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premature and intracellular activation of digestive zymogens is
thought to be responsible for the onset of pancreatitis. Because
trypsin has a critical role in initiating the activation cascade of
digestive enzymes in the gut, it has been assumed that trypsin
also initiates intracellular zymogen activation in the pancreas.
We have tested this hypothesis in isolated acini and lobules
from rat pancreas. Intracellular trypsinogen activation was
induced by supramaximal secretagogue stimulation and mea-
sured using either specific trypsin substrates or immunoreac-
tivity of the trypsinogen activation peptide (TAP). To prevent a
trypsin-induced trypsinogen activation, we used the cell-per-
meant, highly specific, and reversible inhibitor Na-(2-
naphthylsulfonyl)-3-amidinophenylalanine-carboxymeth-
ylpiperazide (S124), and to prevent cathepsin-induced
trypsinogen activation, we used the cysteine protease inhibitor
E-64d. Incubation of acini or lobules in the presence of S124
completely prevented the generation of trypsin activity in re-
sponse to supramaximal caerulein but had no effect whatsoever
on the generation of TAP. Conversely, when trypsin activity
was recovered at the end of the experiment by either washout of
S124 from acini or extensive dilution of lobule homogenates, it
was up to 400% higher than after caerulein alone and corre-
sponded, in molar terms, to the generation of TAP. Both trypsin
activity and TAP release were inhibited in parallel by E-64d.
We conclude that caerulein-induced trypsinogen activation in
the pancreas is caused by an E-64d-inhibitable mechanism such
as cathepsin-induced trypsinogen activation, and neither in-
volves nor requires intracellular trypsin activity. Specific tryp-
sin inhibition, on the other hand, prevents 80% of trypsin
inactivation or autodegradation in the pancreas.

autoactivation; cathepsin B; acute pancreatitis

ACUTE PANCREATITIS HAS LONG been thought to represent
an autodigestion of the pancreas by its own digestive

proteases (1). Recent evidence suggests that a prema-
ture activation of digestive proteases does indeed occur
within pancreatic acinar cells (6, 10, 13) and has been
closely associated with the proteolytic damage to the
organ (3, 23). What have remained controversial are
the triggering events that initiate the premature and
intrapancreatic activation of these proteolytic enzymes
that are physiologically synthetized, stored, and se-
creted from the pancreas as inactive precursor zymo-
gens.

In a series of elegant studies from the first half of the
last century, Kunitz and Northrop (11) have firmly
established that highly purified trypsin cannot only
activate other serine protease precursors, such as chy-
motrypsinogen, but can also convert itself from an
inactive (trypsinogen) to an active (trypsin) protease
(19). On the basis of these fundamental observations,
others have postulated an activation cascade in which
trypsinogen is initially activated by the brush border
protease enterokinase (enteropeptidase) in the gut and
then proceeds to activate all other digestive proteases
including itself (20). Whereas this protease cascade
with trypsin as the crucial trigger enzyme has been
shown to be operative in the small intestine, the con-
ditions within the pancreas are different in several
respects. Because enterokinase as an initial activator
of trypsinogen is absent in the pancreas, other mecha-
nisms must account for the conversion from trypsino-
gen to trypsin before a proteolytic cascade, which
would be analogous to the one in the gut, could be
expected to occur. Therefore, several hypotheses have
been proposed to explain trypsinogen activation within
the pancreas in the absence of enterokinase. The two
most prominent theories that have addressed this is-
sue appear to be mutually exclusive. The first predicts
that cathepsin B, a lysosomal enzyme that has been
found to colocalize with digestive zymogens in the
pancreas during early pancreatitis, accounts for the
initial activation of trypsinogen (25, 26, 29). We and
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others have already confirmed that a significant pro-
portion of intrapancreatic trypsinogen activation de-
pends on the presence of cathepsin B in the pancreas
(4, 24). The second hypothesis predicts that trypsino-
gen autoactivates (31) and, therefore, a trypsin-in-
duced trypsinogen activation represents the triggering
event for acute pancreatitis. In the study presented
here, we have tested the latter hypothesis.

With the use of a cell-permeant, highly specific, and
reversible trypsin inhibitor, we were able to completely
inhibit trypsin activity in isolated rat pancreatic acini
or lobules. Because of the reversibility of the inhibitor,
however, we were able to determine not only to what
extent trypsin had been activated, by measuring
trypsinogen activation peptide (TAP), but also how
much free intracellular trypsin activity had been gen-
erated by supramaximal secretagogue stimulation at
the end of the experiment. Our data indicate that the
conversion of trypsinogen to trypsin in response to
supramaximal caerulein remains completely unaf-
fected by the presence of a specific trypsin inhibitor
and thus by the presence or absence of free trypsin
activity within the acinar cells. Autoactivation of
trypsinogen is therefore not an initiating factor for the
intrapancreatic proteolytic cascade. Intracellular tryp-
sin, on the other hand, was responsible for the rapid
inactivation of ~80% of the prematurely generated free
trypsin activity in the pancreas.

MATERIALS AND METHODS

Chemicals and reagents. The reversible cell-permeant and
highly specific trypsin inhibitor Na-(2-naphthylsulfonyl)-3-
amidinophenylalanine-carboxymethylpiperazide (S124),
which belongs to the class of benzamidine-type serine pro-
tease inhibitors but has a much higher affinity to trypsin
than benzamidine, was kindly provided by Dr. P. Wikstrom
(Basel, Switzerland). The protease substrates (CBZ-Ile-Pro-
Arg)o-rhodamine 110, BOC-Gln-Ala-Arg-AMC, and Z-Arg-
Arg-AMC were purchased from Molecular Probes (Eugene,
OR) and Bachem (Heidelberg, Germany), respectively. Cae-
rulein was obtained from Pharmacia & Upjohn (Erlangen,
Germany). E-64d, bovine trypsin (T-8003; Sigma), cathepsin
B, and soybean trypsin inhibitor were obtained from Sigma
(Deisenhofen, Germany). The TAP enzyme immunoassay kit
was purchased from Biotrin International (Sinsheim-Reihen,
Germany). The protein assay was obtained from BioRad
(Munich, Germany)

Preparation and incubation of pancreatic acini and lob-
ules. For all experiments involving animals, the permissions
of the respective animal care and use committees were ob-
tained. Male Wistar rats (HsdCpb:WU; 150-180 g) were
purchased from Harlan-Winckelmann (Borchen, Germany),
kept in nalgene shoebox cages at a 12:12-h light-dark cycle,
and left for a minimum of 5 days to adjust to laboratory
conditions. Acini or lobules from rat pancreas were prepared
after an overnight fast of the animals with access to water ad
libitum. Acini were prepared by collagenase (Serva, Heidel-
berg, Germany), as previously reported (16, 32), and incu-
bated in a medium containing (in mM) 24.5 HEPES, 96 NaCl,
6 KCI, 1 MgCls, 2.5 NagHPOy4, 0.5 CaCls, 11.5 glucose, 5 Na
pyruvate, 5 Na glutamate, and 5 Na fumarate, with mini-
mum essential medium (1% vol/vol) and bovine serum albu-
min, fraction V (1% wt/vol), at pH 7.4.
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Lobules were prepared by needle dissection according to
Lerch et al. (15) in an ice-cold medium consisting of (in mM)
140 NacCl, 2.8 KCI, 1.3 CaCls, 0.6 MgCls, 0.8 NazHPO4, 10
glucose, 2 Na glutamine, and 10 mM HEPES with essential
amino acids (pH 7.4) gassed with oxygen. Incubations of
lobule preparations (10—12 mg protein/ml) were performed at
37°C. After the incubation, aliquots of the lobule incubations
were transferred into four volumes of iced medium contain-
ing 5 mM MOPS, 1 mM MgSO,4, and 250 mM sucrose at pH
6.5, homogenized using an Ultra-Turrax, sonicated, and cen-
trifuged for 5 min at 16,000 g. Sample preparation for TAP
assay was performed by supplementing the lobule homoge-
nate with 1 mM EDTA and Triton X-100 (0.1% vol/vol) and
boiling the solution for 10 min. Supernatants were stored
at —80°C.

Trypsin activity and TAP immunoreactivity measure-
ments. Trypsin activity was determined in supernatants of
lobule homogenates with the fluorogenic substrate BOC-GIn-
Ala-Arg-AMC (64 pM) at 37°C. AMC fluorescence was re-
corded at 360 nm (excitation)/450 nm (emission) wavelength
using a Perkin-Elmer LS50 B fluorometer. Trypsin activity
was calculated as soybean trypsin inhibitor (SBTI)-sensitive
fluorescence increase in relation to bovine trypsin as stan-
dard and expressed as picomoles of trypsin.

Trypsin activity in intact living acini was quantitated as
previously reported in detail (9). In brief, after an equilibra-
tion of 30 min, the cholecystokinin analog caerulein was
added at either supramaximal (10 nM) or maximal (0.1 nM)
concentrations for up to 60 min and at 37°C. Acini were then
washed and resuspended in medium without secretagogue
but in the presence of the cell-permeant synthetic trypsin
substrate (CBZ-Ile-Pro-Arg)s-rhodamine 110 (10 pM). To
quantitate substrate cleavage, acini, together with the sub-
strate, were transferred to 96-well microtiter plates and the
AF/At ratio was determined by cytofluorometry (Ex 485 nm,
Em 530 nm; CytoFluor 2350, Millipore, Bedford, MA) over 60
min. For localization experiments, a high-resolution digital
fluorescence imaging system (Nikon-Improvision, Coventry,
UK; Ex 485 nm, Em 530 nm) was used, and acini were viewed
continuously under the microscope in an optical incubation
chamber. TAP was determined in supernatants of boiled
lobule homogenates using an enzyme immunoassay kit from
Biotrin International (7). Protein content was determined
according to Bradford using the BioRad reagent.

Statistical analysis of data. Data are given as mean values
(=SD) for at least four separate experiments in each group.
Treatment and control values at the different time intervals
were tested for statistically significant differences by means
of Student’s ¢-test with Bonferroni correction for multiple
comparisons wherever appropriate. A P value of <0.05 was
considered to be statistically significant.

RESULTS

One of the difficulties in investigating the role of
trypsin in its own activation or degradation has been
the absence of appropriate research tools. Although
trypsin autoactivation as a triggering event for acute
pancreatitis appeared an attractive hypothesis, it
could not be tested. The available trypsin inhibitors
used in the in vitro studies of the past were either
nonspecific, would not readily cross the acinar cell
membrane, or inhibited the enzyme in a nonreversible
manner. Moreover, trypsin activity was the only avail-
able parameter to determine trypsinogen activation,
and inhibition of trypsin would therefore prevent any
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assessment of autoactivation. A number of recent de-
velopments has greatly aided the design of studies
addressing trypsinogen activation. The first is the gen-
eration of specific antibodies directed against the NHo-
terminal activation (penta)-peptide of trypsinogen
(TAP) and an according assay based on immunoreac-
tivity (7). The antibody detects neither trypsinogen nor
trypsin but only TAP after cleavage from trypsinogen.
The advantage of this approach is that trypsinogen
activation can be determined without the need to mea-
sure catalytic trypsin activity and even in the presence
of trypsin inhibitors. The second is the development of
cell-permeant and highly specific trypsin inhibitors
that block enzymatic activity completely but reversibly
in the nanomolar range.

Characterization of trypsin inhibition by S124. One
of these novel high-affinity inhibitors is S124, a benza-
midine type inhibitor that does not cross-react with
other pancreatic serine proteases (5, 27). When we
tested the sensitivity and specificity of S124 in purified
trypsin preparations in vitro, we found a concentra-
tion-dependent inhibition of the catalytic activity be-
ginning at 10 nM and complete inhibition at 1 pM (Fig.
1A). The in vitro activity of purified cathepsin B, on the
other hand, remained completely unaffected by the
presence or absence of S124 over the entire range of
concentrations.

Whereas this in vitro observation indicates a high
inhibitor specificity, it provided no evidence for mem-
brane permeability. To prove this, we used isolated
pancreatic acini and exposed them to supramaximal
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concentrations of the secretagogue caerulein (10 nM).
This resulted in intracellular cleavage of the trypsin-
specific substrate (CBZ-Ile-Pro-Arg)s-rhodamine 110
and a rapid increase in rhodamine 110 fluorescence in
living acini as previously reported (9, 10). Addition of
10 uM S124 either before or even 30 min after exposure
to supramaximal caerulein completely prevented the
increase in fluorescence and therefore blocked trypsin
activity in living acinar cells (Fig. 1B). To determine
the ideal concentration at which S124 inhibited trypsin
activity in isolated acini, we used a range of S124
concentrations in parallel experiments. Concentra-
tions of 10 pM or greater inhibited caerulein-induced
trypsin activity completely and even below control lev-
els (Fig. 1C). The latter indicates that even under
control conditions, a basal amount of free trypsin ac-
tivity, which amounts to between 10 and 20% of the
trypsin activity generated by supramaximal concentra-
tions of caerulein and to <0.1% of the total cellular
trypsinogen content (9, 10), is constantly as well as
physiologically generated in living pancreatic acinar
cells and can be inhibited with S124. These results
demonstrate further that S124 is readily cell-permeant
and specifically inhibits trypsin in vitro and in vivo.
Although enzyme kinetic data have shown a competi-
tive type of inhibition for S124 (27), the reversibility of
S124 action in intact cells had to be demonstrated.
Reversibility of trypsin inhibition by S124. To this
end, we stimulated isolated pancreatic acini for 30 min
with supramaximal concentrations of caerulein and
subsequently studied intracellular trypsin activity
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Fig. 1. Characterization of trypsin inhibition by Na-(2-naphthylsulfonyl)-3-amidinophenylalanine-carboxymeth-
ylpiperazide (S124). A: in vitro effects of different concentrations of S124 on the activity of purified trypsin (s) and
of purified cathepsin B (0) are shown as inhibitor titration curves that are representative of at least 3 experiments
with each enzyme. B: living pancreatic acini were incubated with supramaximal concentrations of caerulein (10
nM), and the generation of free intracellular trypsin activity was quantitated as cleavage of the cell-permeant
trypsin substrate (CBZ-Ile-Pro-Arg)z-rhodamine 110 by fluorometry. When, after 30 min, S124 (10 nM) was added
to the buffer, this resulted in an almost immediate arrest of the increasing fluorescence curve (®), whereas the
trypsin activity in caerulein-stimulated acini without S124 continued to rise (0). C: cumulative trypsin activity
generated in isolated acini in response to caerulein (10 nM) over 20 min is shown together with the effect of
different concentrations of S124 in the medium. The relative fluorescence (AF/At) of control acini (no caerulein or
S124) was taken as baseline. Note that S124 can somewhat decrease trypsin activity below the levels found in

controls. *Significant differences from respective control values.
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over 60 min by fluorometry of the living cell using the
cell-permeant substrate (CBZ-Ile-Pro-Arg)s-rhodamine
110. When S124 (20 pM) was present during caerulein
stimulation and during subsequent activity measure-
ments, no substrate cleavage could be detected, and
fluorescence levels corresponded to control acini (Fig.
2). Supramaximal caerulein alone led to a rapid in-
crease of fluoresence followed by a subsequent decline,
the latter indicating a loss of trypsin activity rather
than substrate depletion as previously shown (9).
When S124 was present during caerulein stimulation
only and not during the subsequent incubation for
cytofluorometry, an even greater fluorescence increase
than with caerulein alone was found, and no subse-
quent decline in fluorescence occurred over 60 min
(Fig. 2). This already indicates that S124 can rapidly
dissociate from trypsin and that a single wash of acini
before the transfer to cytofluorometry is sufficient to
recover trypsin activity. When we studied these events
by direct digital imaging of living acini, no activity was
detected at the start of the experiment in acini after
exposure to either caerulein alone (10 nM) or to caer-
ulein + S124 (10 pM, Fig. 3, A and D, respectively).
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Fig. 2. Effect of reversible trypsin inhibition in pancreatic acini.
Intact living acini were incubated for 30 min with supramaximal
caerulein concentrations and the trypsin inhibitor S124. They were
then transferred to 96-well plates for fluorometry of intracellular
cleavage of the trypsin substrate (CBZ-Ile-Pro-Arg)s-rhodamine 110
over 60 min. In control acini without prior caerulein incubation, only
small amounts of trypsin activity were generated, and these re-
mained constant over the entire experiment. The same result was
obtained when acini were stimulated with supramaximal caerulein,
but S124 was present during stimulation as well as during fluorom-
etry. Caerulein alone induced a rapid increase of fluorescence fol-
lowed by a continuous decline after 40 min. When caerulein stimu-
lation for 30 min was done in the presence of S124 but subsequent
fluorometry without S124, trypsin activity showed a more rapid and
higher increase than after caerulein alone and did not decline over 60
min. *Significant differences between the caerulein and the caer-
ulein + S124 washout group.
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Thirty minutes after caerulein stimulation alone, a
maximum of rhodamine 110 fluorescence had devel-
oped in the apical compartment of the acinar cells (Fig.
3B), whereas no fluorescence could be detected in acini
that had been exposed to caerulein + S124 simulta-
neously and in whose buffer S124 was still present
(Fig. 3E). When caerulein-stimulated acini were fol-
lowed for up to 120 min, fluorescence progressively and
completely disappeared (Fig. 3C). When the S124-con-
taining buffer was continuously replaced by S124-free
buffer (washout of S124), bright apical fluorescence
rapidly developed, was still detectable after 120 min of
incubation, and was more prominent than the fluores-
cence generated in response to caerulein alone (Fig.
3F). This indicates that trypsin inhibition by S124 is
completely reversible and that the trypsin activity that
is generated in response to supramaximal caerulein
stimulation can be recovered by washout of S124 from
living acinar cells. It also suggests that the actual
trypsin activity that is detected as cleavage of a fluo-
rescent trypsin substrate at any given point in time is
the result of two independent processes, the activation
of trypsinogen and the degradation of active trypsin,
and that S124 can affect both of these events.

Role of trypsin in trypsinogen activation. To study
the role of trypsin and cathepsin B in converting
trypsinogen to active trypsin in pancreatic acinar cells,
we used an isolated lobule assay because of the easier
comparison between trypsin activity measurements
and TAP generation data and because the preparation
of lobules does not involve proteolytic digestion of pan-
creatic tissue. In analogy to the experiments with
acini, pancreatic lobules were stimulated with supra-
maximal concentrations of caerulein for 60 min and
S124 (10 nM) was either present or absent during the
entire duration of the assay. TAP generation, as deter-
mined by immunoreactivity assay, was minimal in
control lobules and in lobules incubated with S124
alone (Fig. 4A). Surprisingly, the generation of TAP
that followed supramaximal caerulein stimulation was
completely unaffected by trypsin inhibition with S124.
This indicates that the conversion from trypsinogen to
trypsin and thus the intracellular activation of
trypsinogen is totally independent of the presence or
absence of available free trypsin activity in acinar cells.
It further proves that the mechanism responsible for
caerulein-induced trypsinogen activation is indepen-
dent of S124-inhibitable serine proteases and therefore
rules out an autoactivation of trypsin. When lobules
exposed to supramaximal caerulein concentrations for
up to 60 min were homogenized at different time points
during the experiment and the homogenates were di-
luted 103-fold to wash out S124, the substrate-specific
trypsin activity could readily be recovered and quanti-
tated. Lobules that had been supramaximally stimu-
lated in the presence of S124 were found to contain
400% of the trypsin activity that had been generated
after caerulein exposure alone (Fig. 4B). When the
extent of TAP generation and free trypsin activity were
compared and calculated in molar terms, it was found
that TAP immunoreactivity corresponded to trypsin
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Fig. 3. Digital imaging of trypsin activity in pancreatic acini. Acini were stimulated with supramaximal caerulein
(CER) concentrations as indicated in Fig. 2. Instead of fluorometry, they were continuously observed for up to 120
min under a high-resolution fluorescence microscope and digital phase contrast. Acini shown are representative of
4 or more samples per experiment. The acinus in A was exposed to supramaximal CER alone and photographed at
the start of the experiment (A) and after 30 (B) and 120 min (C). Note the bright fluorescence in the apical portion
of the acinus in B that had completely disappeared after 120 min (C). The acinus in D was stimulated with CER
(10 nM) in the presence of S124. By 30 min (E), no fluorescence was detectable. When the incubation buffer was
continuously replaced by medium without S124, a bright apical fluorescence rapidly developed and was still very

prominent after 120 min (F). Bar indicates 20 pm.

activity in the lobules that were incubated in the pres-
ence of S124. The trypsin activity detected in lobules
that were treated with caerulein alone amounted to
only ~20% of TAP. This indicates not only that trypsin
inhibition with S124 has no effect on trypsinogen acti-
vation but that it prevents the degradation of 80% of
the trypsin activity that is generated in response to
supramaximal caerulein stimulation. Trypsin activity
within acinar cells is therefore not involved in
trypsinogen activation or autoactivation but repre-
sents an extremely potent factor for the elimination of
free intracellular trypsin activity (Figs. 2—4).

Because we have previously shown that intracellular
trypsinogen activation is highly dependent on the pres-
ence of cathepsin B in the pancreas, we compared the
effect of trypsin inhibition with that of cysteine pro-
tease inhibition on the generation of trypsin activity in
pancreatic lobules. With the use of E-64d as a cell-
permeant cysteine protease inhibitor, which has been
shown not to interact with trypsin activity (24), to-
gether with S124 to inhibit trypsin activity and degra-
dation, we found that the cysteine protease inhibitor
significantly reduced the generation of free trypsin
activity and confirmed that S124 induced a dramatic
increase in intracellular trypsin activity (Fig. 5). In

experiments in which we measured the release of TAP
in response to supramaximal caerulein stimulation, we
found that, again, inhibition of cysteine proteases sig-
nificantly reduced TAP generation and trypsinogen
activation in parallel, whereas the inhibition of intra-
cellular trypsin activity with S124 had no effect on TAP
release (Fig. 6). These results must be regarded as
further evidence that cysteine proteases such as ca-
thepsin B play a critical role in the activation of
trypsinogen and that free trypsin activity is 1) largely
responsible for its own degradation and 2) is not in-
volved in trypsinogen activation.

DISCUSSION

In a series of elegant experiments that go back to the
beginning of the last century, it was firmly established
that trypsin, once activated by the brush-border en-
zyme enterokinase, can activate all other digestive
proteases of the exocrine pancreas, including its own
precursor zymogen trypsinogen (11, 19). Trypsin was
therefore regarded as the “key activator” of the proteo-
lytic cascade of pancreatic zymogens, and its prema-
ture and intracellular activation was thought to repre-
sent a critical factor for the development of acinar cell
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Fig. 4. Effect of S124 on trypsinogen activation peptide (TAP) generation and trypsin activity in pancreatic lobules.
Pancreatic lobules were prepared, stimulated with supramaximal CER concentrations (100 nM), and homogenized
as described in MATERIALS AND METHODS. After 60 min of incubation with CER and in either the presence or absence
of S124 (10 pM), TAP immunoreactivity was measured in the lobule homogenates (A). Supramaximal CER induced
a significant increase in TAP immunoreactivity regardless of whether or not trypsin activity was inhibited by S124.
To quantitate trypsin activity directly at different time intervals of incubation with CER and S124, the homoge-
nates were diluted 103-fold before activity measurements with the fluorogenic substrate (B). The intracellular
trypsin activity recovered when trypsin that had been inhibited with S124 during CER stimulation (») was 5 times
higher than after CER incubation alone (®). Activities shown are expressed as %maximal trypsin activity, which
corresponds to 5.38 * 0.52 pmol trypsin/mg protein at 60 min. Controls (CON) refer to incubations in the absence
of CER (v) and with S124 alone (0). Data represent means = SD of 4 or more experiments; *significant differences
between the CER group or the CER + S124 group and their respective controls in A and between the CER group
and the CER + S124 washout group in B. The small lag period of 10 min between the time courses of the latter

groups was a technical necessity to allow for immediate homogenization on ice.

injury (3, 23) and the onset of pancreatitis. This con-
clusion, however, was entirely based on experiments
using either pancreatic juice or pancreatic homoge-
nates or purified pancreatic enzyme preparations (21).
Our current concepts with which we try to explain the
premature and intrapancreatic activation of digestive
proteases, and hence pancreatic autodigestion during
pancreatitis, are therefore derived entirely from in
vitro observations and may not reflect the complex and
compartimentalized conditions within the pancreatic
acinar cell. Only recent developments in biotechnical
methods have allowed the intracellular events involved
in premature zymogen activation in living pancreatic
acinar cells to be addressed directly (14).

Support for a crucial role of trypsin in the onset of
pancreatitis came from genetic studies that have
linked the phenotype of hereditary pancreatitis to
point mutations in the cationic trypsinogen gene (31).
In view of the role of trypsin in activating all other
digestive proteases in the gut, it was proposed that
hereditary pancreatitis could be caused by either a
higher rate of trypsin autoactivation, an extended pe-
riod of intracellular trypsin activity, or a greater resis-
tance to degradation of the mutated trypsin (30). All of
these possibilities would require that trypsin is, in-
deed, the trigger of an activation cascade in the pan-
creas. Studies that have addressed the functional role
of disease-relevant trypsin mutations had to rely, as of
today, on in vitro experiments in which the activation

kinetics of recombinant mutant trypsin were compared
with the wild-type enzyme (22, 28).

By using a technique that allows for studying
trypsinogen activation in living pancreatic acini, and
thus under physiological intracellular in vivo condi-
tions, and by employing a novel, highly specific, and
cell-permeant inhibitor for trypsin, we were able to
completely block the intracellular trypsin activity that
is generated within pancreatic acinar cells in response
to supramaximal caerulein concentrations. In vivo ad-
ministration of supramaximal concentrations of the
cholecystokinin analog caerulein is known to result in
an experimental variety of acute pancreatitis (12, 17),
and in vitro exposure to supramaximal caerulein has
been shown to be associated with premature and intra-
cellular activation of digestive proteases (6, 9, 10, 13)
and subsequent proteolytic damage (3, 23). When we
inhibited trypsin activity in acinar cells, the rate at
which trypsinogen was converted to trypsin (as indi-
cated by the release of TAP) was found to be completely
unaffected. Moreover, when we recovered the trypsin
activity at the end of the experiment, which was pos-
sible because trypsin inhibition by S124 is a reversible
process, it was up to 400% higher than the activity
recovered after supramaximal caerulein stimulation
alone. When, on the other hand, we measured trypsino-
gen activation in response to caerulein in the presence
of the cysteine protease inhibitor E-64d, both trypsin
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Fig. 5. Effect of combined cysteine and serine protease inhibition on
trypsinogen activation. Pancreatic lobules were preincubated for 15
min with S124 (20 wM), with E-64d (2 mM), or with both inhibitors
and subsequently stimulated with supramaximal secretagogue while
the respective inhibitors remained in the medium for the remaining
30 min of the experiment. Trypsin activity was measured as before
after lobule homogenization and 103-fold dilution of the homogenate.
Note that only E-64d significantly inhibited trypsinogen activation
regardless of whether S124 was present or not. The mean trypsin
activities shown are representative for 6 experiments; *significant
differences.

activity and TAP release were found to be significantly
reduced.

These observations have a number of important im-
plications. 1) Whether or not trypsin activity is inhib-
ited within the pancreatic acinar cell is completely
immaterial for the rate at which the conversion from
the zymogen trypsinogen to the active protease trypsin
occurs. This effectively rules out that a trypsin-induced
trypsinogen activation or an autoactivation of trypsino-
gen plays any significant role as the triggering event
for premature protease activation within the pancreas.
Although the zymogen trypsinogen itself has some
autocatalytic property that is independent of a prior
cleavage of the activation peptide (8), this autocatalytic
potential is much too small to account for the trypsin
activity and TAP release that are generated in re-
sponse to supramaximal caerulein. 2) The premature
intracellular trypsin activity as well as the generation
of TAP are both highly dependent on the activity of
lysosomal cysteine proteases such as cathepsin B. This
observation is in line with earlier reports using either
lysosomal enzyme inhibitors (24) or knockout strains of
mice in which the cathepsin B gene was deleted (4).
Although our present experiments cannot exclude that
nonlysosomal cysteine proteases (such as calpain) or
lysosomal hydrolases other than cathepsin B (e.g., ca-
thepsin L, K, and H) account for some of the E-64d
effect reported here and elsewhere, our studies using
cathepsin B-deleted animals have firmly established
the role of this particular cysteine protease in trigger-
ing trypsinogen activation (4). 3) The predominant role
of prematurely activated trypsin appears to be the
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elimination of prematurely activated trypsin. Whereas
trypsin activity appears to play no role in triggering
intracellular trypsinogen activation, the trypsin-in-
duced inactivation of trypsin, most probably by means
of autodegradation, appears to be highly effective. Be-
cause TAP and recovered free trypsin activity were
found to be equimolar only in the presence of S124,
>80% of the trypsin activity that was generated within
1 h of supramaximal caerulein stimulation must have
been inactivated by an S124-sensitive protease. Al-
though we cannot completely rule out the possibility
that another, as yet unidentified, serine protease of the
exocrine pancreas is responsible for this rapid degra-
dation of activated trypsin, the high specificity and
affinity of S124 for trypsin makes this assumption
unlikely.

As far as human pancreatitis is concerned, the most
critical conclusion of our study, that trypsin is not
involved in trypsinogen activation but accounts for
80% of trypsin degradation, must be interpreted with
caution. Whereas this interpretation appears unequiv-
ocal as far as secretagogue-induced trypsinogen activa-
tion in the pancreas of rodents is concerned, it remains
unclear whether frequent human causes of pancreati-
tis such as alcohol or gallstones are associated with an
equivalent intracellular proteolytic cascade. The hu-
man pancreas, although also susceptible to secreta-
gogue-induced pancreatitis, may contain a different
composition of cysteine as well as serine proteases, and
human cationic trypsin is known to have a higher
capacity for autoactivation at a pH <6 than trypsin
from, e.g., the bovine pancreas (2). What remains un-
equivocal is the fact that trypsinogen activation, as
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Fig. 6. Effect of combined cysteine and serine protease inhibition on
TAP generation. Pancreatic lobules were preincubated for 15 min
with S124 (20 pnM), with E-64d (2 mM), or with both inhibitors and
subsequently stimulated with supramaximal concentrations of
secretagogue, whereas the respective inhibitors remained in the
medium for the remaining experiment. The generation of TAP was
measured in lobule homogenates as described under MATERIALS AND
METHODS. Note that E-64d significantly inhibited TAP generation,
whereas trypsin inhibition with S124 did not. The means are repre-
sentative for 6 experiments; *significant differences.
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determined by the release of TAP into the serum and
urine of affected patients, is a frequent characteristic of
clinical pancreatitis and occurs independent of the
etiology of pancreatitis, and its extent reflects disease
severity (18). Whether it represents a triggering event
or a protective defense mechanism in pancreatitis re-
mains to be shown.

For the pathophysiology of hereditary pancreatitis,
the results from our study suggest the possibility of a
previously unrecognized mechanism: that disease-
causing trypsinogen mutations change the enzyme’s
conformation in a manner that, although completely
immaterial to the events that lead to activation, could
interfere with the autodegradation of free intracellular
trypsin. If that were the case, any physiological or
pathological stimulus associated with premature intra-
cellular protease activation could result, analogous to
our experiments, in a 5- to 10-fold increase in uninhib-
ited free trypsin activity within acinar cells.
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