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Objective
To assess the effect of therapeutic inhibition of interleukin 1�-
converting enzyme (ICE) in an experimental model of severe
acute pancreatitis (SAP).

Summary Background Data
Several lines of evidence suggest that cytokines activated by
ICE play an instrumental role in the course of acute pancreati-
tis. Recent studies have shown that pharmacologic or genetic
blockade of ICE significantly ameliorates the overall severity of
and the death rate in SAP.

Methods
Severe acute pancreatitis was induced by infusion of 5% so-
dium taurocholate in Wistar rats. A new, highly selective, irre-
versible inhibitor of ICE was intraperitoneally applied at a dos-
age of 0.25 mg every 12 hours. Control animals in group 1
received treatment with saline; in group 2 rats, ICE inhibition
was started 6 hours after the onset of pancreatitis; and in
group 3 rats, ICE inhibition was started 12 hours after the on-
set of pancreatitis. After a 7-day observation period, surviving
rats were killed and blood, plasma, pancreas, lung, and liver
were used for subsequent analysis.

Results
Inhibition of ICE decreased the 7-day death rate from 87.5%
to 38.9% irrespective whether treatment was started 6 hours

or 12 hours after induction of SAP. Morphometric analysis
revealed a significant reduction of acinar cell necrosis in both
treated groups, whereas pancreatitis-associated pulmonary
and hepatic damage was uniformly low and not influenced by
ICE inhibition. Tissue myeloperoxidase concentrations were
dramatically decreased in the pancreas and the lung after ei-
ther regimen of ICE inhibitor treatment. In contrast to lung and
liver, marked upregulation of interleukin 1�, tumor necrosis
factor �, and ICE mRNA was observed in the pancreas, with
levels of interleukin 1� and tumor necrosis factor � being re-
duced in ICE-inhibited animals. Compared with nontreated
rats, plasma amylase levels were higher in both treatment
groups, whereas lipase and hematocrit showed no difference.
Changes of the differential white blood count including neu-
trophils, lymphocytes, and monocytes were attenuated in
both groups after ICE inhibitor treatment.

Conclusions
Pharmacologic inhibition of ICE significantly improves the
overall severity of and the death rate in SAP. A substantial
reduction of neutrophil-mediated tissue injury in pancreas and
lung seems to contribute to the beneficial effects of this ap-
proach. Moreover, ICE inhibition is still effective after a thera-
peutic window of 12 hours. Based on the current findings,
future studies on the clinical application of ICE-inhibiting sub-
stances in acute pancreatitis seem to be promising.

Acute pancreatitis is characterized by wide clinical vari-
ation, ranging from a mild, self-limiting form to a severe

disease complicated by sepsis and multiorgan system fail-
ure, with death rates of 10% and higher.1 Despite major
efforts in the search for improved therapy, no effective
pharmacologic approach is available for acute pancreatitis,
and treatment continues to be supportive.2

During the past decade, increasing evidence has sug-
gested that cytokines are of central importance in mediating
local and systemic complications in acute pancreatitis.3–6
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Based on the clinical observation that the severity of this
disease is reflected by an early, dramatic increase in proin-
flammatory cytokines, subsequent experimental studies us-
ing different approaches to block cytokine function substan-
tiated insights into their pathophysiologic implications.
Among the family of proinflammatory cytokines, tumor
necrosis factor � (TNF-�) and interleukin 1� (IL-1�) are
currently believed to be the most powerful ones, with potent
properties to enhance local tissue destruction, produce dis-
tant organ complications, and increase the overall death rate
of acute pancreatitis.7–11 Inhibition of TNF-� and IL-1� has
proved to be effective if given even after induction of
symptoms in the experimental setting;12–14 however, clini-
cal trials of anti-TNF-� or anti-IL-1� therapy have so far
failed to achieve similar beneficial results.15,16

Caspase 1, also termed interleukin 1�-converting enzyme
(ICE), was the first described member of the still-growing
family of cysteine proteases called caspases.17,18 One of the
major functions of ICE is the proteolytic cleavage of the
31-kd IL-1� precursor into its biologically active 17.5-kd
form. Besides IL-1�, interleukin 18 (IL-18), a recently
described proinflammatory cytokine with striking structural
and functional similarities to IL-1�, is cleaved into its active
form by caspase 1 as well.19 Although little is known about
the role of IL-18 in acute pancreatitis, first clinical obser-
vations suggest that IL-18 might be another cytokine with
potent properties to promote local tissue destruction and
remote organ failure in the course of this disease.20

Based on several experimental studies, activation of
caspase 1/ICE has been recognized as an important step in
the pathophysiology of various inflammatory disorders. Ir-
respective of the specific disease, inhibiting the function of
this enzyme has been shown to uniformly decrease overall
severity and the death rate.21–23 In acute pancreatitis, both
pretreatment of rats with a selective, irreversible inhibitor of
ICE24,25 and the use of mice deficient in the ICE gene24

revealed a dramatic improvement in intrapancreatic necrosis
and a reduction of the overall death rate in two different
models of severe acute pancreatitis (SAP). However, no
study has ever assessed the therapeutic effects of this ap-
proach with inactivation of ICE after the onset of symptoms,
thus reflecting the clinical situation. In the present study, we
aimed to investigate this issue in an experimental model of
SAP by administering a new, highly selective inhibitor of
ICE at two time intervals after disease onset.

MATERIALS AND METHODS

Experimental Procedures

Animal experiments were performed in accordance with
the national guidelines for the use and care of laboratory
animals and approved by the local animal care and use
committee. Sixty-eight male Wistar rats (300 � 9 g) were
acclimated for at least 1 week before use on a 12:12 hour
light/dark cycle with free access to standard rodent chow

and water. Anesthesia was performed with sevoflurane in-
halation (Sevorane, Abbott, Wiesbaden, Germany) after rats
had received 0.015 mg/kg buprenorphine subcutaneously
(Temgesic, Grünethal, Aachen, Germany) and were placed
in a supine position.

Severe acute pancreatitis was induced by a standardized,
pressure-controlled retrograde infusion of 0.1 mL/100 g
body weight of a freshly prepared 5% sodium taurocholate
solution (Sigma-Aldrich Chemie, Steinheim, Germany) into
the biliopancreatic duct, as previously described.26

After induction of acute pancreatitis, rats were randomly
assigned to intraperitoneal treatment with either isotonic
saline or a highly specific, cell-permeable, competitive, and
irreversible inhibitor of ICE.23

In the nontreated pancreatitis group (SAP-S group, n �
32), 6 hours after induction of acute pancreatitis rats re-
ceived the first intraperitoneal injection of 1 mL isotonic
saline. This was repeated after 12 hours and continued at
12-hour intervals until surviving rats were killed at the end
of the observation period.

In the ICE inhibitor-treated pancreatitis group (SAP-
ICE-I 6 hours group, n � 18), 6 hours after induction of
pancreatitis rats were first given 0.25 mg Ac-Tyr-Val-Ala-
Asp-2,6-dimethylbenzoyloxymethylketone (Bachem Bio-
chemica, Heidelberg, Germany) dissolved in 1 mL sterile
phosphate-buffered saline (pH 7.4) intraperitoneally. As in
nontreated animals, this was repeated at 12 hours and there-
after continued at 12-hour intervals until the end of the
experiment at 7 days.

In the ICE inhibitor-treated pancreatitis group (SAP-
ICE-I 12 hours group, n � 18), 6 hours after induction of
acute pancreatitis rats were intraperitoneally injected with 1
mL isotonic saline. At the 12-hour interval, rats received the
first intraperitoneal injection of 0.25 mg ICE inhibitor,
which was then continued every 12 hours until the end of
the observation period.

After an observation period of 7 days after induction of
pancreatitis, surviving rats were exsanguinated under anes-
thesia by aortic puncture and intraperitoneal ascites was
quantified. Total blood count and differential white blood
count was determined in whole blood and plasma was
analyzed for amylase and lipase concentrations. Pancreas,
lungs, and liver were rapidly excised and processed for light
microscopy or were snap-frozen and stored at �80°C for
subsequent extraction of total RNA as well as analysis of
myeloperoxidase (MPO) levels. Expression of TNF-�, IL-
1�, and ICE mRNA was assessed by reverse transcriptase–
polymerase chain reaction (RT-PCR). Healthy animals
without any previous manipulations were used to provide
baseline values of the respective parameters.

Light Microscopy

Representative tissue samples of the pancreas and the
liver were fixed in 4% phosphate-buffered formalin for 24
hours and embedded in paraffin. Both lungs were excised en
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bloc and inflated with 4% phosphate-buffered formalin at a
pressure never exceeding 30 mm Hg before 24 hours of
formalin fixation. Two-micrometer-thick sections were
stained with hematoxylin and eosin for morphologic/mor-
phometric analysis and were graded in a blinded fashion by
two independent investigators.

Morphometric Assessment of
Pancreatic Damage

Pancreatic damage in terms of necrosis was defined as
previously decribed.25,26 Signs of ductal transformation in
exocrine pancreatic tissue were defined as pancreatic acini
with an enlarged luminal diameter and a decreased number/
absence of apical zymogen granules. At 100� magnifica-
tion a minimum of 1,000 random acini per histologic sec-
tion were counted. The extent of acinar cell necrosis and
pancreatic tissue undergoing ductal transformation was re-
lated to the total area of pancreatic parenchyma assessed
and is given as a percentage.

Morphologic Assessment of Pulmonary
and Hepatic Damage

Pulmonary and hepatic damage was assessed as recently
reported.27 At 250� magnification at least 10 random high-
power fields per histologic section were evaluated. Archi-
tectural damage and inflammatory cell infiltrate were graded
from 0 to 3 (0 normal, 3 severe).

Plasma/Blood Measurements

Alpha-amylase and lipase activities were determined in
heparinized plasma by a standard clinical method for auto-
mated analysis (DADE Behring, Liederbach, Germany).
Total blood count and differential white blood count were
determined in EDTA whole blood with a rat-specific setup
on a CELLDyn counter (Abbott, Santa Clara, CA) used for
routine clinical analysis.

Myeloperoxidase was measured according to a method
described by Bradley et al.28 Tissue concentrations were
related to the protein content of the pancreatic samples. The
protein concentration was determined by the method of
Lowry et al.29

Semiquantitative Reverse Transcriptase–
Polymerase Chain Reaction

Total RNA was extracted from the pancreas, lung, and
liver using the single-step method of Chomczynski and
Sacchi.30 For detection of IL-1�, TNF-�, and ICE by RT-
PCR, 5 �g total RNA was digested with 20 U DNAse I
(Boehringer Mannheim, Mannheim, Germany) to eliminate
genomic DNA contamination. Thereafter, 2.5 �g digested
total RNA underwent reverse transcription into cDNA in a
total volume of 20 �L in 50 mmol/L Tris-HCl (pH 8.3), 75

mmol/L KCl, 4 mmol/L MgCl2, 10 mmol/L of each dNTP,
10 mmol/L DL-dithiothreitol, 40 U human placental RNAse
inhibitor, oligo(dT) primers, and 200 U SUPERSCRIPT II
reverse transcriptase (Gibco BRL Life Technologies, Gaith-
ersburg, MD) at 42°C for 50 minutes. Two microliters of the
reaction mixture was further subjected to PCR. Amplifica-
tion of IL-1� (453 bp), TNF-� (465 bp), and ICE (295 bp)
was carried out with rat-specific primer pairs (Biosource,
Camarillo, CA) at a concentration of 20 pmol each in a total
volume of 20 �L containing 20 mmol/L Tris-HCl (pH 8.4),
50 mmol/L KCl, 10 mmol/L of each dNTP, 1.5 mmol/L
MgCl2, and 1 U Taq DNA polymerase (Gibco BRL Life
Technologies) for 35 cycles according to the manufacturer’s
conditions. To show the absence of genomic DNA, control
experiments were performed by amplification of 2.5 �g
digested total RNA without RT under the same conditions.
Beta-actin (289 bp) was used as an internal standard in each
experiment to confirm equal loading of the gel. Polymerase
chain reaction products were electrophoresed on 1.5% aga-
rose gels containing 0.1 �g/mL ethidium bromide and pho-
tographed under UV transillumination.

Statistical Analysis

All values are presented as mean � standard error of the
mean (SEM). Variables were tested for group differences
with the Wilcoxon rank-sum test and percentages were
compared by the Fisher exact test. In all instances, P � .05
at � � 0.05 were considered significant. Statistical calcu-
lations were done with the MedCalc (MedCalc Software,
Mariakerke, Belgium) software package.31

RESULTS

Ascites Formation and Death

No significant ascites formation was found in the surviv-
ing rats of any group at the 7-day interval. Most of the
animals in the SAP-S group died in the first 3 days after
induction of pancreatitis: at the 7-day interval, 28 of 32 rats
had died, for a death rate of 87.5%. In contrast, ICE inhi-
bition led to a significant reduction of the death rate, with
only 7 deaths in 18 rats (38.9%), irrespective whether treat-
ment was started 6 hours or 12 hours after disease onset (P
� .001). Autopsy of the rats that died during the experiment
revealed extended intra- and extrapancreatic necrosis, pan-
creatic hemorrhage, and moderate to massive hemorrhagic
ascites in animals who died within 48 hours after induction
of pancreatitis. At later time intervals, the upper abdomen
had changed to an inflammatory mass harboring multiple
abscess formations, which caused severe intestinal obstruc-
tion in some cases. In the lungs, exudative congestion was
observed, whereas the liver and kidneys appeared grossly
normal.
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Plasma Amylase and Lipase

Compared with baseline values, all rats with pancreatitis
showed increased lipase levels (P � .02), whereas amylase
concentrations were found to be decreased (P � .02) in the
SAP-S group (Table 1). In contrast to nontreated rats, amy-
lase concentrations were significantly higher in both groups
treated with the ICE inhibitor.

Hematocrit and Differential White Blood
Count

Systemic hematocrit was not different from baseline lev-
els, nor did differ between nontreated and any of the treated
groups (Table 2).

Acute pancreatitis was associated with significant
changes in the differential white blood count: an increased
percentage of neutrophils (P � .01) and monocytes (P �
.01) was paralleled by a decreased number of systemic
lymphocytes (P � .01). Treatment with the ICE inhibitor
led to a dramatic amelioration of the changes affecting all
leukocyte subsets (P � .05 to .01), with similar results in
both groups.

Histology

Light microscopy revealed an almost complete destruc-
tion of the pancreatic parenchyma by extended necrosis in
rats of the SAP-S group; it was significantly reduced in both
treated groups (P � .05 to .01). The extent of pancreatic
parenchyma showing morphologic features of ductal trans-
formation was not affected by ICE inhibition (Fig. 1).

In terms of pulmonary damage, no significant morpho-
logic changes were found between healthy controls and
either treated or nontreated animals with pancreatitis (Fig.
2). Except for single, small abscess formations in both
treated and nontreated rats, no morphologic abnormalities
were found in the liver.

Pancreatic, Pulmonary, and Hepatic
Tissue Myeloperoxidase

In nontreated rats of the SAP-S group, MPO concentra-
tions indicated excessive neutrophil infiltration in the pan-

Table 1. AMYLASE AND LIPASE LEVELS

SAP-S
SAP-ICE-I 6

hours
SAP-ICE-I
12 hours

Amylase (U/L)
Baseline 862 � 20*
7 days 427 � 37* 750 � 114† 965 � 152‡

Lipase (U/L)
Baseline 39 � 6*
7 days 154 � 33* 224 � 64 248 � 76

Data are given as mean � SEM.
SAP-S, saline group; SAP-ICE-I, group treated with interleukin-1�-converting
enzyme inhibitor.
* SAP-S vs. baseline, P � .02 (amylase and lipase).
† SAP-S vs. SAP-ICE-I 6 hours, P � .05 (amylase); P � NS (lipase).
‡ SAP-S vs. SAP-ICE-I 12 hours, P � .01 (amylase); P � NS (lipase).

Table 2. HEMATOCRIT AND
DIFFERENTIAL WHITE BLOOD COUNT

SAP-S
SAP-ICE-I 6

hours
SAP-ICE-I 12

hours

Hematocrit (%)
Baseline 40 � 0.7
7 days 36 � 3.9 39 � 0.3 39 � 0.4

Neutrophils (%)
Baseline 11 � 1.6*
7 days 57 � 6.0* 36 � 1.2† 32 � 4.4‡

Lymphocytes (%)
Baseline 81 � 1.8*
7 days 19 � 4.5* 50 � 1.3† 53 � 5.7‡

Monocytes (%)
Baseline 4.6 � 0.8*
7 days 19.0 � 1.7* 7.1 � 0.3† 7.9 � 1.5‡

Data are given as mean � SEM.
SAP-S, saline group; SAP-ICE-I, group treated with interleukin-1�-converting
enzyme inhibitor.
* SAP-S vs. baseline, P � .01 (neutrophils, lymphocytes, monocytes).
† SAP-S vs. SAP-ICE-I 6 hours, P � .05 (neutrophils); P � .01 (lymphocytes,

monocytes).
‡ SAP-S vs. SAP-ICE-I 12 hours, P � .02 (neutrophils, monocytes); P � .01

(lymphocytes).

Figure 1. Morphometric assessment of the extent of acinar cell ne-
crosis (% of total pancreatic parenchyma), pancreatic parenchyma un-
dergoing ductal transformation (% of total pancreatic parenchyma), and
remaining healthy pancreatic tissue in rats given saline (SAP-S) and
interleukin-1�-converting enzyme inhibitor (SAP-ICE-I) (mean � SEM).
Healthy controls (HC) showed no morphologic changes. The extent of
necrosis was significantly reduced in both treated groups (SAP-S vs.
SAP-ICE-I 6 hours, P � .05; SAP-S vs. SAP-ICE-I 12 hours, P � .01),
along with a significantly higher percentage of remaining viable pancre-
atic parenchyma in both treated groups (SAP-S vs. SAP-ICE-I 6 hours
and SAP-ICE-I 12 hours, P � .02). Ductal transformation was not al-
tered by ICE inhibition.
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creas and lungs. The highest levels of more than 2,000 U/g
protein were found in the pancreas, followed by the lungs,
with concentrations of approximately 800 U/g protein.
Along with the absence of relevant morphologic changes,
MPO levels remained within normal ranges in the liver (Fig.
3). Inhibition of ICE led to a dramatic decrease of neutrophil
tissue infiltration in the pancreas (P � .01) and the lungs (P
� .05 to .01), as shown by significantly lower MPO con-
centrations in both groups.

IL-1�, TNF-�, and ICE mRNA Expression

Semiquantitative RT-PCR revealed constitutive expres-
sion of ICE and weak expression of IL-1� mRNA in the

pancreas of healthy animals, whereas TNF-� mRNA could
not be detected (Fig. 4). In both lung and liver, marked
constitutive expression of IL-1� and ICE but not of TNF-�
mRNA was found. In nontreated rats with pancreatitis, a
dramatic upregulation of IL-1� and ICE and to a lesser
extent of TNF-� mRNA was evident in the pancreas. In
contrast, IL-1� and ICE mRNA levels were only minimally
increased in lung and liver, whereas TNF-� mRNA concen-
trations showed a clear elevation in both organs.

Compared with the SAP-S group, rats receiving either
regimen of ICE inhibition showed intrapancreatic down-
regulation of IL-1� and TNF-� mRNA levels, whereas ICE
mRNA concentrations remained unchanged. In lung and
liver, ICE mRNA expression was not affected in any group
treated with the ICE inhibitor, IL-1� mRNA was minimally
reduced, and TNF-� mRNA was uniformly downregulated.

DISCUSSION

Although alternative pathways have recently been de-
scribed,32,33 caspase 1/ICE belongs to the family of cysteine
proteases that generates the majority of the mature 17-kd
unit of the biologically inactive IL-1� precursor.17,18 The
importance of this enzyme in the regulation of the IL-1�
pathway was initially studied in vitro using monocytes from
mice with a homozygous deletion of the ICE gene,34 known
to be a major source of IL-1� production. Beyond an almost
complete absence of cellular export of mature IL-1�, a
significant reduction of TNF-�, and IL-6 was observed,
underscoring the importance of IL-1� in the cytokine cas-
cade in general.

Only a few studies have investigated the effects of ICE
inhibition in acute pancreatitis, but they uniformly showed
a substantial improvement in overall severity and the death
rate.24,25 We previously showed in a model of lesser sever-
ity using retrograde intraductal infusion of 4% sodium tau-
rocholate that prophylactic inhibition of ICE25 resulted in a
dramatic reduction of the extent of intrapancreatic necrosis
between 3 hours and 3 days after induction of pancreatitis
(Table 3). This was accompanied by significantly decreased
pancreatic neutrophil tissue infiltration as well as downregu-
lated IL-1� and TNF-� expression on both mRNA and
protein levels. In addition, systemic IL-1� and TNF-� re-
lease, reflecting overall disease severity, was significantly
attenuated in treated animals (Table 4).

However, in all reports a prophylactic study design was
used: either the inhibitor was given before induction of
pancreatitis, or transgenic, ICE-deficient mice were used. It
therefore remained unknown whether this regimen would
prove effective if applied after the onset of symptoms.
Because in the clinical setting patients are usually admitted
to the hospital and treated beyond 48 hours after the onset of
symptoms, any new potential therapeutic approach must be
tested under conditions that meet these demands. To address
this issue we used a severe, rapid-onset model of acute
pancreatitis by retrograde infusion of 5% sodium tauro-

Figure 2. Morphologic scoring of pulmonary damage in rats given
saline (SAP-S) and interleukin-1�-converting enzyme inhibitor (SAP-
ICE-I) (mean � SEM). In healthy controls (HC), moderate structural
damage and inflammation were present that were not different from
both treated and nontreated rats with pancreatitis.

Figure 3. Tissue myeloperoxidase (MPO) concentrations in rats given
saline (SAP-S) and interleukin-1�-converting enzyme inhibitor (SAP-
ICE-I) (mean � SEM). Treatment with the ICE inhibitor significantly re-
duced MPO levels as an indirect marker of neutrophil tissue infiltration in
pancreas (SAP-S vs. SAP-ICE-I 6 hours, P � .05; SAP-S vs. SAP-ICE-I
12 hours, P � .01) and lung (SAP-S vs. SAP-ICE-I 6 hours, P � .05;
SAP-S vs. SAP-ICE-I 12 hours, P � .01), whereas MPO concentrations
remained within normal limits in the liver in all groups.

72 Paszkowski and Others Ann. Surg. ● January 2002



Figure 4. (A) Intrapancreatic, (B) intrapulmonary, and (C) intrahepatic mRNA expression of interleukin-1�
(IL-1�), tumor necrosis factor-alpha (TNF-�), and interleukin-1�-converting enzyme (ICE) in nontreated rats
(SAP-S) and rats treated with the ICE inhibitor (SAP-ICE-I) during taurocholate-induced severe acute
pancreatitis. �-actin was used as internal standard. HC, healthy controls.
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cholate into the biliopancreatic duct. Thereafter, a cell-
permeable and highly selective inhibitor of ICE23,25 was
administered up to 12 hours after induction of pancreatitis,
a time point at which intrapancreatic damage has already
peaked and systemic complications develop.

Our results confirm that ICE activation is detrimental
with regard to the progression of intrapancreatic damage as
well as the overall severity and death rate of severe acute
pancreatitis. Even if treatment is started during full progres-
sion of the disease, death rates are significantly decreased.
In terms of organ-specific damage, marked intrapancreatic
necrosis developed in both treated and nontreated animals,
but the overall extent of necrosis was significantly inhibited
irrespective whether treatment was started 6 or 12 hours
after disease onset. In contrast, pulmonary and hepatic cell

damage was less expressed, and there were no significant
differences between treated and nontreated animals. In
terms of MPO concentrations as well as IL-1�, TNF-�, and
ICE mRNA upregulation, similar observations were made:
the changes of any single parameter were most expressed in
the pancreas, followed by the lung, whereas no overt
changes were found in the liver. In addition, almost every
systemic biochemical parameter was significantly amelio-
rated in rats that received treatment with the inhibitor either
6 or 12 hours after induction of pancreatitis.

The prophylactic intraperitoneal administration of irre-
versible, highly specific inhibitors of ICE in lethal models of
acute pancreatitis has been investigated in two studies so
far.24,25 The effects observed were similar to those obtained
by the use of transgenic mice deficient in the gene and show
the efficacy of the inhibitor in antagonizing ICE in vivo.
Both prophylactic and delayed anticytokine therapy is
known to differentially affect severity and survival in acute
pancreatitis. Whereas TNF-� antagonism was even more
effective if started in a delayed fashion, with symptoms of
pancreatitis already being manifest,12 IL-1 antagonism was
slightly less effective in reducing pancreatitis-related sever-
ity and death rate under the same conditions.13,14 This
suggests that TNF-� seems to be of greater importance than
IL-1� in promoting local tissue destruction and persisting
organ failure, both of which are known as major determi-
nants of survival in clinical acute pancreatitis.35,36 The fact
that prophylactic and therapeutic inhibition of ICE did not
differ in terms of local and systemic effects as well as death
rate implies that additional mechanisms must be involved.
Beyond generating major amounts of active IL-1�, ICE is
also known to process the inactive precursor of IL-18 into
its bioactive form.19 In a recent study, IL-18 antagonism
was highly effective in protecting mice against gram-nega-
tive endotoxemia.37 In instances of acute pancreatitis, we
recently showed that serum IL-18 concentrations were sig-
nificantly increased in patients with a severe course com-
plicated by the development of pancreatic necrosis and
remote organ failure.20 By comparing the serum concentra-
tions of both IL-1�5 and IL-18 in the same patient series, an
interesting observation becomes evident: IL-1� was signif-
icantly increased only during the first days after onset of
symptoms. In contrast, IL-18 peaked after the first week of
the disease, which closely paralleled the onset of severe
organ failure. The effectiveness of delayed ICE treatment
could therefore be a result of inhibited generation of mature
IL-18 rather than IL-1�. In addition, it is well established
that IL-1�, IL-18, and TNF-� share a close interrelationship
by inducing the synthesis of each other.3,4 Because TNF-�
mRNA expression was uniformly downregulated in all an-
imals receiving treatment, a decrease in TNF-�-mediated
severity may have additionally contributed in this context.

From a pathophysiologic standpoint, our results support
the theory that the inflamed gland acts as a pacemaker for
the subsequent development of remote organ failure. Al-
though the presence of necrosis is substantial in the overall

Table 3. PERCENTAGE OF
INTRAPANCREATIC NECROSIS

Extent of Necrosis (%) SAP-S SAP-ICE-I P Value

3 hours 52 � 5 25 � 4 �.01
6 hours 61 � 2 36 � 3 �.01
24 hours 67 � 3 25 � 6 �.01
3 days 61 � 2 34 � 5 �.01
7 days 57 � 9 37 � 7 NS

Data are given as mean � SEM.
SAP-S, saline group; SAP-ICE-I, group treated with interleukin-1�-converting
enzyme inhibitor.

Table 4. LEVELS OF TUMOR NECROSIS
FACTOR ALPHA (TNF-�) AND

INTERLEUKIN-1� (IL-1�)

SAP-S SAP-ICE-I P Value

TNF-� (pg/mL)
Healthy controls 11.8 � 0.4 11.8 � 0.4
3 hours 14.3 � 0.7 8.1 � 0.5 �.001
6 hours 14.2 � 0.6 9.2 � 0.6 �.001
24 hours 12.8 � 0.7 10.4 � 0.3 �.02
3 days 22.5 � 5.1 9.9 � 1.0 �.001
7 days 9.9 � 1.4 11.0 � 2.0 NS

IL-1� (pg/mL)
Healthy controls 92 � 25 92 � 25
3 hours 104 � 7 102 � 9 NS
6 hours 125 � 16 89 � 7 NS
24 hours 108 � 7 94 � 9 NS
3 days 358 � 56 120 � 22 �.001
7 days 193 � 62 92 � 7 NS

Data are given as mean � SEM.
SAP-S, saline group; SAP-ICE-I, group treated with interleukin-1�-converting
enzyme inhibitor.
Significant differences between SAP-S vs. healthy controls; TNF-�, P � .01 (3
hours, 6 hours); IL-1�, P � .01 (3 hours).
Significant differences between SAP-ICE-I vs. healthy controls: TNF-�, P � .001
(3 hours), P � .02 (6 hours, 24 hours); IL-1�, P � NS.
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severity determination,35 infiltrating inflammatory cells
seem to be of even greater importance in promoting further
tissue destruction and are known to be the major source of
continuous release of cytokines38,39 and other toxic
agents.26,40,41 This is evident if the organ-specific changes
are compared. Cellular damage and neutrophil tissue infil-
tration, as well as cytokine and ICE mRNA levels, were
most expressed in the pancreas, whereas liver and even
lungs revealed only moderate or no changes of any param-
eter assessed. Besides a dramatic reduction of pancreatic
necrosis, neutrophil tissue infiltration was significantly re-
duced in both pancreas and lungs after ICE inhibition. Thus,
an important source for the release of deleterious mediators
was suppressed, with subsequent significant benefits on
systemic severity and survival. However, the bile reflux
model of acute pancreatitis has been reported to be associ-
ated with only moderate pulmonary damage in some re-
ports.40 Because experimental studies in CDE diet or cer-
ulein-induced acute pancreatitis in mice27 are in contrast to
the present observations, model- or species-dependent in-
fluences must be taken into account.

In summary, activation of caspase 1/ICE plays a central
role in the determination of local and systemic severity and
survival in SAP. As a consequence of downregulated local
ICE-dependent cytokine synthesis, a substantial decrease of
neutrophil-mediated tissue injury in pancreas and lung
seems to contribute to the beneficial effects of this approach.
Moreover, ICE inhibition is still effective after a therapeutic
window of 12 hours. Based on the current findings, future
studies on the clinical application of ICE-inhibiting sub-
stances in SAP seem to be promising.
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