in a dose-dependent
manner following the i.p. administration of the compound at

doses of 7 ± 60 mmol kg71 (Figure 2a). While the e�ect of the
lowest dose was not signi®cant, both 20 and 60 mmol kg71

of FE999024 resulted in signi®cant (P50.05) attenuations of

the increases in water content of the pancreatic tissue in
caerulein-treated rats. Caerulein also induced a pronounced
extravasation of plasma proteins, quanti®ed as tissue
accumulation of the protein marker, Evans blue, which

increased from 33+9 mg g71 dry wt (n=7) to
373+55 mg g71 dry wt (n=14) (P50.01). This e�ect of
caerulein also was reduced in the same, dose-dependent

fashion (Figure 2b). The highest dose of FE999024
(60 mmol kg71, i.p.) completely abolished the plasma protein
extravasation (P50.05).

In contrast, the plasma kallikrein inhibitor, FE999026, did
not show any inhibitory e�ect on oedema formation (Figure
2c) or on plasma protein extravasation (Figure 2d). Both

kallikrein inhibitors had no signi®cant e�ect on pancreatic
water content or Evans blue extravasation in control animals
receiving an i.v. infusion of phosphate-bu�ered saline instead
of caerulein.

Haemoconcentration and hypovolaemia Haematocrit values
determined in the arterial blood during caerulein-induced

pancreatitis increased from basal values of 0.465+0.003 to
peak values of 0.520+0.009 (n=12) occurring at 60 ± 90 min
of the infusion of caerulein. Calculated peak change in

circulating plasma volume thus amounted to 718+3%
(P50.01). The tissue kallikrein inhibitor, FE999024, signi®-
cantly (P50.05) attenuated this response following its i.p.
administration at a dose of 20 mmol kg71 (Figure 3a). The

e�ects of the lower dose of 7 mmol kg71 and, surprisingly, also
of the higher dose of 60 mmol kg71 remained non-signi®cant.
Control animals without induction of pancreatitis exhibited

slight increases in apparent circulating plasma volume
(5+3%; n=6) due to the infusion of phosphate-bu�ered
saline (8 ml kg71 within 2 h). Pretreatment of such animals

with FE999024 (60 mmol kg71) resulted in a value of 71+3%
(n=6) which might account for the lack of signi®cant
inhibition of this dose in caerulein-induced pancreatitis.

Caerulein-induced hypovolaemia was left completely un-
a�ected by the plasma kallikrein inhibitor, FE999026 (7 ±
60 mmol kg71, i.p.). The highest dose of this inhibitor also
seemed to induce a slight loss in circulating plasma volume

when given on its own. This e�ect (74 to 710%), however,
occurred only in three out of six rats, whereas the remaining
animals exhibited an increase of this parameter (+3 to

+8%) as seen in phosphate-bu�ered saline-infused control
rats (3+3%; n=6) where FE999026 was replaced by its
vehicle, 154 mM NaCl solution.

Table 1 Ki values (in nM) of FE999024 and FE999026
against human tissue kallikrein (t-KK), human plasma
kallikrein (p-KK) and human trypsin

Selectivity Selectivity
Ki (in nM) vs for t-KK Ki vs for KK

Compound t-KK p-KK or p-KK trypsin vs trypsin

FE999024 5 1000 1 : 200 1285 1 : 257
FE999026 6000 3 1 : 2000 825 1 : 275

Ki values were determined by incubation of the enzyme with
the ¯uorogenic substrate H-D-Val-Leu-Arg-AFC (for t-KK),
or with the chromogenic substrates S2302 (for p-KK) and
S2222 (for trypsin) at 378C
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Accumulation of digestive enzymes in the pancreatic tissue
Basal values of amylase in the pancreatic tissue amounted to
0.6+0.1 u mg71 dry wt (n=11). During caerulein-induced

pancreatitis this value was signi®cantly (P50.01) increased to
12.2+1.4 u mg71 dry wt (n=13) demonstrating the intra-
pancreatic activation and accumulation of digestive enzymes

Figure 2 E�ect of (a,b) the tissue kallikrein inhibitor, FE999024 (7 ± 60 mmol kg71), and (c,d) the plasma kallikrein inhibitor,
FE999026 (7 ± 60 mmol kg71), on pancreatic oedema formation (a,c) and plasma protein extravasation (b,d) during acute
pancreatitis induced by caeruelin (CRL; 4 nmol kg71 h71 i.v. for 2 h).The inhibitors were given i.p. 30 min prior to the infusion of
caerulein or its vehicle, phosphate-bu�ered saline (4 ml kg71 h71). Control animals not receiving an inhibitor were injected i.p. with
154 mM NaCl solution (1 ml kig71). Signi®cance of di�erence of caerulein vs saline infusion. {{P50.01, signi®cance of di�erence
from caerulein without kallikrein inhibitor: *P50.05; means+s.e.mean; n=5±14.

Figure 1 Chemical structure of (a) the tissue kallikrein inhibitor, FE999024 ((2S,2'R)-2-(2'-amino-3'-(4''chlorophenyl)propanoy-
lamino)-N-(3-guanidinopropyl)-3-(1-naphthyl)propanoamide; C26H31CIN6O2, mol. wt. 495.03), and (b) the plasma kallikrein
inhibitor, FE999026 ((2'S,2''R)-4-(2'-(2'')-carboxymethylamino)-3''-cyclohexyl-propanoylamino)-3'-phenyl-propanoylamino)piperi-
dine-1-carboxamidine; C26H40N6O4, mol. wt. 500.65).
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during the in¯ammatory injury. Pretreatment with the tissue
kallikrein inhibitor, FE999024 (7 ± 60 mmol kg71, i.p.), caused
a dose-dependent reduction of amylase accumulation in the

tissue (Figure 4a); the e�ect was statistically signi®cant at
doses of 20 and 60 mmol kg71. The plasma kallikrein
inhibitor, FE999026, had no e�ect on this parameter at all
doses (Figure 4c). The basal amylase activity in the

pancreatic tissue remained una�ected by both compounds.
In the blood serum, amylase activity was increased from

basal values of 3.8+0.5 u ml71 (n=11) to 13.3+0.9 (n=13;

P50.01) during caerulein-induced pancreatitis. Following the
pretreatment with FE999024 at 60 mmol kg71 i.p., this
increase was further augmented to 17.4+1.8 u ml71 (n=8;

P50.05) (Figure 4b), while treatment with FE999026
remained ine�ective at all doses (Figure 4d). Basal amylase
activities in the blood serum were not changed by either
FE999024 or FE999026.

The i.v. infusion of caerulein also increased the activity of
lipase in the pancreatic tissue from 0.6+0.1 u mg71 dry wt
(n=11) to 6.6+0.8 u mg71 dry wt (n=13; P50.01) and in

the blood serum from 1.4+0.6 u ml71 (n=11) to
5.3+0.6 u ml71 (n=13; P50.01). FE999024 (60 mmol kg71,
i.p.) signi®cantly (P50.05) attenuated lipase accumulation in
the pancreas (3.8+0.4 u mg71 dry wt, n=10; P50.05) and

augmented lipase activity in the blood serum
(9.0+0.5 u ml71, n=10; P50.05) (not shown in Figure 4)
while FE999026 had no e�ect. The basal activities of lipase in

the pancreas or in the blood serum were not changed by any
of the two kallikrein inhibitors.

Kallikrein-like activities in the pancreas Tissue kallikrein-like
activity in the pancreatic tissue was determined using the
synthetic substrate, S-2266. Basal t-KK-like activity in

normal pancreas was 73+66 pkat g71 dry wt of the tissue.
Following a 2 h infusion of caerulein, t-KK-like activity in
the tissue was about 6 fold higher (P50.01) than in the
pancreas of control animals without acute pancreatitis

(Figure 5a). This increase was completely blocked by the t-
KK inhibitor FE999024 as in animals pretreated with this
inhibitor no increases in t-KK activity were found in response

to caerulein. In contrast, the p-KK inhibitor FE999026 had
no e�ect on the caerulein-induced rises in pancreatic t-KK
activity.

The activity of plasma kallikrein (p-KK)-like enzymes in
the pancreatic tissue samples was determined using the
synthetic substrate, S2302. Basal p-KK-like activity in the

tissue was 482+138 pkat g71 dry wt of tissue. During acute
pancreatitis, p-KK-like activity was signi®cantly (P50.01)
increased about 10 fold (Figure 5b). Pretreatment with either
the t-KK inhibitor FE999024 or the p-KK inhibitor

FE999026 signi®cantly (P50.05) attenuated p-KK-like
activity in the pancreas.

Discussion

Acute pancreatitis is a severe in¯ammatory disease and is
characterized clinically by premature activation of digestive
enzymes in the gland, massive oedema formation which may
proceed to necrosis, haemoconcentration and hypovolaemia,

and severe pain. Although overall mortality rates have
decreased due to improved intensive care of the patients,
increased incidence rates and improved diagnosis have lead to

doubled admission numbers in some university centres
(Cor®eld et al., 1985; Wilson & Imrie, 1990) which calls for
a better understanding of the pathophysiological mechanisms

involved. The majority of patients su�er from the interstitial-
oedematous form of the disease (BuÈ chler, 1991) which,
despite being self-limiting and eventually leading to full

restoration of the organ function, is one of the most painful
in¯ammatory diseases. For the purpose of experimental
studies, hyperstimulation of the exocrine function of the
pancreas by the cholecystokinin analogue, caerulein (Lampel

& Kern, 1977), which leads to derangement of the
intracellular membrane processing in acinar cells with
subsequent discharge of activated digestive and lysosomal

enzymes into the interstitial space (Saluja et al., 1987;
Willemer et al., 1990) is the standard model for this course
of the disease as it closely resembles the clinical cases in

Figure 3 E�ect of (a) the tissue kallikrein inhibitor, FE999024, and
(b) the plasma kallikrein inhibitor, FE999026, on hypovolaemia
during caerulein-induced pancreatitis. The inhibitors (7 ±
60 mmol kg71, i.p.) or their solvent (154 mM NaCl, 1 ml kg71), were
administered 30 min prior to the start of the infusion of caerulein
(CRL; 4 nmol kg71 h71 for 2 h) or its vehicle, phosphate-bu�ered
saline (4 ml kg71 h71). Peak changes in circulating plasma volume
(in per cent) were calculated from repeated measurements of
haematocrit in arterial blood. Signi®cance of di�erence of caerulein
vs saline infusion: {{P50.01, signi®cance of di�erence from caerulein
without kallikrein inhibitor: *P50.05; means+s.e.mean; n=5±10.
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morphological, ultrastructural, biochemical and functional
aspects (Willemer et al., 1992).

Investigations using bradykinin B2 receptor antagonists
such as icatibant (Hoe-140) have demonstrated that the
increased vascular permeability which is responsible for the

oedema formation in the pancreas and for the ensuing
hypovolaemia and accumulation of activated enzymes in the
pancreatic tissue almost exclusively relies on the intrapan-

creatic release of endogenous kinins (Griesbacher & Lem-
beck, 1992; Griesbacher et al., 1993; 1995). However, it is not
known at present, which enzymes are responsible for the

actual generation of kinins. Earlier clinical observations have
indicated that both tissue kallikrein and plasma kallikrein
may be activated during acute pancreatitis (Uehara et al.,
1989). In addition to kallikreins, the speci®c kininogenases,

also other enzymes which may be activated during
pancreatitis such as trypsin, cathepsins, plasmin and others
have the potential for cleavage of kininogens and release of

kinins (Prado, 1970). Polyvalent protease inhibitors like
aprotinin have originally been introduced in the clinical
therapy of pancreatitis speci®cally with the intention of

blocking kinin release by these enzymes (Haberland &
McConn, 1979), however, due to their broad spectrum of

inhibitory actions they are not suitable for the determination
of the pathophysiological role of any one speci®c enzyme.
The recent development of selective inhibitors for tissue and

plasma kallikrein (Evans et al., 1996a,b) now allows more
detailed investigations on the role of kallikreins.
The two compounds used in the present study, FE999024

and FE999026, are selective inhibitors of tissue and plasma
kallikrein, respectively. The in vitro activity of the compounds
(compare Table 1), tested against tissue and plasma kallikrein

of human origin, showed that FE999024 has an approxi-
mately 200 fold selectivity for the tissue form of kallikrein.
FE999026 is even more selective for plasma kallikrein with an
approximate 2000 fold selectivity over tissue kallikrein. The

residual activity of FE999024 on plasma kallikrein in vitro is
unlikely to be of relevance for in vivo studies unless high
doses of the inhibitor are used. In the present investigation,

doses of up to 60 mmol kg71 of FE999024 were utilized so
that contribution of plasma kallikrein inhibition, despite
being unlikely, cannot be ruled out entirely. The use of

Figure 4 E�ect of (a,b) the tissue kallikrein inhibitor, FE999024, and (c,d) the plasma kallikrein inhibitor, FE999026, on amylase
activity in the pancreatic tissue (a,c) and in the blood serum (b,d). Acute pancreatitis was induced by i.v. infusion of caerulein (CRL;
4 nmol kg71 h71 for 2 h) while control animals were infused with phosphate-bu�ered saline (4 ml kg71 h71). The kallikrein
inhibitors (7 ± 60 mmol kg71) or their vehicle (154 mM NaCl solution, 1 ml kg71) were injected i.p. 30 min prior to the start of the
infusion. Signi®cance of di�erence of caerulein vs saline infusion: {{P50.01, signi®cance of di�erence from caerulein without
kallikrein inhibitor: *P50.05; means+s.e.mean; n=5±13.
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FE999026 as a reference compound therefore is necessary to

make a de®nite conclusion as this inhibitor clearly would
detect any role of plasma kallikrein. A lack of e�ect of
FE999026 in cases where FE999024 shows inhibition hence

can exclude an involvement of the latter form of kallikrein.
Likewise, the residual, rather weak activity of both inhibitors
on trypsin does not interfere with the interpretation of the in

vivo results as both agents have a similar inhibitory e�ect on
this enzyme. Inhibition on an observed e�ect by only one of
the compounds and inactivity of the other agent, as observed

in the present study (see below), hence excludes trypsin
inhibition as the mechanism of action.
The in¯ammatory oedema of the pancreas resulting from

exocrine hyperstimulation by caerulein in the present model

was dose-dependently inhibited by the tissue kallikrein
inhibitor FE999024 both in terms of extravasation of ¯uid,
determined by the water content of the tissue, and in terms of

plasma protein extravasation, measured by Evans blue

accumulation in the pancreatic tissue (compare Figure 2).
The highest dose of FE999024 used in the present study, i.e.
60 mmol kg71, caused an almost complete inhibition of

oedema formation, which demonstrates that tissue kallikrein
plays a central role in the development of the in¯ammatory
increases in vascular permeability in this model of pancrea-
titis. This compares well with the almost complete inhibition

of pancreatic oedema formation by inhibitors of kinin B2

receptors such as icatibant or FR173657 (Griesbacher &
Legat, 2000). The kinin-mediated pancreatic oedema forma-

tion has been shown previously to be the cause of a dramatic
hypotension due to hypovolaemia with a concomitant
haemoconcentration (Griesbacher et al., 1993). The hypovo-

laemia observed during the course of caerulein-induced
pancreatitis was somewhat smaller (about 20% reduction in
circulating plasma volume) than that observed in our

previous investigation (about 48% loss of plasma volume).
This e�ect was again abolished by FE999024 (compare
Figure 3).

The e�ects of FE999024 on amylase activity in the

pancreas and in the blood serum (Figure 4) at ®rst seem
contradictory as the tissue kallikrein inhibitor strongly
reduces the enzyme activity in the pancreatic tissue, but

increases them in the blood serum. This, however, is in
agreement with the e�ects of kinin B2 antagonists
(Griesbacher & Legat, 2000). The changes in enzyme

activities can be explained by an improved removal from
activated enzymes from the tissue into the general circula-
tion when the oedema formation is absent (Griesbacher et

al., 1995). While a similar e�ect of the B2 receptor
antagonist in caerulein-induced pancreatitis was reported
by Lerch et al. (1995), blockade of B2 receptors seemed to
have an attenuating e�ect on serum amylase levels in

taurocholate-induced necrotizing pancreatitis (Bloechle et
al., 1994) or pancreatitis induced by bilopancreatic duct
obstruction (Hirata et al., 2002). Therefore, it cannot be

ruled out that the role of kinin-mediated e�ects in enzyme
movements from the pancreatic tissue towards the general
circulation may be di�erent in di�erent models of acute

pancreatitis, which also certainly di�er with respect to the
grade of severity. In addition, di�erences with respect to the
time of measurements may also be responsible for such
discrepancies, especially since we have reported that

increased removal of activated digestive enzymes from the
pancreatic tissue could only be observed during the acute
stage (2 h) of pancreatitis, but not at later time points

(Griesbacher et al., 1995). It is important to note that
neither kallikrein inhibitors nor kinin antagonists interfere
with the induction by caerulein of acute pancreatitis but

only inhibit generation or action, respectively, of kinins
during the in¯ammatory process. The initial damage to the
acinar cells, demonstrated by a typical vacuolization of the

cells in histological sections of the pancreas, is not a�ected
by the kallikrein inhibitors or by kinin antagonists (data not
shown).

As in all these experiments FE999024 actively inhibited

kinin-mediated phenomena while FE999026 remained com-
pletely inactive even at a dose of 60 mmol kg71. The active
doses of FE999024 compare well with those found for this

compound (then called CH-2856) previously in a model of
allergic in¯ammation in guinea-pigs (2.5 ± 20 mmol kg71;
Evans et al., 1996a). The e�ect of FE999024 on tissue

Figure 5 E�ect of the tissue kallikrein (t-KK) inhibitor, FE999024,
and the plasma kallikrein inhibitor, FE999026, on (a) t-KK-like
activity and (b) p-KK-like activity in the pancreatic tissue,
determined using the synthetic substrates, S-2266 and S2302,
respectively. Acute pancreatitis was induced by i.v. infusion of
caerulein (CRL; 4 nmol kg71 h71 for 2 h) while control animals were
infused with phosphate-bu�ered saline (4 ml kg71 h71). The kallik-
rein inhibitors (20 mmol kg71) or their vehicle (154 mM NaCl
solution, 1 ml kg71) were injected i.p. 30 min prior to the start of
the infusion. Signi®cance of di�erence of caerulein vs saline infusion:
{{P50.01; signi®cance of di�erence from caerulein without kallikrein
inhibitor: *P50.05; means+s.e.mean; n=4±8.
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kallikrein activity could also be con®rmed by the determina-
tion of tissue kallikrein-like activity in the pancreatic tissue in
vivo (compare Figure 5a).

E�ects of the plasma kallikrein inhibitor in an in vivo
model in the rat have not been published so far, so that a
direct comparison of the doses used in the present
investigation is not possible. However, the Ki value of

FE999026 vs plasma kallikrein in vitro is almost identical to
the Ki value of FE999024 vs tissue kallikrein (see Table 1) so
that FE999026 should have caused an inhibition if plasma

kallikrein were involved. Indeed, p-KK-like activity appears
in the pancreatic tissue during acute pancreatitis (Figure 5b).
FE999026 strongly attenuated the elevations in p-KK-like

activity, con®rming that the dose if FE999026 (20 mmol kg71)
is an e�ective dose. Since this dose of FE999026, however,
had no e�ect on the vascular e�ects mediated by kinins

(oedema formation, plasma protein extravasation, haemo-
concentration etc.), it must be concluded that p-KK-like
enzymes are activated during acute pancreatitis, but do not

contribute to kinin release. The reduction in p-KK-like
activity in the pancreas observed in rats pretreated with the t-
KK inhibitor FE999024 can be explained by the prevention

of plasma protein extravasation (compare Figure 2b) and
consequently prevention of in¯ux of p-KK from the plasma
into the tissue.
Taken together the results of the present investigation show

that the vascular, kinin-mediated symptoms during acute
caerulein-induced oedematous-interstitial pancreatitis in the
rat are due to the action of tissue kallikrein but not plasma

kallikrein. Selective inhibition of tissue kallikrein by FE999024
proved to be as e�ective as inhibition of kinin B2 receptors and
thus o�ers a new pharmacological approach in experimental

research in models of in¯ammation and also could have a
therapeutical potential in clinical conditions of such diseases.

The study was supported by the Austrian National Bank Jubilee
Funds (grant 6507).
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