
E
T

B
F
*
a

R

n
c
b
t
t
a
p
c
a
s
v
c
t
p
w
i
fi
c
d
s
i
t
z

t

d
d
p
t
p
o

c
3
m

Biochemical and Biophysical Research Communications 282, 159–165 (2001)

doi:10.1006/bbrc.2001.4561, available online at http://www.idealibrary.com on
ffect of Hyperthermia on Premature Intracellular
rypsinogen Activation in the Exocrine Pancreas
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Hyperthermia, raising the body temperature from
ormal to above 40°C, has been shown to prevent pan-
reatitis in an experimental animal model of the disease,
ut the underlying cellular mechanisms of this protec-
ion remain unknown. We induced controlled hyper-
hermia in either laboratory rats and isolated pancre-
tic acini or, alternatively, raised the temperature of
ancreatic homogenates in vitro from 37 to 41°C. In vitro
ontrolled hyperthermia of up to 41°C increased the
utoactivation-induced and enterokinase-induced tryp-
inogen activation as well as free trypsin activity. Con-
ersely, in whole animal studies and in living acinar
ells hyperthermia reduced or abolished premature in-
racellular trypsinogen activation in a time- and tem-
erature-dependent manner and this protective effect
as independent of either de novo protein synthesis,

nterference with acinar cell signal transduction, or con-
rmational changes in pancreatic trypsinogen. We con-
lude that hyperthermia, in a manner that is indepen-
ent of the synthesis of pancreatic chaperone or heat
hock proteins, can directly abolish the earliest initiat-
ng event involved in the onset of pancreatitis, namely
he premature and intracellular activation of digestive
ymogens. © 2001 Academic Press

Key Words: autoactivation; hyperthermia; pancreati-
is; serine proteases; trypsinogen.

Acute pancreatitis is thought to represent an auto-
igestive disorder in which the exocrine pancreas is
estroyed by its own proteolytic enzymes (1). Under
hysiological conditions digestive proteases are syn-
hesised as inactive precursor zymogens, stored in the
ancreas in membrane confined vesicles, and activated
nly in the small intestine after contact with the brush-

1 To whom correspondence should be addressed at Dept. of Medi-
ine B, Westfälische Wilhelms-Universität, Albert-Schweitzer-Str.
3, D-48129 Münster, Germany. Fax: 49-251-83-49504. E-mail:
arkus.lerch@uni-muenster.de.
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an (3) as well as experimental pancreatitis (4, 5, 6)
ave been found to be associated with a premature and

ntrapancreatic activation of digestive proteases, most
otably trypsinogen, and this premature activation ap-
ears to begin in cytoplasmic vacuoles (7, 8).
One method of preventing pancreatitis, at least in an

nimal model of the disease, consists in raising the
ody temperature to above 40°C (9). This experimental
yperthermia has been found to not only protect
gainst experimental pancreatitis but also to upregu-
ate a variety of stress response proteins (i.e., heat
hock proteins) in the pancreas (9, 10). The mecha-
isms, however, through which the pancreatic stress
efence system either prevents the onset of pancreati-
is or improves the outcome of pancreatitis are un-
nown. We have therefore investigated whether in vivo
r in vitro hyperthermia affects the earliest known
athophysiological event in pancreatitis; the prema-
ure intracellular activation of trypsinogen. Our exper-
ments using whole laboratory animals, isolated acini,
r pancreatic homogenates indicate that controlled hy-
erthermia directly reduces or abolishes secretagogue-
nduced premature trypsinogen activation in the pan-
reas. This effect of hyperthermia, however, is inde-
endent of a direct effect on the stability and activity of
rypsin and is also independent of the de novo synthe-
is or upregulation of heat shock proteins.

ETHODS

All materials were obtained from Sigma (Deisenhofen, Germany)
r Molecular Probes (Eugene, OR) unless stated otherwise in the
ext. Animals (male Wistar rats throughout) were obtained from
harles River (Sulzfeld, Germany), held in Nalgene shoebox cages

or a minimum adjustment period of 5 days and used in experiments
fter an overnight fast with access to water ad libitum. All experi-
ents involving animals were carried out in accordance to the guide-

ines of, and after prior protocol approval by, the institutional Ani-
al Welfare Committee. To induce hyperthermia in vivo animals
ere kept anaesthetised using Ketamin (250 mg/kg; CuraMed,
arlsruhe, Germany), together with Rompun (40 mg/kg, BayerVital,
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.
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verhead lamp until the core temperature, as measured by rectal
robe, was elevated to 41°C over 30 min. Animals were then sacri-
ced and the pancreas was rapidly removed. Acini from animals
fter controlled hyperthermia and from control animals (kept at
7°C body temperature) were freshly prepared by collagenase diges-
ion as previously reported (11). Acini were suspended in Hepes (24.5
M) buffered medium (pH 7.5) containing NaCl (96 mM), KCl (6
M), MgCl2 (1 mM), NaH2PO4 (2.5 mM), CaCl2 (0.5 mM), glucose

11.5 mM), Na-pyruvat (5 mM), Na-glutamat (5 mM), Na-fumarat (5
M), minimum essential medium (1% v/v), and bovine serum albu-
in, fraction V (1% w/v).
To study intracellular protease activation in living acini they were

djusted to a biovolume concentration of 2 mm3/ml and left to equil-
brate for 30 to 60 min at temperatures ranging from 37 to 41°C.
hereafter the cholecystokinin analogue caerulein (Bachem, Heidel-
erg, Germany) was added at either supramaximal (10 nM) or max-
mal (0.1 nM) concentrations for up to 60 min and acini were then
esuspended in medium without secretagogue but in the presence of
he synthetic trypsin substrate (CBZ-Ile-Pro-Arg)2-rhodamine 110
10 mM). For localisation experiments a high-resolution residual-
ight fluorescence imaging system (Till-Photonics, Martinsried, Ger-

any; Ex 485 nm, Em 530 nm) was used. In order to quantify
ubstrate cleavage acini were transferred to 96-well microtiter plates
nd the DF/Dt ratio was determined by cytofluorometry (CytoFluor
350, Millipore, Bedford, MA) over 60 min as previously reported (8).
In order to study the effect of hyperthermia on the activation of

rypsinogen in vitro the pancreas of control animals was quickly
emoved and homogenised (3 strokes of a Dounce homogenizer) in
ced 0.2M TEA buffer at pH 7.5. Subsequently homogenates were
ncubated at either 37, 39, or 41°C in the presence of purified en-
erokinase (enteropeptidase; 0.1 mM, Boehringer, Mannheim, Ger-
any) for 10 min.
For experiments addressing the autoactivation of trypsinogen

ercoll-gradient isolates of secretory vesicles were prepared as pre-
iously described (8). Trypsinogen activation was measured spectro-
etrically using the specific substrate Bz-L-Arg-4-NA (L-BAPNA,
erck, Darmstadt, Germany).
For experiments in which we studied whether the effect of hyper-

hermia on zymogen activation in living acini depended on the syn-
hesis or upregulation of heat shock proteins we completely blocked
rotein synthesis using the inhibitor cycloheximide (300 mM) for 30
in prior to the experiments, as well as throughout the incubation

eriod, and as previously described (12). After exposure to tempera-
ures ranging from 37 to 41°C and to either Caerulein (10 nM) or
aCl (controls) as indicated above acini were lysed in 250 ml Ripa-
uffer at pH 8.0 containing Tris–HCl (100 mM), NaCl (300 mM),
.2% SDS, 2% Triton-X-100, 2% Na-deoxycholate, and a protease
nhibitor cocktail (1 ml/mg tissue) composed of Aprotinin (10 mg/ml),
eupeptin (10 mg/ml), sodiumpyrophosphate (0.01 M), sodiumfluo-
ide (0.1 M), dihydrogenperoxide (1 mM), L-phenyl-methyl-sulfonyl-
uoride (PMSF, 1 mM), and 0.02% soybean-trypsin-inhibitor. Total

ysates were centrifuged at 14,000 rpm (4°C) for 10 min, the protein
oncentrations were determined according to Bradford (BioRad-
ssay) and equal amounts of protein were used for SDS–poly-
crylamide gel electrophoresis and Western blotting as previously
eported (13). To study the synthesis and upregulation of heat shock
roteins from different classes we used antibodies directed against
he constitutive heat shock protein HSP-70/72 (14) and against the
nducible form HSP-70 (15). Both antibodies were obtained from
tressGen (Victoria, BC, Canada).
In order to study the structural and functional integrity during

ontrolled hyperthermia amylase secretion and lactate dehydroge-
ase release were measured in the supernatant of acinar cells incu-
ated with either physiological or supramaximal concentrations of
ecretoagogue over 60 min.
The data reported represent means 6 SEM obtained from multiple

eterminations in 3 or more separate experiments for each group.
160
ata points in the graphs indicate means 6 error bars (SEM). The
bsence of error bars indicates the deviation from the mean was to
mall to illustrate. The significance of changes was evaluated using
tudent’s t-test when the data consisted of two groups and by anal-
sis of variance (ANOVA) when comparing three or more groups.
ifferences were considered significant when the p value was ,0.05.

ESULTS

Exposure of isolated pancreatic acini from control
nimals to supramaximal concentrations of caerulein
10 nM) resulted in a rapid intracellular activation of
rypsinogen as indicated by the release of rhodamine
10 fluorescence from the specific trypsin substrate
nd as previously reported (8, 16). When acini were
repared from the pancreas of animals whose core body
emperature had been raised to 41°C for 30 min before
acrifice this pretreatment by in vivo hyperther-
ia completely prevented the subsequent caerulein-

nduced intracellular activation of trypsinogen (Fig. 1).
ecause in vivo hyperthermia could have interfered
ith a number of biological processes that are not
irectly related to intracellular zymogen activation
uch as pancreatic blood supply or tissue oxygenation
e prepared acini from untreated animals and studied

hem after raising the temperature of the incubation
edium from 37 to 41°C.
When acini that were preincubated at 37°C were

hen exposed to supramaximal concentrations of caer-
lein evidence of a premature and intracellular
rypsinogen activation on imaging studies first ap-
eared as bright fluorescent foci at the apical pole of
cinar cells (Fig. 2A) and spread from there to the
ntire cytosole of the affected cells. Prior (30 min) ex-
osure of acini to incubation medium whose tempera-

FIG. 1. Effect of in vivo hyperthermia on secretagogue-induced
rypsinogen activation in the pancreas. The core temperature of
naesthetised rats was raised to 41°C for 30 min as described under
ethods. The core body temperature of control rats was left at

hysiological levels. The pancreas was then removed and isolated
cini incubated at 37°C with 10 nM caerulein for 10 min. Intracel-
ular trypsinogen activation was measured cytofluorometrically in
iving acini over 40 min using the cell permeant trypsin substrate
CBZ-Ile-Pro-Arg)2-rhodamine 110. Bars represent mean intracellu-
ar trypsin activity (DF/Dt) 6 SEM of triplicates, representative for
hree experiments.
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ure had been raised to 41°C completely abolished not
nly the cascade-like activity in the acinar cell cyto-
lasm but already prevented the initial activation in
he membrane confined vesicles at the apical pole of
cinar cells (Fig. 2B). When the same process was
tudied and quantitated by cytofluorometry of living
cini an increase in the preincubation temperature
esulted in a complete prevention of the caerulein-
nduced intracellular activation of trypsinogen. This
ffect was found to be time dependent (Fig. 3A) as well
s temperature dependent (Fig. 3B).
In order to exclude that controlled hyperthermia had

omehow interfered in the coupling of caerulein to the

FIG. 2. Effect of in vitro hyperthermia on secretagogue-induced
rypsinogen activation in pancreatic acini. Isolated acini were pre-
ared by collagenase digestion, stimulated with supramaximal (10
M) caerulein for 10 min, and placed under a coverslip for imaging of

ntracellular fluorescence after exposure to the cell permeant fluoro-
enic substrate (CBZ-Ile-Pro-Arg)2-rhodamine 110 for 90 min. (A)
he bright fluorescence (pseudocolour magenta for better contrast)
t the apical pole of individual acinar cells indicates the location of
he substrate cleavage by active intracellular trypsin. (B) Acinus in
hich hardly any trypsin activity developed over the same time

nterval had been preincubated at 41°C rather than at 37°C for 30
in before exposure to caerulein. Bars indicate 10 mm and images

re representative for at least four separate experiments.
161
cinar cell signal transduction we performed a series of
xperiments in which we tested the effect of preincu-
ation at 41°C for 30 min on caerulein-evoked amylase
ecretion from isolated acini. These experiments indi-
ated that stimulus-secretion-coupling in pancreatic
cini remained unaffected by controlled hyperthermia
Fig. 4A) because amylase secretion was not impaired.
o further exclude that controlled hyperthermia had
amaged the acinar cells in a manner that precluded a
ubsequent activation of zymogens we measured the
eakage of lactate-dehydrogenase (LDH) from pancre-
tic acinar cells in suspension. Over the course of 1 h
he maximum LDH leakage of control acini amounted
o 7.5% of the total LDH content. Prior hyperthermia of
1°C for 30 min increased the subsequent LDH leakage
o a maximum of only 9.9% which indicates that the
yperthermia-induced acinar cell damage was mini-
al and did not account for the prevention of trypsino-

en activation (Fig. 4B).

FIG. 3. Time dependence and temperature dependence of the
ffect of in vitro hyperthermia on secretagogue-induced trypsinogen
ctivation in pancreatic acini. (A) Experiments isolated acini were
reincubated in 41°C buffer for various time intervals from 0 to 30
in before exposure to caerulein (10 nM). (B) Experiments acini
ere always preincubated for 30 min but the buffer temperature was

aised to different temperatures ranging form 37 to 45°C. Note that
he effect of hyperthermia on intracellular trypsinogen activation
epends on the time interval of preincubation as well as on the
emperature of the preincubation buffer. Data points represent cyto-
uorometrically determined intracellular trypsin activity (DF/Dt) 6
EM of triplicates, representative for five experiments.
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When active trypsin and inactive trypsinogen are
oth present in the same solution two competing pro-
esses are known to occur. One is the activation of the
ymogen trypsinogen by active trypsin and the other is
n autodegradation of either trypsinogen or trypsin by
ctive trypsin (17). In order to exclude that controlled
yperthermia of living pancreatic acini had either
hifted the balance from trypsin-induced trypsinogen
ctivation to trypsin-induced trypsin degradation or
hat it had led to a conformational change in the tryp-
in molecule which would have precluded trypsin ac-
ivity to develop we performed another series of exper-
ments. First, we incubated pancreatic acini in medium
f 41°C for 30 min and measured their trypsinogen
ontent as enterokinase-activatable trypsin activity in
cinar homogenates. The results of these experiments
ndicate that total cellular trypsinogen content re-

FIG. 4. Effect of in vitro hyperthermia on secretagogue-induced
mylase secretion and LDH-release from pancreatic acini. (A) Acini
ere prepared as described under Methods and, after 30 min preincu-
ation at either 37 or 41°C, exposed to a maximal concentration of
aerulein (0.1 nM) over 60 min. Control acini were not exposed to
aerulein. Amylase secretion into the medium in response to this stim-
lus was expressed as percentage of total amylase content of the acini.
B) Experiments acini were incubated for up to 60 min at temperatures
anging from 37 to 41°C and LDH leakage into the medium was ex-
ressed as percentage of total LDH content in acini. Data points in A
nd B are representative for three separate experiments.
162
hermia and that trypsinogen degradation had not oc-
urred (Fig. 5A). Moreover, when we homogenised
hole pancreas and incubated the homogenate in the
resence of enterokinase at various temperatures an
ncrease rather than a decrease in trypsin activity re-
ulted (Fig. 5B). This indicates that the catalytic activ-
ty of trypsin is resistant to temperature increases of
p to 41°C and that hyperthermia does not cause a
onformational alteration of the trypsin molecule that
ould interfere with substrate cleavage.
To exclude that hyperthermia would affect the ca-

acity of pancreatic zymogens to autoactivate we iso-
ated a secretory vesicles fraction from pancreatic acini
y Percoll density centrifugation. When this fraction
as lysed with Triton X-100 and left at various tem-
eratures for 60 min a spontaneous trypsin activity
eveloped at 41°C, but not at 37°C (Fig. 5C). This
bservation indicates, again, that neither the enzy-
atic activity of trypsin nor its capacity to autoactivate
ere negatively influenced by controlled hyperther-
ia. Taken together these experiments show conclu-

ively that, in vitro, a 4°C increase of the ambient
emperature increases rather than decreases trypsin
ctivity. The preventive effect of hyperthermia on pre-
ature and intracellular zymogen activation in living

ancreatic acinar cells can therefore not be accounted
or by a negative effect on either the acinar cell stim-
lus secretion coupling, nor on the cellular integrity of
cini, nor on the stability and expression levels of their
rotease zymogens.
Because it has previously been shown that hyper-

hermia can induce an upregulation of stress response
r chaperone proteins in various cell lines including
ancreatic cells (18) and because an upregulation of
eat shock proteins has previously been suggested to
e responsible for the protective effect of hyperthermia
n experimental pancreatitis (19) we inhibited protein
ynthesis in pancreatic acinar cells. The expression of
he constitutive form of HSP-70/72 was neither af-
ected by a temperature increase from 25°C (controls)
o 37 or 41°C, nor by exposure to supramaximal con-
entrations of caerulein (10 nM), nor by preincubation
ith the protein synthesis inhibitor cycloheximide

Fig. 6A). Inducible HSP-70, on the other hand, was
ound to increase slightly in acini whose temperature
as raised to 37°C and increased to a greater extend
hen the temperature was raised to 41°C. Additional
xposure to supramaximal caerulein concentrations
ead to an, at most, marginal increase of HSP-70 ex-
ression over the upregulation already obtained by
aising the temperature. Preincubation with 300 mM
ycloheximide completely prevented the expression of
nducible HSP-70 under all of the above conditions.
he same blockage of protein synthesis with cyclohex-

mide before and during the induction of hyperthermia
nd during subsequent supramaximal caerulein stim-
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lation had, however, no detectable effect on intracel-
ular trypsinogen activation (Fig. 6B). The result of
his experiment conclusively rules out that the synthe-
is or upregulation of hyperthermia-induced stress re-
ponse proteins is a critical factor in mediating the
rotective effect on intracellular zymogen activation in
he pancreas.

FIG. 6. Protein synthesis and the effect of in vitro hyperthermia
n secretagogue-induced trypsinogen activation in pancreatic acini.
o exclude that the de novo synthesis of heat shock or chaperone
roteins plays a role in the effect of hyperthermia on caerulein-
nduced intracellular trypsinogen activation, we performed experi-

ents as described under the Fig. 2 legend, but added the protein
ynthesis inhibitor cycloheximide (CHX 300 mM) during the 30 min
reincubation, as well as during exposure to 37 and 41°C or caerulein
CER). (A) Acini were homogenized in Ripa-buffer and, after SDS–
el-electrophoresis blotted with antibodies directed against constitu-
ive HSP-70/72 (top lane) or inducible HSP-70 (bottom lane). Note
hat preincubation with cycloheximide completely prevented the up-
egulation of inducible HSP-70, but had no effect on constitutive
SP-70/72 expression. Conversely, in the activation studies shown

n (B) the preincubation with cycloheximide had no effect on the
yperthermia-induced prevention of trypsinogen activation in living
cini which indicates that this event is independent of the synthesis
r upregulation of heat shock proteins. Data represent means 6
EM of triplicates, representative for three experiments.
FIG. 5. Effect of hyperthermia on trypsinogen activation and trypsin
ctivity in vitro. (A) Experiments acini were incubated for up to 60 min at
ither 37 or 41°C. Acini were then homogenised at different time intervals
nd their trypsinogen content determined as enterokinase activatable
rypsin activity. (B) Experiments rat pancreas was homogenised in 200
M TEA buffer at pH 7.5, centrifuged, brought to temperatures ranging

rom 37 to 41°C, and trypsinogen in the supernatant activated with en-
erokinase. Trypsin activity at the various temperatures was determined
ver 10 min as cleavage of the trypsin substrate Bz-L-Arg-4-NA (L-
APNA, 0.8 mM). (C) To determine the effect of hyperthermia on trypsino-
en autoactivation experiments rat pancreas was homogenised and a se-
retory vesicles-containing fraction was isolated by density gradient
entrifugation with Percoll. Vesicles were transferred to TEA buffer (pH
.5, no Ca21) and membranes were lysed with Triton X-100 (0.5%). At time
ntervals up to 60 min trypsinogen autoactivation was determined as
pontaneous trypsin activity in the solution (L-BAPNA 0.8 mM, Ca21 20
M). Note that under these conditions no autoactivation occurred in con-

rol samples (37°C, corrected for L-BAPNA alone). Data in A–C represent
eans 6 SEM of triplicates, representative for at least three separate

xperiments.
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The manner in which the exocrine pancreas re-
ponds to stress appears to have a profound effect on
he onset and course of acute pancreatitis. When, for
xample, a generally mild and oedematous variety of
xperimental pancreatitis is induced in rats by injec-
ion of a supramaximal concentration of the secreta-
ogue caerulein and the animal is simultaneously ex-
osed to exogenous stress by water immersion, the
esulting pancreatitis is much more severe than after
pplication of the secretagogue alone (20). When, alter-
atively, the animal is exposed to the same exogenous
tress before the induction of experimental pancreati-
is a marked protection against the disease onset has
een reported (9, 21, 22). From a variety of studies that
ave addressed this issue it can be concluded that the
anner in which the systemic stress is experimentally

pplied remains immaterial because water immersion
22), prolonged fasting (23), or controlled hyperthermia
9) have all resulted in a protection against pancreati-
is when induced prior to the disease onset. The reason
or this protective effect has remained unclear but a
umber of stress response proteins (also called heat
hock proteins) have been implicated in this context (9,
9, 22). These proteins have complex functions as chap-
rones for misfolded or malfunctioning proteins (24)
nd are known to be upregulated in response to hyper-
hermia or other exogenous types of stress to the cell.
n the exocrine pancreas the heat shock proteins (HSP)
7, 60, 70, 85, 90, and 100 have not only shown to be
xpressed, but also to be upregulated under a variety of
hysiological and pathological conditions (17, 19, 25,
6). It was therefore suggested that they may play a
ole in the protection against pancreatitis which can be
bserved after the induction of exogenous stress.
Recent studies have shown that the earliest intracel-

ular event that precedes pancreatic necrosis in the
ourse of pancreatitis and which determines whether
r not pancreatic damage develops is the premature
nd intracellular activation of digestive enzymes (4, 5,
). We have therefore investigated whether the protec-
ion against pancreatitis by hyperthermia affects this
nitial cell biological event or later steps in the disease
rocess. Using a model system in which we can image
nd quantitate the intracellular activation of protease
ymogens (8, 16), we found that both, in vitro and in
ivo hyperthermia directly inhibited the premature
nd intracellular activation of trypsinogen that is in-
uced by supramaximal caerulein stimulation of pan-
reatic acini. This effect could have been due to a
epletion in pancreatic trypsinogen content or to an
nterference with trypsin activity. In several control
xperiments we could rule out these possibilities and
ound that trypsin is, in fact, more active at tempera-
ures of up to 41°C. We could further exclude that
ontrolled hyperthermia interfered with acinar cell
164
cinar cells in a manner that would have precluded
ntracellular zymogen activation.

Surprisingly, the inhibition of protein synthesis in
ancreatic acini had no effect on the prevention of
rypsinogen activation by controlled hyperthermia. Al-
hough this observation excludes upregulation of heat
hock proteins as the underlying mechanism through
hich hyperthermia prevents trypsinogen activation it

an not completely rule out that one of these chaper-
nes is involved in the process. Rather than an upregu-
ation on the protein level, which our data excludes, a
onformational change or an event involving protein
hosphorylation (24, 27) in one of the heat shock pro-
eins could account for the effect of hyperthermia on
ntracellular trypsinogen activation. For HSP 27 a sim-
lar effect involving protein phosphorylation and affect-
ng the function of the acinar cell cytoskeleton has
lready been demonstrated (28).
We conclude that controlled hyperthermia, which

as previously been shown to protect the pancreas
gainst a subsequently induced variety of experimen-
al pancreatitis, has a direct effect on the intracellular
ctivation of trypsinogen within pancreatic acinar
ells. This stabilising effect appears to be completely
ndependent of the synthesis or upregulation of heat
hock proteins or of the stablility and catalytic activity
f trypsin. To what extend this effect can be employed
linically in patients who are at risk of developing
cute pancreatitis warrants further investigation.
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