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Preface

In September 2007, several experts in the field of pancreatic pathophysiology, supported
by the NATO Science Committee, met in Tashkent, Uzbekistan, to present their most recent
data and discuss basic, genetic, clinical, and surgical aspects of pancreatic diseases.

In basic research, the implication of pancreatic stress proteins in acute pancreatitis and
pancreatic cancer and their possible role as therapeutic targets were reported. Also, very
original results showing the unexpected role of lipids as mediators that worsen acute pan-
creatitis were described. Gene screening strategies allowing detection of the genes respon-
sible for gemcitabine resistance of pancreatic cancer cells were presented. They led to the
selection of several target genes to suppress the resistance of cells to gemcitabine treat-
ment. The mechanism by which tetrahydrocannabinol is antitumoral in pancreatic cancer
cells was presented and the use of tetrahydrocannabinol as a promising new therapeu-
tic agent was discussed. Genetic data were shown concerning hundreds of families with
hereditary chronic pancreatitis and the possible role of genetic factors in the pathogenesis
of the disease was analyzed. Another very original study addressed the prevention and
treatment of pancreatic diseases with diet. In clinical research, convincing data on the
use of endoscopic sphincterotomy in the management of acute biliary pancreatitis were
presented. Finally, the most recent consensus on indications for surgery in acute necrotiz-
ing pancreatitis was presented, based on the experience of a center highly specialized in
pancreatic diseases.

Marseille, France Dr. Juan Iovanna
Tashkent, Uzbekistan Dr. Uktam Ismailov
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Heat Shock Proteins in Pancreatic Diseases

A.K. Saluja and V. Dudeja

Heat Shock Proteins

Heat shock proteins (HSPs) are cytoprotective molecules that help maintain the metabolic
and structural integrity of cells. HSP synthesis is an evolutionarily conserved protective
mechanism that ensures the survival of cells under stressful conditions. Although the HSPs
were originally identified and named on the basis of their induction by elevated tempera-
ture, recent studies have shown that HSPs are expressed in response to an array of stresses,
including oxygen-derived free radicals, amino acid analogs, ethanol, and heavy metals
[1-7]. HSPs are also induced by a variety of physiological and pathological states, such as
tissue injury and repair, aging, inflammation, and infection. Further, it has been demon-
strated that HSPs protect against nonthermal injury-inducing stimuli [8]. Besides their role
in protecting cells against injury, HSPs have many essential functions in physiological
states, such as protein folding, transport, translocation, degradation, and assembly [9].

HSPs are subclassified into various families according to their molecular mass in
kilodaltons. In mammals, the major families of HSPs are HSP90, HSP70, HSP60, HSP40,
and the small HSPs. Four members of 70-kD family have been identified, mitochondrial
HSP70, BiP, HSP70 (the only inducible form of this family), and HSC70 (constitutive
form) in mammals [3, 5, 7]. This review will focus mainly on the role of HSP70 in pan-
creatitis and pancreatic cancer.

HSPs, Beneficial or Harmful in Pancreatic Disease: A Matter of Perspective

Recent studies from our laboratory have clearly demonstrated the role of HSPs in pancre-
atic diseases. HSP70 especially plays a role in the pathogenesis of both pancreatitis and
pancreatic cancer. In summary, our studies have shown that HSP70 protects against injury

A.K. Saluja (D<)

Department of Surgery, University of Minnesota, MMC 195, 420 Delaware St SE, Minneapolis,
MN 55455, USA
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and cell death in pancreatitis: injury and cell death is central to the pathogenesis of this
disease, and HSP70 is beneficial and protects against and reduces the severity of pancrea-
titis. In contrast to pancreatitis, the pathogenesis of pancreatic cancer involves dysregu-
lated proliferation and decreased cell death. Similar to our findings in pancreatitis, our
studies suggest that HSP70 prevents cell death in pancreatic cancer cells. Thus, in pancre-
atic cancer, where therapies are aimed towards inducing cell death in cancer cells, HSP70
expression is deleterious but at the same time gives HSP70 inhibition the opportunity to
emerge as a novel therapeutic strategy.

HSPs in Pancreatitis

Many animal models of pancreatitis have been evolved to recapitulate and study human
diseases. The caerulein model of pancreatitis, in which pancreatitis is induced in either rats
or mice by repeated injection of caerulein, is the most commonly used model of animal
pancreatitis. Though the pancreatitis observed in this model is of mild-moderate severity,
this model is the most widely used and has contributed significantly to our current under-
standing of the pathogenesis of pancreatitis. This model closely mimics findings in the
human disease, including a rise in serum amylase levels, pancreatic edema (quantitatively
measured by pancreatic water content), acinar cell necrosis, and neutrophilic infiltration of
the pancreas (quantitated by measuring levels of the neutrophilic enzyme myeloperoxidase
in the pancreas). Also, activated trypsinogen, which has been considered to be the hallmark
of pancreatitis, is also observed in this model. Trypsinogen is activated to yield active trypsin
and trypsinogen activation peptide (TAP). Other models in vogue include the arginine model
and the taurocholate model.

We became interested in the role of HSPs in pancreatic diseases when we observed that
HSP60 protects against pancreatitis in rats [10]. Water immersion stress induces a robust
HSP60 synthesis response in rats, and we observed that inducing HSP60 by water immer-
sion prior to inducing caerulein pancreatitis decreases all the markers of pancreatic acinar
injury, viz., pancreatic edema, serum amylase levels, and pancreatic necrosis [10]. Further,
HSP60 not only protected acinar cells against injury, it also reduced trypsin activation,
which is the fundamental early event in the initiation of pancreatitis, as observed by reduced
trypsin activity and TAP levels in the pancreas.

To ascertain whether this protective effect of HSPs in pancreatitis is limited to HSP60
or whether it is current with other HSPs also, we evaluated the effect of HSP70 induction
in pancreatitis. In contrast to HSP60, HSP70 is induced by thermal stress as well as by
sodium arsenite. We observed that, similar to the protective effect of HSP60, HSP70 pro-
tects against pancreatic acinar injury and pancreatitis. Thus, thermal-stress-induced HSP70
markedly reduces serum amylase levels as well as other markers of pancreatic severity,
such as pancreatic edema, pancreatic necrosis, and neutrophilic infiltration [11]. In fact, as
observed with HSP60, HSP70 also protects against fundamental early intra-acinar events,
viz., trypsin activation, which suggests that the protective effect observed is specific to
pancreatitis [ 11]. Although these findings strongly suggest that HSP70 reduces the severity
of pancreatitis and prevents intra-acinar trypsinogen activation, the fact that the thermal
stress used to induce HSP70 expression may have other non-HSP70-related effects begs
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additional measures to unequivocally prove that it is in fact HSP70 which mediates the
protective effect of thermal stress. This has been answered by us by use of multiple
approaches. Firstly, the effect of HSP70 induction on the severity of pancreatitis was eval-
uated by using sodium arsenite to induce HSP70 [12]. Similar to the protective effect of
thermal stress induced by HSP70, HSP70 induction by sodium arsenite protects against
both early and late events in pancreatitis. Thus, sodium arsenite prevented the activation of
trypsin and the formation of TAP, serum amylase elevation, pancreatic edema, acinar cell
necrosis, and the neutrophilic infiltration of the pancreas [12].

The specific role of HSP70 was further confirmed by use of state-of-the-art antisense
technology and use of knockout mice. Antisense HSP70 but not sense HSP70 specifically
reduces the thermal-stress-induced HSP70 expression but will not prevent other nonspecific
effects of heat. Thus, if the protective effects of thermal stress against pancreatitis are due to
HSP70, the protective effect should be obviated by antisense HSP70. We observed that in
fact antisense HSP70 prevented the induction of HSP70 by thermal stress and restored the
ability of supramaximal caerulein stimulation to activate intrapancreatic trypsinogen even in
thermally stressed animals, and negated the protective effect of prior thermal stress against
acinar cell injury in pancreatitis [13] (Fig. 1). Also, in the negative control sense HSP70
(which does not reduce HSP70 expression in response to thermal stress) did not change the
protective effect of thermal stress (Fig. 1).

As discussed, HSP70 is induced by a multitude of cellular stresses, including inflamma-
tion. Since pancreatitis in itself is a source of stress and animals with experimental pancrea-
titis overexpress HSP70 in pancreas, this increased HSP70 expression appears to protect

Heat+ Heat + HSP70 Heat + HSP70

caerulein anti-sense sense +
caerulein caerulein

Fig. 1 Heat shock protein 70 (HSP70) reduces the severity of pancreatitis. Rats in which HSP70
had been induced by thermal stress prior to caerulein administration demonstrate minimal pancre-
atic necrosis as compared with the caerulein-only group. Administration of antisense HSP70 and
not sense HSP70 reverses the protection offered by thermal stress
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acinar cells from further injury, since pretreatment with antisense HSP70, which prevents
induction of HSP70 in response to pancreatitis, exacerbates all the parameters associated
with pancreatitis [ 13], again reiterating the role of HSP70 in protection against pancreatitis-
induced acinar cell injury.

The protective role of HSP70 in pancreatitis was further proven by using heat shock fac-
tor 1 (HSF-1) knockout and transgenic mice overexpressing HSP70. HSF-1 is the transcrip-
tion factor for HSP70 and is activated in response to thermal and other stresses; it leads to
increased HSP70 synthesis. HSF-1 knockout mice are unable to express HSP70 in response
to stress. This offers another avenue for examining the specificity of HSP70 in thermal-
stress-induced protection against pancreatitis. We observed that since HSF-1 knockout mice
lack the ability to synthesize HSP70 in response to stress of pancreatitis, they develop a
more severe pancreatitis in response to caerulein administration as compared with wild-type
mice. Similarly, transgenic mice overexpressing HSP70 are protected against cellular injury
during pancreatitis. These experiments collectively demonstrate the protective effect of
HSP70 against pancreatitis.

How Does HSP70 Protect Against Pancreatitis?

The mechanism by which HSP70 protects against pancreatitis is unclear. However, the studies
in our laboratory have identified some key steps in the pathogenesis of pancreatitis which may
be influenced by HSPs. A rise in intracellular calcium is an elementary intra-acinar event in
the pathogenesis of pancreatitis that has been clearly demonstrated in the acinar cells in the
caerulein model of pancreatitis. Remarkably, studies in our laboratory have demonstrated that
HSP60 reduces caerulein-induced intra-acinar calcium elevations, thus attenuating both the
peak levels as well as sustained levels of calcium. Whether this interaction with calcium is
specific to HSP60 or occurs with other HSPs too is of great significance given the role of
elevated calcium in many disease processes, including pancreatitis and cancer.

Lysosomal colocalization with secretory zymogen compartments has been observed
early on in pancreatic acini and has been proposed as the mechanism of intra-acinar trypsin
activation. Briefly, supramaximal pancreatitis-causing doses of caerulein redistribute lyso-
somal enzymes and lead to the colocalization of lysosomes and zymogen granules. This
brings the trypsinogen from zymogens and cathepsin B from the lysosomes into contact,
and cathepsin B helps activate trypsinogen. We have observed that thermal-stress-induced
HSP70 prevents colocalization and could be one of the mechanisms by which HSP70
prevents intra-acinar trypsin activation and acinar cell injury, and ultimately reduces the
overall severity of pancreatitis.

Simply put, the pathogenesis of cancer involves dysregulated apoptosis and inhibiting
cell death mechanisms. The fact that HSP70 protects against cellular injury and cell death
encouraged us to evaluate the role of HSP70 in pancreatic cancer, a deadly cancer with a
poor prognosis. Our hypothesis was that pancreatic cancer cells overexpress HSP70, which
prevents cell death and response to conventional therapy. To begin with, we analyzed the
HSP70 protein expression in various pancreatic cancer cell lines and compared it with that
of normal pancreatic ductal cells, the cells from which pancreatic carcinoma is believed to
originate. Excitingly, HSP70 is markedly overexpressed in pancreatic cancer cells as com-
pared with normal ductal cells (Fig. 2a) [14]. Similarly HSP70 messenger RNA levels are



Heat Shock Proteins in Pancreatic Diseases 5

markedly high in pancreatic cancer cells as compared with normal ductal cells [14]. To
place this finding in the right clinical perspective, we compared the levels of HSP70
expression in human pancreatic cancer specimens with those in normal pancreatic tissue
margins of the same subject. Corroborating the data from in vitro experiments, we found
the HSP70 levels in pancreatic cancer tissue were markedly high compared with those in
normal margins, thus suggesting that HSP70 could play a role in the resistance to apoptosis
demonstrated by pancreatic cancer cells. These facts point towards the possible role of
HSP70 in the pathogenesis of pancreatic cancer as well as its relevance to human disease.

We next ascertained whether or not the inhibition of HSP70 expression can be used as a
therapeutic strategy against pancreatic cancer. If HSP70 protects pancreatic cancer cells
against cell death, inhibiting HSP70 should either lead to their death or should make them
more susceptible to cell death. We used two different but complementary strategies to inhibit
HSP70 expression: one pharmacological and the other state-of-the-art small interfering RNA
(siRNA) technology.

Two pharmacologic inhibitors of HSP70 expression are known: quercetin and triptolide.
As discussed previously, HSF-1 is the transcription factor for HSP70. Quercetin is a natu-
rally occurring flavonoid which inhibits heat shock response by interacting with the HSP70
transcription pathway at the level of HSF-1 [15]. Dihydroquercetin is an inactive analog of
quercetin. We observed that quercetin but not dihydroquercetin inhibits HSP70 expression
in pancreatic cancer cells in a dose-dependent manner. Remarkably, in accordance with
HSP70’s protective role against cell death, inhibiting HSP70 expression by quercetin leads
to pancreatic cancer cell death. Dihydroquercetin neither decreases HSP70 expression nor
does it kill pancreatic cancer cells. Remarkably, normal pancreatic ductal cells are not
killed by either quercetin or dihydroquercetin. We believe that this is due to the fact that
normal pancreatic ductal cells express only a minimal amount of HSP70 and that the
expression of HSP70 is not reduced by quercetin. We believe that anti-HSP70 therapy will
specifically target the cancer cells and will not influence normal cells. Since HSP70 is an
inducible protein which is expressed only in the presence of stress, normal cells of the body
express very little of it and thus are immune to the anti-HSP70 therapy, thereby targeting
HSP70 to cancer cells.

Since cancer cells dying in response to HSP70 inhibited by quercetin demonstrate
markers of apoptotic cell death such as annexin V positivity and TUNEL positivity, it sug-
gests that inhibiting HSP70 activates apoptotic cell death instead of necrotic cell death
[14]. Also, this apoptotic cell death is caspase-dependent, as is apparent from the fact that
caspases are activated on the inhibition of HSP70 in pancreatic cancer cells. Quercetin has
other effects besides inhibiting HSP70 expression, for example, antioxidant effects. To
prove that the effect of quercetin on pancreatic cancer cell viability is in fact due to its
effect on HSP70 expression and not due to its effect on other targets, we used HSP70
siRNA to specifically evaluate the phenotypical effect of inhibiting HSP70 on pancreatic
cancer cells. The specific inhibition of HSP70 by HSP70 siRNA also induced apoptotic
cell death with caspase activation in pancreatic cancer cells. Together these findings sug-
gest that although quercetin may have effects independent of the effect on HSP70 expres-
sion, its primary effect is in fact due to the inhibition of HSP70 expression [14].

We further evaluated the efficacy of quercetin at decreasing pancreatic tumor growth in
animal studies. In in vivo studies also, quercetin was found to reduce the growth of subcuta-
neous pancreatic tumors and to effectively reduce HSP70 protein levels in tumors as com-
pared with the control group, which points to the efficacy of anti-HSP70 therapy. However,
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nonspecific toxicity and a necessarily high dosage (50 mg/kg per day) precludes the use of
quercetin in a clinical setting. Recently, a new compound, triptolide, has been identified as
an inhibitor of heat shock response [ 16]. Triptolide is a diterpene triepoxide from the Chinese
plant Tripterygium wilfordi and has been used as a natural medicine in China for hundreds
of years, particularly in the treatment of autoimmune and inflammatory diseases, including
rheumatoid arthritis. We examined whether or not triptolide could inhibit HSP70 expression
in pancreatic cancer cells. Remarkably, triptolide inhibits HSP70 messenger RNA and pro-
tein expression in pancreatic cancer cells in a dose-dependent manner at nanomolar doses
[17]. Also, it is able to initiate a massive apoptotic cell death response by virtue of its effect
on HSP70 expression. Treating pancreatic cancer cells with triptolide activates caspase 3/9,
which then activates the apoptotic cascade as confirmed by the positivity of cells for the
apoptotic markers annexin V and TUNEL [17]. Triptolide markedly reduced the growth of
pancreatic tumor in an orthotopic model of pancreatic cancer. In this model, treatment with
triptolide for 60 days at a small dosage of 0.2 mg/kg per day drastically reduced tumor
growth in the treatment group as compared with the control group (treated with vehicle
alone) (Fig. 2b, c), so much so that no tumor was observed in two mice in the treatment
group at gross or microscopic examination [17]. Not only did triptolide reduce the tumor
growth, it also reduced the locoregional spread of the pancreatic tumor. Seven out of eight
animals in the control group had spread of tumor to multiple other organs, whereas only one
animal in the triptolide treatment group had locoregional spread, and that only to one organ
[17]. Also, animals treated with triptolide had no signs of toxicity. In these experiments,
triptolide showed great potential as a novel therapeutic strategy against pancreatic cancer.
Triptolide is soluble in organic solvents such as dimethyl sulfoxide and efforts are under way
to make analogs of triptolide with better water solubility and better oral bioavailability.

Sy

> HSP70 has a dual role in pancreatic disease. It has a protective role in pancreatitis
but has a deleterious role in pancreatic cancer.

> HSP70 protects against cellular injury and acinar necrosis in pancreatitis, which
leads to reduced severity of pancreatitis.

> HSP70 is overexpressed in pancreatic cancer. This overexpression is responsible
for the cancer’s resistance to cell death.

> Inhibiting HSP70 expression leads to apoptotic cell death in pancreatic cancer
cells and is a promising therapeutic strategy against pancreatic cancer.

<
<

Fig.2 Inhibition of HSP70 as a potential therapeutic strategy for pancreatic cancer. a Cell lines
derived from pancreatic cancer (Capan-1, BXPC3, Panc-1, MiaPaCa-2) overexpress HSP70 as com-
pared with normal pancreatic ductal cells. Actin was used as a loading control. b Triptolide reduces
the growth of tumor in an orthotopic model of pancreatic cancer as compared with a no-treatment
group. ¢ Representative tumor specimens from triptolide and control groups demonstrating that the
tumors in the control animals were remarkably bigger than those in the triptolide group
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Cellular Stress in Acute Pancreatitis

J.L. Iovanna

Introduction

Acute pancreatitis is the most frequent disease of the pancreas. The spectrum of acute pan-
creatitis can range from mild edematous to severe necrotizing [ 1]. One of the most interesting
hypotheses for the pathogenesis of the disease is that autodigestion of the gland occurs when
hydrolytic enzymes (e.g., trypsinogen, chymotrypsinogen, proelastase, and prophospholipase
A) are unduly activated within the pancreas rather than into the intestinal lumen [2, 3].
Activated enzymes, especially trypsin, not only digest pancreatic and peripancreatic tissues
but can also activate other zymogens, such as proelastase and prophospholipase A. The active
enzymes then digest cellular membranes and lead to edema, interstitial hemorrhage, vascular
damage, coagulation necrosis, fat necrosis, and parenchymal cell necrosis.

Living organisms respond at the cellular level to stress or pathological aggression by
altering the normal pattern of protein synthesis [4-8]. That change is characterized by a
dramatic induction of stress proteins with concomitant inhibition of the normal array of
cellular proteins. Stress proteins are not novel components of the stressed cells since most
of them are expressed to some level in cells grown under normal conditions [9, 10]. Because
most attacks of acute pancreatitis are mild and self-limiting, it is possible that the pancreatic
cells respond with a rapid adaptation of their phenotype, which eventually stops the pro-
gression of pancreatitis. However, in 10-20% of cases, a severe disease with multiple local
and systemic complications develops [11]. In these cases, we can speculate that the pancre-
atic defense mechanisms fail to protect the gland and therefore the organism. Studies in
animals and humans, performed during the acute phase of pancreatitis, demonstrated that
the content and secretion of pancreatic enzymes, which are potentially harmful, were gener-
ally reduced, as part of a defense mechanism. Conversely, other genes were strongly acti-
vated during the acute phase of the disease [12, 13]. Therefore, like the liver [14] and other
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organs [6, 7], the pancreas exposed to acute stress seems to trigger a stringent emergency
program that helps the gland fight the aggression and, consequently, protects the organism
from the deleterious effects of pancreatitis.

The aim of our research is to characterize at the molecular level the pancreatic emer-
gency program set up in response to pancreatitis. We developed a strategy in which the
phenotype of the pancreas with acute pancreatitis was established by characterization of a
large number of its transcripts. Such a complementary DNA (cDNA) collection represents
areservoir from which transcripts involved in the emergency response can be identified on
the basis of their expression patterns. In this report, we describe a novel membrane protein,
named “vacuole membrane protein 1” (VMP1), that is strongly and rapidly induced in pan-
creas during acute pancreatitis.

Cloning the Rat YMP1 Messenger RNA

A cDNA library of 4.1 x 10° clones was constructed from the polyadenylated RNA fraction
purified from a rat pancreas with acute pancreatitis. From this cDNA library, 1,536 ran-
domly selected clones were partially sequenced and the resulting sequences were com-
pared with the GenBank database. Among these clones, 256 could not be related to any
sequence in the database. Expression of these messenger RNAs (mRNAs) during acute
pancreatitis was systematically analyzed by northern blot. Expression analysis of clone
10F5 showed an interesting pattern. This mRNA is strongly and rapidly activated after the
induction of experimental acute pancreatitis. The VMP1 mRNA codes for a protein of 406
amino acids, with a theoretical p/ of 6.28. The predicted molecular mass is 45,901 Da.
Analysis of the deduced VMP1 primary structure revealed the presence of six transmem-
brane helices which are typical of a transmembrane protein.

VMP1 mRNA Expression During the Course of Acute Pancreatitis

Pancreatic RNA was obtained from rats at different times after induction by caerulein of
experimental acute pancreatitis. Northern blot analysis with the VMP1 cDNA probe revealed
a very low level of expression at time zero. Significant induction was observed after 30 min.
It was maximal after 1 h and remained activated during the whole study (18 h). Also, high
levels of VMP1 mRNA were expressed during taurocholate-induced pancreatitis. In situ
hybridization was performed to identify which cell type expressed the VMP1 transcript in
pancreas. Pancreatic tissues from control and caerulein-treated rats were hybridized with
the digoxigenin-labeled antisense VMP1 RNA. A strong labeling was observed in the
acinar cells. By contrast, VMP1 remained undetectable in the islets of Langerhans, ducts,
inflammatory infiltrate, and stromal tissue in pancreas. Pancreas from control rats showed
no signal.
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Induction of VMP1 mRNA Expression in Stressed Kidney

To see whether VMP1 induction was specific to the injured pancreas, we monitored its
expression in the postischemic kidney. In our experimental model, the left kidney of the rats
was subjected to 30-min ischemia, the right kidney being used as control, and expression of
VMP1 mRNA was studied 16 h later. VMP1 mRNA expression is induced by ischemic
treatment. VMP1 mRNA expression was low in the right (control) kidney, but strong in the
left (ischemic) kidney. Pancreas of the same animals showed no VMP1 mRNA induction.

VMP1 Expression Induced Vacuole Formation

The intracellular localization of VMP1 was assessed by transfecting Cos7 cells with a vec-
tor allowing expression of an enhanced green fluorescent protein (EGFP)-tagged VMP1
protein and direct monitoring of EGFP fluorescence. Figure 1 shows that VMP1 is located
in the Golgi apparatus and the endoplasmic reticulum area, and that its expression induces
formation of vacuoles and this is why we named the protein “vacuole membrane protein
1” (VMP1). The same fusion plasmid was transfected into other cell lines with similar
results. The forced expression of VMP1 induces vacuole formation in mammalian cells
and its endogenous expression correlates with vacuole formation in pathological pancre-
atic tissue [15]. Therefore, we thought that VMP1 could be involved in the autophagic
process and we tested the hypothesis that VMP1 expression triggers the formation of
autophagosomes in mammalian cells.

Fig.1 Forced expression of the vacuole membrane protein 1 (VMP1)—enhanced green fluorescent
protein (EGFP) fusion protein in Cos7 cells. Cos7 cells were transfected with the plasmid pEGFP—
VMP1 using FuGENE reagent. VMP1 expression was evidenced by direct green fluorescence of the
VMP1-EGFP fusion protein. Fluorescence microscopy images show that VMP1-EGFP expression
induced cytoplasmic vacuole formation
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What Is Autophagy ?

Autophagy is an evolutionarily preserved degradation process of cytoplasmic cellular con-
stituents, which serves as a survival mechanism in starving cells [16—18]. This catabolic
process is involved in the turnover of long-lived proteins and other cellular macromol-
ecules, and might play a protective role in development, aging, cell death, and defense
against intracellular pathogens [19-22]. Autophagy is also associated with nonapoptotic
type II cell death, also called “autophagic degeneration” [17, 23-25]. Recently, autophagy
was described to be required for apoptotic cell clearance during embryonic development
[26]. By mostly morphological studies, autophagy has been linked to a variety of patho-
logical processes. Early reports of autophagy in human disease include the ultrastructural
autophagic features described in pancreas from human pancreatitis [27]. Furthermore,
autophagy has been linked to neurodegenerative diseases and tumorigenesis, which high-
lights its biological and medical importance [19, 28, 29].

Autophagy is characterized by sequestration of bulk cytoplasm and organelles in double-
membrane vesicles called “autophagosomes,” which eventually acquire lysosomal-like fea-
tures. During autophagy, an isolation membrane (herein referred to as “autophagosomal
membrane”) forms as a preautophagosomal structure, invaginates as a cup-shaped structure,
and sequesters cytoplasmic constituents, including mitochondria, endoplasmic reticulum,
and ribosomes. The edges of the membrane fuse to form a double-membrane or multimem-
brane structure, known as the “autophagosome,” or “autophagic vacuole.” The outer mem-
brane of the autophagosome fuses with the lysosome to deliver the inner membranous
vesicle to the lumen, thus forming the autolysosome. The final degradation step takes place
within these structures, where lysosomal hydrolases digest the luminal content of the
autophagic vacuole to turn it into recyclable breakdown products [30, 31].

Autophagy is inhibited by a serine threonine protein kinase originally recognized as a target
of rapamycin and therefore named “TOR” [16, 32], which is inhibited under starvation-
induced autophagy. The progression of the autophagy is sensitive to the phosphatidylinosi-
tol 3-kinase (PI3K) inhibitors such as 3-methyladenine (3-MA), with the target being the
class III PI3K [33]. Most of the detailed molecular mechanistic work on autophagy has
been carried out in the yeast Saccharomyces cerevisiae as a cellular response for survival
during nutrient-limited conditions [34]. Autophagosome formation is mediated by a set of
evolutionarily conserved autophagy-related proteins (Atg proteins) [32]. One of the best-
defined Atg proteins is microtubule-associated protein 1 light chain 3 (LC3). LC3, the mam-
malian homolog of yeast Atg8, undergoes complex C-terminal proteolytic and lipid
modifications, upon which it translocates from the cytosol to the autophagosomal mem-
brane [35-37]. The recruitment and proper localization of critical Atg complexes to the
autophagosomal membrane is mediated by a lipid kinase complex formed by VPS34 and
autophagy-specific subunits such as Atg6, which is eventually followed by the translocation
of Atg8/LC3 to the autophagosomal membrane [38]. In mammalian cells, the initial step of
autophagic process is controlled by Beclin 1 [39], the mammalian ortholog of the yeast
Atgb6. Beclin 1 is a Bcl-2 interacting protein [18, 40, 41] that promotes autophagosome
formation when it functions as part of a complex with hVsp34, the class III PI3K [42].
Subcellular distribution to a membrane structure and generation of phosphatidylinositol
3-phosphate by the Beclin 1—class IIT PI3K complex is thought to be important in mediating
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the localization of other autophagy proteins to autophagosomal membranes. However,
despite the advances in understanding autophagy, autophagosome formation in mammalian
cells is a complex process and neither the molecular mechanism leading to its formation nor
all the implicated genes have been fully elucidated [43, 44].

VMP1 Is an Autophagy-Involved Protein

To find out if VMP1 triggers autophagy, we transfected HeLa cells with the expression
plasmid pcDNA4-VMP1, which codes for the VMP1-V5 fusion protein. Cells were
cultured in nutrient-replete conditions and fixed in glutaraldehyde 24 h later so we could
perform transmission electronic microscopy. We observed that cells expressing VMP1
showed multiple autophagic features. We found cup-shaped structures, double-mem-
brane structures containing cytoplasmic material (autophagosome-like structure), as
well as single-membrane structures containing cytoplasmic constituents at different
stages of degradation (autolysosome-like structure) [45, 46]. Autophagy features did
not differ from those obtained in rapamycin, a well-known inductor of authophagy,
treated cells. The same morphological features were obtained when 293T or AR42J
pancreatic acinar cells were transfected with the VMP1 expression plasmid. During
autophagy, the precursor LC3 is cleaved by the proteolytic enzyme atg4 (LC3-I) and
then undergoes C-terminal lipid modifications (LC3-II), and translocates from the cyto-
sol to the autophagosomal membrane [36, 47] as expected. With some limitations [48],
LC3 is currently used as a specific marker of autophagy [49]. To confirm the extent and
specificity of VMP1 autophagosome induction, we first immunostained pcDNA4—
VMP1-transfected cells with a specific LC3 antibody and we observed the signal of
endogenous LC3 in punctate structures. Then, we investigated LC3-1 and LC-II forms
by western blot analysis and we found induction of LC3 with increased LC3-II form
signal in pcDNA4-VMP1-transfected cells as expected. Since intra-autophagosomal
LC3-II is degraded by lysosomal proteases, we blocked its proteolysis using the lyso-
somal protease inhibitor E64d [50] and we found the enhancement of LC3-II signal in
VMP1-expressing cells. In another series of experiments, HeLa, 293T, and AR42J pan-
creatic acinar cells cultured under nutrient-replete conditions were concomitantly trans-
fected with an expression plasmid encoding for the red fluorescent protein (RFP)-LC3
fusion protein and pcDNA4-VMP1 or pcDNA4-empty plasmids. We found the recruit-
ment of LC3 fluorescence fusion protein in punctate structures in VMP1-transfected
cells in contrast to the diffuse RFP-LC3 fusion protein signal observed in control cells.
Finally, we investigated the potential for inhibiting the pathway with an agent well doc-
umented to inhibit autophagy such as the PI3K inhibitor 3-MA [33]. Although 3-MA
was reported to have side effects apart from inhibiting autophagy [24], the inhibition of
LC3 recruitment is due to its ability to inhibit autophagy. HeLa, 293T, and AR42J pan-
creatic acinar cells were treated with 3-MA before the cotransfection with pRFP-LC3
and pcDNA4-VMP1 expression plasmids and the percentage of RFP-LC3 cells with
punctate staining was low and almost the same as that observed in pcDNA4-empty
transfected cells. These results collectively demonstrate that VMP1 expression triggers
autophagy in mammalian cells, even under nutrient-replete conditions.
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VMP1 Expression Is Required for Extracellular-Stimuli-Induced Autophagy

The autophagy trafficking pathway was first described as a cellular adaptation to starvation
[51]. To investigate whether starvation activates endogenous VMP1 expression, we devel-
oped a rabbit polyclonal anti-VMP1 antibody. We subjected HeLa cells to a standard starva-
tion protocol (amino acid/serum-deprived medium) and then analyzed the time course of
VMP1 mRNA expression by reverse transcription PCR assay and of VMP1 protein expres-
sion by western blot analysis. The expression of VMP1 mRNA and that of VMP1 protein are
activated under starvation. VMP1 expression was evident after 2 h of treatment. Moreover,
we localized VMP1 in punctate structures by immunofluorescence. To confirm the above-
described findings, we induced autophagy by pharmacological means. mTOR kinase plays a
central role in the amino acid pool sensing mechanism. In response to starvation, mTOR is
inhibited, resulting in the induction of autophagy [52] through a downstream mechanism,
which is still unknown. Since mTOR can be inhibited by rapamycin, this compound is rou-
tinely used as a pharmacological agent to induce autophagy. We treated several cells with
rapamycin and, using reverse transcription PCR, western blot analysis, and immunofluores-
cence, we found that mTOR inhibition induces VMP1 expression as expected. Thus, extra-
cellular-stimuli-induced autophagy activates VMP1 expression. To establish whether VMP1
is required for autophagy, we reduced the expression of VMP1 using the small interfering
RNA (siRNA) strategy. HeLa cells were transfected with VMP1 siRNA and then subjected
to a starvation standard protocol or rapamycin treatment. We found that autophagosome
formation was almost completely inhibited in VMP1 siRNA cells under both treatments, as
evidenced by the distribution of the RFP-LC3 fluorescent fusion protein. These findings
demonstrate that VMP1 expression is required for autophagosome formation.

VMP1 Is an Autophagosomal-Membrane Integrated Protein

To analyze the role of this putative transmembrane protein in the molecular mechanism of
autophagy, we hypothesized that VMP1 is an integrated protein of the autophagosomal
membrane. We noticed that the VMP1-EGFP fusion protein remains in the vacuole mem-
brane induced by its own expression in cells transfected with pPEGFP—-VMP1. Consequently,
to find out whether endogenous VMP1 induced during autophagy remains as an integrated
membrane protein, we performed subcellular fractioning of HeLa cells undergoing rapamycin-
induced autophagy and investigated VMP1 in membrane preparations by western blot analysis.
While the protein is not detectable in untreated cells, VMP1 is detected in membrane prepara-
tions of cells undergoing autophagy, and the signal persists when the cell lysate is treated with
1.5 M NaCl or is exposed to pH 11.0 before membrane fractioning. These results indicate that
VMP1 functions as an integrated membrane protein in autophagic cells. Then, to investigate
if VMP1 is an autophagosomal membrane protein, we analyzed whether VMP1 colocalizes
with endogenous LC3 in the autophagosomes. We performed inmunofluorescence using the
anti-LC3 antibody and anti-V5 antibody in HeLa cells transfected with VMP1-V5 expression
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plasmid. We found a remarkable colocalization between VMP1-V5 fusion protein and end-
ogenous LC3 in the VMP1-induced vacuoles. These results indicate that VMP1 is a transmem-
brane protein integrated into the autophagosomal membrane.

VMP1 Is a Beclin 1 Binding Membrane Protein

To obtain a mechanistic insight as to how VMP1 triggers autophagy, we analyzed its function
in the molecular pathway of autophagosome formation. The initial steps of the autophagic
process in mammalian cells are controlled by Beclin 1 [39], which promotes autophagosome
formation when it works as a complex with the class I1I PI3K [33, 38, 53]. During autophagy
the Beclin 1—class III PI3K complex, apparently originating from the trans-Golgi network
[53], is thought to undergo subcellular distribution to the autophagosomal membrane, which
eventually leads to the recruitment of autophagy proteins and the proper conjugation of LC3
to membrane phospholipids [42, 54]. However, the transmembrane protein of the autophago-
somal membrane with which the Beclin 1—class III PI3K complex interacts remains elusive.
We therefore investigated whether VMP1 interacts with Beclin 1. First, we analyzed if Beclin
1 localizes in the membrane of the VMP1-induced vacuoles. To this end, we concomitantly
transfected 293T cells with pEGFP-VMPI1, pRFP-LC3, and pCFP-Beclin 1 expression
plasmids. We found a remarkable colocalization between VMP1, LC3, and Beclin 1 fluores-
cent fusion proteins, suggesting that Beclin 1 could attach to VMP1-induced vacuole mem-
branes, which are marked by endogenous LC3 as autophagosomes. To determine if VMP1 is
the autophagosomal membrane protein target to which Beclin 1 attaches to allow the initia-
tion of autophagy, we studied whether VMP1 interacts with Beclin 1 in cells transfected with
the VMP1-V5 expression plasmid by conducting coimmunoprecipitation experiments. We
investigated whether endogenous VMP1 interacts with endogenous Beclin 1 in cells devel-
oping rapamycin-induced autophagy. Immunoprecipitates of either VMP1 or Beclin 1 pre-
pared from Triton X-100 solubilized rapamycin-treated HeLa cells were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and detected by immuno-
blotting with anti-Beclin 1 and anti-VMP1 antibodies. Endogenous Beclin 1 and VMP1
induced by rapamycin treatment were detected in immunoprecipitates using anti-VMP1 anti-
body. Interaction of endogenous VMP1 with endogenous Beclin 1 was also confirmed by
immunoprecipitation using anti-Beclin 1 antibody. Similar results were found in starved
cells. We then analyzed whether VMP1 expression is able to induce LC3 recruitment in
autophagy-deficient, low Beclin 1 expressing MCF7 cells. We transfected MCF7 cells with
pcDNA4-VMP1 expression plasmid and found that the percentage of RFP—LC3 cells with
punctate staining was low and similar to the percentage found in starved and control MCF7
cells. These results collectively show that VMP1 interacts with Beclin 1 to trigger the
autophagic process and suggest that VMP1-Beclin 1 interaction is involved in the molecular
mechanism of autophagosome formation.

To further delineate the interaction between VMP1 and Beclin 1, we tested VMP1
hydrophilic domains for Beclin 1 binding. VMP1 is predicted to contain six transmem-
brane domains. Four recombinant glutathione S-transferase (GST)-VMP1 hydrophilic
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peptides, VMP1(aal-75),VMP1(aal87-247),VMP1(aa324-366),and VMP1(aa378-406),
and full-length His6-Beclin 1 were produced in Escherichia coli. We incubated the
recombinant His6—Beclin 1 fusion protein from E. coli lysates with the purified GST—
VMP1 peptides and retained protein was eluted with imidazole. Eluates were separated
by SDS-PAGE followed by immunoblotting with anti-Beclin 1 and anti-GST antibodies.
We observed that only GST-VMP1(aa378-406) was found in the eluates, indicating that
VMP1 interacts with Beclin 1 through the aa378-406 hydrophilic domain, which we
named “autophagy-related domain” (AtgD). To obtain further molecular insights into the
proposed function of VMP1 in autophagosome formation and to evaluate the relevance
of VMP1-Beclin | interaction, we constructed pEGFP and pcDNA4 plasmids containing
the VMP1AAtgD defective mutant, in which the VMP1(aa378-406) peptide was specifi-
cally deleted. First, we performed a pull-down assay using the VMP1AAtgD—V5 fusion
protein. Lysates from HeLa cells transfected with pcDNA4-VMP1AAtgD were incubated
with nickel nitrilotriacetic acid agarose beads and retained proteins were eluted with
imidazole, separated by SDS-PAGE, and immunoblotted with anti-Beclin 1 or anti-V5
antibodies. We found no signal of endogenous Beclin 1 in the elution fraction from
VMP1AAtgD-VS5 fusion protein, whereas, as expected, control experiments showed that
both VMP1 and Beclin 1 were detected in the elution fraction from VMP1-V5 fusion
protein. Then, we performed subcellular fractioning of HeLa cells transfected with
pcDNA4-VMP1AAtgD and investigated VMP1AAtgD—-VS5 in membrane preparations
by western blot analysis using anti-V5 antibody. We found that VMP1AAtgD was detected
in membrane preparations, and the VMP1 signal persisted in the membrane fraction even
after 1.5 M NaCl or pH 11.0 treatments. These results indicate that the VMP1AAtgD
defective mutant still functions as an integrated membrane protein. In other series of
experiments, HeLa cells were transfected with pPEGFP-VMP1 or pEGFP-VMP1AAtgD,
which encodes the VMP1AAtgD-EGFP fluorescent fusion protein, and cells were cul-
tured in nutrient-replete conditions for 24 h. Surprisingly, we found that cells expressing
VMP1AAtgD—EGFP fluorescent fusion protein do not show the characteristic vacu-
olization observed in VMP1-EGFP-expressing cells. To evaluate if the Atg domain of
VMP1 is required for autophagy, HeLa cells were concomitantly transfected with the
expression plasmids encoding the RFP-LC3 and VMP1AAtgD-VS5, or VMP1-VS5 fusion
proteins and cells were cultured in nutrient-replete conditions for 24 h. We found that
VMP1AAtgD expression failed to trigger autophagy as it is evidenced by the diffuse
distribution of the RFP-LC3 fluorescence fusion protein observed in pcDNA4-
VMP1AAtgD transfected cells in contrast to the recruitment of the RFP-LC3 observed in
the full-length VMP1-expressing cells. The percentage of RFP-LC3 cells with punctate
staining in VMP1AAtgD-expressing cells was highly reduced in comparison with that in
those expressing the full-length VMP1. The results described above show that the VMP1
Atg domain is essential for autophagosome formation and suggest that VMP1 is an
autophagosomal membrane protein, which interacts with the Beclin 1 complex, allowing
the initiation of the autophagic process.
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VMP1-EGFP Targeted to Pancreatic Acinar Cells in the Pancreas of Transgenic Mice
Triggers the Formation of L(3-Positive Vacuoles

To gain in vivo insight into how stable expression of VMP1 is able to induce autophagy,
we developed transgenic mice in which the pancreatic acinar cell specific elastase pro-
moter drove VMP1-EGFP expression. Expression of the VMP1-EGFP transgenic fusion
protein was detected by western blot analysis in the pancreas of transgenic mice, but not in
the liver, kidney, spleen, heart, or lung as expected. Pancreatic tissue from VMP1-EGFP
transgenic mice showed numerous vacuoles in acinar cells whose membranes were immu-
nostained with anti-EGFP (Fig. 2). VMP1-induced vacuoles in pancreas from transgenic
mice were assayed for LC3 by immunofluorescence using anti-LC3 and anti-GFP antibod-
ies. We found that VMP1 colocalizes with endogenous LC3 in the membrane of VMP1-
induced vacuoles, showing that stable expression of VMP1 in pancreatic tissue from
transgenic mice is able to induce the formation of LC3-positive vacuoles. These data indi-
cate that the in vivo expression of VMP1 triggers autophagosome formation and strongly
support the in vitro findings.

VMP1 Localizes in the Membrane of Pancreatitis-Induced Autophagic Vacuoles

Finally, we investigated whether VMP1 is involved in the autophagy during a pathological
process using an experimental animal model of pancreatitis. Autophagy has been described
as an early cellular event in human and experimental acute pancreatitis [55-57]. Pancreatic

tissue from rats treated with caerulein, a widely used experimental model of pancreatitis,

e

Fig.2 VMPI1-EGFP
expression in the acinar
cells of the pancreas of
transgenic mice induces
autophagic vacuoles.
Immunohistochemistry of
EGFP in pancreatic tissue
from VMP1-EGFP mice
(original magnification 100x)
using mouse anti-EGFP and
anti-mouse horseradish
peroxidase antibodies
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developed cytoplasmic vacuolization with ultrastructural features of autophagy [55, 56]. We
analyzed the expression of the VMP1 protein by western blot in pancreas tissue during the
development of the experimental pancreatitis and found the maximal VMP1 expression
after 6 h of treatment. To determine if VMP1 expression is related to the autophagic process
in pancreas undergoing pancreatitis, we analyzed VMP1, LC3, and Beclin 1 in pancreas
specimens from the animal model by immunofluorescence using anti-VMP1, anti-LC3, and
anti-Beclin 1 antibodies. We found that endogenous VMP1 highly colocalizes with endog-
enous LC3 in vacuolated structures. This in vivo result confirms the autophagosomal
localization of VMP1. Moreover, we found that endogenous VMP1 also colocalized with
endogenous Beclin 1 in the vacuole membrane of the autophagic tissue, showing the vacu-
olar localization of Beclin 1 during in vivo induced autophagy. These results strongly sup-
port the findings obtained in vitro and suggest that the early expression of VMP1 could be
related to the autophagy induction in tissue suffering from a pathological process.

Discussion and Conclusions

We have previously reported that gene expression is strongly altered in pancreas during the
acute phase of pancreatitis [13, 58]. These phenotypic changes could enable the pancreas to
protect itself against an acute attack of pancreatitis or, conversely, participate in the pathophys-
iological mechanism of the disease. Therefore, identifying the genes involved in cell response
to pancreatitis could lead to new strategies in the treatment of the disease. Using a systematic
approach, we identified by sequencing its cDNA a new protein that we named VMP1. It was
strongly expressed in the pancreas of rats suffering from acute pancreatitis. Our studies indi-
cated that VMP1 is a transmembrane protein located at the Golgi apparatus and endoplasmic
reticulum area and that its overexpression induces vacuole formation. Our functional studies
present experimental evidence that the sole expression of VMP1 triggers autophagy, even
under nutrient-replete conditions. VMP1 expression in cells cultured under nutrient-replete
conditions presents multiple ultrastructural features of autophagy, including cup-shaped
structures, autophagosomes, and autolysosome-like features. In addition, VMP1 induces the
almost total recruitment of transient expression of REP—LC3 fluorescent fusion protein. In all
the experiments more than 85% of RFP-LC3 cells showed punctate staining. Consistent
results were found when endogenous LC3 was assayed. Moreover, VMP1 induces process-
ing of endogenous LC3-I to LC3-II, which is enhanced in the presence of hydrolase inhibi-
tors. Although transiently overexpressed LC3 protein could be prone to aggregate in an
autophagy-independent manner, the processing of the endogenous LC3-I to LC3-II was
reported to be unaffected by the overexpression and remains a hallmark of autophagy [48,
49]. On the other hand, VMP1-expression-induced LC3 recruitment was inhibited by 3-MA,
which, although not specifically, inhibits autophagy [24, 33]. Moreover, VMP1 is involved
in the extracellular-stimuli-induced autophagy since treatments currently used to trigger
autophagy such as starvation and pharmacological mTOR inhibition induce VMP1 expres-
sion. Furthermore, the knockdown of VMP1 expression abolishes starvation as well as
rapamycin-induced autophagosome formation, suggesting that VMP1 expression is required
for autophagy. On the other hand, our results have shown that VMP1 is an integral protein of
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the autophagosomal membrane. VMP1 remains in the membrane fraction of cells undergo-
ing rapamycin-induced autophagy and it colocalizes with LC3 in the vacuole membrane.
Finally, the transgenic mice for VMP1 expression targeted to pancreatic acinar cells allowed
us to confirm, within a physiological setting, the results discussed above. The in vivo stable
expression of VMP1 induces the formation of numerous vacuoles in acinar cells, where it
colocalizes with endogenous LC3.

VMP1 is involved in the initial steps of the autophagic process. We have obtained experi-
mental data indicating that VMP1 interacts with Beclin 1 and this interaction is essential for
autophagosome formation. Both VMP1 and Beclin 1 endogenous proteins coimmunopre-
cipitated from rapamycin-treated cells. On the other hand, VMP1-induced autophagy is
dependent on Beclin 1, since VMP1 expression fails to induce autophagy when it is
expressed in autophagy-deficient, low Beclin 1 expressing MCF7 cells. VMP1-Beclin 1
interaction was confirmed using recombinant peptides. Beclin 1 directly interacts with the
VMP1-AtgD peptide (aa378—406) and the VMP1AAtgD mutant failed to precipitate endog-
enous Beclin 1 in transfected cells. Our results also show that the VMP1 Atg domain is
essential for the formation of autophagosomes. We found that the mutant protein
VMP1AAtgD, which is also a transmembrane protein, does not induce autophagosome for-
mation since it failed to promote vacuole formation and LC3 recruitment. These findings
also suggest that the mechanism by which VMP1 induces autophagy is likely to involve the
interaction of Beclin 1 with the VMP1-Atg domain. Beclin 1 is a haploinsufficient tumor-
suppressor gene [ 18], and is involved in the autophagosome formation mediating the local-
ization of other autophagy proteins to the autophagosomal membrane [42]. Beclin 1 activity
seems to be dependent on its partners and its subcellular localization. Two major Beclin 1
interactors have been described affecting its autophagic activity, Bcl-2 and class I1I PI3K.
While Bel-2 inhibits Beclin 1-dependent autophagy and this complex was localized at the
endoplasmic reticulum [41], the Beclin 1-kinase complex was localized in the trans Golgi
network in nutrient-replete HeLa cells and was shown to be essential for early stages of
autophagosome formation [53]. The data presented here show the colocalization of LC3 and
Beclin 1 in VMP1-induced vacuoles. In contrast, this triple colocalization was abolished in
VMP1AAtgD-expressing cells. Furthermore, we found endogenous VMP1-Beclin 1 colo-
calization in vacuole membranes when a pathological tissue undergoing autophagy was
assayed. These findings support the hypothesis that the distribution of Beclin 1 to the
autophagosomal membrane is required for autophagy progression. To our knowledge, there
are few reports showing Beclin 1 autophagosomal membrane location during autophagy.
Transfected Beclin 1 was found localized in the membrane of the autophagosome in starved
HEK?293 cells [59] and endogenous Beclin 1 was reported to colocalize with LC3 in dorsal
root ganglion cells from diabetic rats [60]. It is thought that during autophagy, subcellular
distribution of the Beclin 1 complexes from the trans Golgi network to an autophagosomal
structure would require the interaction of Beclin 1 with an autophagosomal transmembrane
protein. Our results suggest that VMP1 is an autophagosomal-integrated protein where
Beclin 1 interacts to initiate autophagosome formation.

The source of the autophagosomal membrane remains to be elucidated [43, 44]. Two
general models have been proposed: the membrane may be derived from a preexisting
cytoplasmic organelle such as the endoplasmic reticulum, or it may be assembled from
constituents at its site of genesis [43, 61]. The autophagosomal membrane is rich in lipids
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and poor in proteins [62, 63]; therefore, it is difficult to determine its origin on the basis of
protein content. So far, only two transmembrane proteins have been described in yeast to
be autophagy-related, Atg9 [64] and Atg27 [65]. Atg9, as part of a functional complex
[66], cycles between the mitochondria and the preautophagosomal structure and is thought
to mediate the delivery of the membrane to the forming autophagosome. Mammalian Atg9
was also described, but its subcellular distribution is different and its actual participation
in the autophagosome formation remains to be delineated [67-69]. In addition, none of
these transmembrane proteins have been reported to interact with Beclin 1. Our results
have identified VMP1 as an autophagosomal transmembrane protein required for autopha-
gosome formation. The findings that VMP1 has no known homolog in yeast and that its
expression is required to start the autophagic process, support the hyothesis that mamma-
lian cells regulate autophagy in a different way and suggest VMP1 as a candidate protein
to further explore the source of the autophagosomal membrane in pancreatic acinar cells
during acute pancreatitis.

In this study two in vivo models of VMP1 expression were used to support the data
obtained in the in vitro studies: the VMP1-transgenic mice, and the experimentally induced
acute pancreatitis in rats. VMP1-transgenic mice, in which VMP1 expression was targeted
to pancreatic acinar cells, show that the in vivo stable expression of VMPI is able to
induce autophagosome formation in acinar cells. These results support the findings
obtained when transient VMP1 expression was assayed in cell lines. During experimental
acute pancreatitis, autophagic morphology of the acinar cell has been reported to appear 3 h
after pancreatitis induction and remains detectable for about 15 h [55, 70]. The data pre-
sented here show that the time course of VMP1 protein expression is consistent with that
of the presence of autophagic morphology during experimental pancreatitis. Our results
also show that VMP1 is localized in the membrane of the acinar cell autophagic vacuoles,
since endogenous VMP1 highly colocalizes with endogenous LC3 in vacuolated structures
in the pathological tissue. Moreover, endogenous Beclin 1 colocalizes with VMP1 in pan-
creatitis-induced vacuole membranes. These findings strongly support the hypothesis that
VMP1 is an autophagosomal-integrated protein where Beclin 1 interacts.

Although autophagic morphology was described in human pancreatitis in 1980 [27],
the physiopathological role of autophagy in pancreatitis has not been fully elucidated.
Interestingly, no other morphological event resembling acute pancreatitis was observed
in pancreatic tissue from transgenic mice, suggesting that VMP1-induced autophagy per
se may not induce acute pancreatitis. In addition, GFP-LC3-transgenic mice subjected to
starvation developed autophagy in pancreas without visible pancreatitis morphology,
suggesting that autophagy might be a mechanism of degradation of secretory granules in
starved pancreas [47]. Therefore, during acute pancreatitis, autophagy could be a defense
mechanism, which activates as an early cellular response to the disease. On the other
hand, VMP1 mRNA basal expression was found in several rat tissues such as kidney
[71]. This observation is consistent with the basal autophagy found in the same tissue
from the GFP-LC3 transgenic mice [47]. Although basal VMP1 expression could be
related to other physiological processes, the relationship between GFP-LC3 transgenic
mice and VMP1 basal expression leads us to speculate that the expression of VMP1
might correlate with the presence of autophagy in mammalian tissue. On the other hand,
the fact that this novel autophagosomal transmembrane protein is involved in autophagy
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during a pathological process will allow further studies on the role of autophagy in the

cellular response to disease and would be of potential clinical relevance.
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Systemic Inflammatory Effects of Acute
Pancreatitis; Effects of Lipid Mediators

N. Franco-Pons, E. Folch-Puy, and D. Closa

Acute pancreatitis is a serious autodigestive and inflammatory process frequently associated
with a broad spectrum of systemic complications, including shock, renal failure, acute respi-
ratory failure, and hepatic damage [1]. The severity of the disease is related to the magnitude
of these disorders and ranges from mild edema to fulminant multisystemic organ failure. Its
pathogenesis relates to the inappropriate activation of trypsinogen to trypsin and a lack of
the efficient elimination of the active trypsin from inside the pancreas. During acute pan-
creatitis, the segregation of digestive enzyme zymogens and lysosomal hydrolases is per-
turbed and they become colocalized, resulting in the activation of trypsinogen. Therefore,
trypsin is believed to be the key enzyme in the initiation and exacerbation of acute pancrea-
titis by activating pancreatic zymogens. Since the initial damage occurs in the pancreatic
tissue, it has long been believed that activated hydrolases released from the damaged pan-
creas gain access to the systemic circulation and are responsible for the induction of the
damage in distant organs [2]. This concept has been abandoned largely owing to the fact that
protease inhibitors have not been shown to be of significant value in the treatment of acute
pancreatitis. Despite the considerable experimental data to support the use of protease inhib-
itors, a number of clinical trials have failed to show any benefits of this therapeutical
approach in decreasing morbidity or mortality of patients with acute pancreatitis [3].

Systemic Inflammatory Response in Pancreatitis

On the other hand, severe acute pancreatitis exhibits many of the features of the systemic
inflammatory response induced by multiple trauma, burns, or sepsis [4]. For this reason, the
new concept of severe acute pancreatitis is focused not only on the intra-acinar events, but
also on the systemic generation of inflammatory mediators that could regulate the extent
of local pancreatic cell damage and the systemic inflammation [1]. Several inflammatory
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molecules have been identified as potential final, common pathway mediators that induce
multisystemic organ failure. In this line, a number of cytokines, chemokines, and inflamma-
tory mediators, including tumor necrosis factor o (TNF-a), interleukin (IL)-1f , IL-6, IL-8,
IL-10, monocyte chemoattractant protein 1, platelet-activating factor, C5a, and intracellular
cell adhesion molecule 1, have been implicated in acute pancreatitis [5]. Consequently,
initial acinar cell damage results in the release of activated hydrolases, but also of inflamma-
tory mediators, altogether leading to the systemic inflammatory response. This mechanism
is a normal response to sepsis or tissue injury and is characterized by the cytokine-mediated
activation of leukocytes. Organ damage and multiple organ dysfunction syndrome appear
when this response is excessive or uncontrolled. In addition to cytokines and chemokines,
other mediators are known to act by modulating the progression of the inflammatory
response. In the case of pancreatitis, oxygen free radicals [6] and lipid mediators [7] are
known to be released in the early stages of the disease. There are data indicating that these
mediators are not able to induce the systemic response but play a role modulating the severity
of the process.

Lipids and Their Effect During Acute Pancreatitis

A number of studies have suggested that pancreatitis-associated ascitic fluid (PAAF) plays
arole in the pathogenesis of acute pancreatitis [8—10]. Accumulation of ascitic fluid in the
peritoneal cavity occurs in the severe forms of acute pancreatitis and patients with acute
pancreatitis have a high morbidity owing to systemic complications and a high mortality.
Removal of PAAF by peritoneal lavage has been reported to be beneficial for survival rate
in experimental models of acute hemorrhagic pancreatitis [ 11]. However, it was not associ-
ated with a significant improvement in mortality or morbidity rates in clinical trials [12],
probably owing to the fact that, at the time of hospitalization, the events leading to systemic
dysfunction have already been triggered. Ascitic fluid is known to contain proinflammatory
cytokines and activated hydrolytic enzymes which are released into the peritoneal cavity
during acute pancreatitis. It has been reported that PAAF modulates the function of perito-
neal macrophages [8], induces lung injury [9], induces direct hepatocyte cell death [10],
and stimulates the generation of cytokines in acinar cells [13]. However, it is noteworthy
that some of these effects appear to be mediated by factors other than pancreatic enzymes
or cell-derived cytokines [10].

Analysis of PAAF revealed that pancreatic enzymes are present in concentrations 1
order of magnitude higher than that observed in plasma. For this reason, the peritoneal fat
necrosis characteristic of the severe forms of pancreatitis has been attributed to the action
of pancreatic lipase present in PAAF upon the neutral fat of the tissues [14]. This enzyme
hydrolyzes triacylglycerols, thus producing monoacylglycerols and free fatty acids and
causing tissue necrosis due to the disruption of lipid balance and the detergent properties
of fatty acids. Other enzymes, such as pancreatic phospholipase A2, have also been impli-
cated in this process [ 15]. The enzymatic activity of these enzymes results in the release of
nonesterified fatty acids (NEFA) could account for the high concentrations of NEFA
observed in PAAF. A several-fold increase in ascitic fluid NEFA compared with the plasma
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values in different experimental models has been reported [ 16]. The metabolic fate of these
NEFA could be the absorption into the portal venous system and the reesterification to trig-
lycerides in the liver, then contributing to the hypertriglyceridemia associated with severe
pancreatitis [17].

A potential role of circulating NEFA in acute pancreatitis has been suggested owing to
the observed deleterious effects of these products in vitro. It is known that oxidized poly-
unsaturated fatty acids are highly cytotoxic to cultured cells [ 18] and several works have
reported on the proapoptotic effects of different lipid mediators in cell lines [19]. On the
other hand, oxidized lipid mediators could modulate inflammation through the activation
of transcription factors such as peroxisome proliferator-activated receptor y (PPARY).
This nuclear factor is one of the members of the PPAR family that has gained interest as
it is involved in the modulation of the inflammatory response [20]. Its activity is governed
by the binding of small lipophilic ligands, mainly fatty acids derived from nutrition or
metabolism [21]. Altogether this suggests a potential role for NEFA in the pathogenesis
of acute pancreatitis both in the local pancreatic necrosis and in the systemic inflammatory
events.

As occurs with human patients, fat necrosis and PAAF have been observed in experi-
mental models of severe acute pancreatitis. In an experimental model of acute pancreatitis
in rats induced by intraductal administration of sodium taurocholate, lipase levels in PAAF
reached 10,000 U/L, while in plasma lipase was present at 3,000 U/L during pancreatitis
and at less than 300 U/L in control animals [22]. This high concentration of lipolytic activ-
ity could account for the levels of NEFA in PAAF when compared with the concentration
observed in peripancreatic adipose tissue. Nevertheless, despite the simultaneous increase
in a lipolytic enzyme and in the product of lipolysis strongly suggesting a direct relation-
ship, clinical data supporting this hypothesis are scarce and contradictory and several
experimental works do not confirm this theory [23]. In particular, it has been indicated that
lipase appears to be unable to locally hydrolyze triglycerides in circulating blood, pancreatic
tissue, or the peritoneal cavity.

When the levels of lipoperoxidation in these fatty acids released to PAAF are mea-
sured, the values obtained are higher than in the control white adipose tissue [24]. Inter-
estingly, lipoperoxidation was increased in adipose tissue obtained from animals with
pancreatitis. Probably, oxygen free radicals generated by xanthine oxidase or NADPH
oxidase from leukocytes present in ascitic fluid affect the surface of fat tissue, resulting in
a moderate lipoperoxidation index in white adipose tissue. In contrast, lipids presents in
PAAF are subjected to a strong oxidative process that results in a high concentration of
lipoperoxides.

We observed that in cultured cells the addition of the lipid fraction obtained from PAAF
exerted a cytotoxic effect. This toxicity was higher than could be expected only from the
high concentration of NEFA, suggesting that the oxidative status of these lipids could also
play a role in the toxic effect of PAAF-derived NEFA. The involvement of NEFA in the
toxicity of PAAF confirmed the multiplicity of deleterious mechanisms activated during
acute pancreatitis, including hydrolytic enzymes, inflammatory mediators, oxidative stress,
and lipid metabolites. However, in addition to their direct toxicity, the most important bio-
logical effect induced by these metabolites seems to be the exacerbation of the inflammatory
response.
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Regulatory Effects of Lipid Mediators

The generation of different bioactive lipids, including prostaglandins, leukotrienes, and
platelet-activating factor, has been recognized during acute pancreatitis [7]. These media-
tors act by promoting both the local and the systemic inflammatory response. However,
their importance in the progression of the disease seems to be limited when compared with
the effect of cytokines released during pancreatitis. Nevertheless, there are lipid mediators
that play a role in the regulation of the cell response to cytokines and other proinflamma-
tory mediators. It has long been known that macrophage functions and gene expression can
be modulated by specific nuclear receptor pathways, and some of them are under the con-
trol of lipid mediators. In particular, PPARs are nuclear receptors activated by fatty acid
derivatives. PPARY is one of the members of the PPAR family that has gained interest as it
is been involved in the modulation of the inflammatory response [25]. Its activity is gov-
erned by the binding of small lipophilic ligands, mainly fatty acids derived from nutrition
or metabolism [21]. The naturally occurring 15-deoxy-A'*'*-prostaglandin I, is one of the
best known endogenous agonists of this nuclear factor, but other oxidatively modified fatty
acids or oxidized alkyl phospholipids could act as PPARy agonists. When activated, this
transcription factor negatively regulates the expression of proinflammatory genes and
plays a role in the resolution of the inflammatory processes [26]. For this reason, PPARy
agonists have been suggested to be useful as an anti-inflammatory therapy in different
diseases, including acute pancreatitis [27].

In vitro experiments revealed that the inhibitory effect of 15-deoxy-A'>!*-prostaglandin
J, on the TNF-a. induced nuclear factor kB activation was blocked by the presence of PAAF-
derived lipids. This effect does not occurs with lipids obtained from other sources such as
white adipose tissue, suggesting that modified lipids present in PAAF acts as PPARy ligands,
interfering the normal activation of this nuclear receptor [24]. The consequence of this inter-
ference could be the loss of an endogenous anti-inflammatory mechanism, thus resulting in
an exacerbation of the inflammatory process triggered by acute pancreatitis (Fig. 1).

The effect of PAAF-derived lipids could be also observed when analyzing the interac-
tions between DNA and PPARy. Lipid concentrations equivalent to that present in ascitic
fluid are able to reduce the PPARy-DNA binding by 60%, while lipids obtained from white
adipose tissue had no effect on this binding. It is of interest that the ability to interfere with
the activation of PPARy appears to correlate with the levels of lipoperoxidation. These
facts illustrate the importance of the endogenous enzymatic mechanisms in regulating the
levels of lipid oxidation during pancreatitis.

Antioxidant Mechanisms

Serum paraoxonase-1 (PON1) is an enzyme associated with high-density lipoprotein (HDL),
the clinical interest in which resides in its ability to prevent or limit the oxidation of HDL
[28]. This ability is of particular relevance since HDLs appear to be the primary transport-
ers of oxidized lipids in plasma. Interestingly, it has been reported that PON1 activity and
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Fig.1 The release of lipolytic enzymes during acute pancreatitis results in fat necrosis and the gen-
eration of free fatty acids. These lipid products are oxidized and interfere with the anti-inflammatory
effect of other endogenous lipid mediators, such as 15-deoxy-prostaglandin J, (/5dPGJ2). This
interference could result in an exacerbation of the systemic inflammatory response triggered during
severe acute pancreatitis. 7AG triacylglycerols, FFA free fatty acids, MAG monoacylglycerols, OFR
oxygen free radicals, OxFFA oxidatively modified free fatty acids, PPARY peroxisome proliferator-
activated receptor y, NFkB nuclear factor k3

HDL level were lower in acute pancreatitis, whereas the mean levels of malonyldialde-
hyde were significantly higher [29]. In our experimental model of taurocholate-induced
pancreatitis, the loss in PON1 activity could be observed in the severe form of the disease,
while in the mild form of pancreatitis the enzymatic activity remained unmodified. This
decrease of PON1 activity could be explained by the proteolytic degradation of the protein,
considering that during acute pancreatitis there is an important release of hydrolytic
enzymes into the bloodstream. Western blot analysis revealed the presence of two different
bands in the control group. The presence of these bands had been previously described and
it was suggested that they correspond to two different oxidation states [30] or different
glycosilation states of the enzyme [31]. Interestingly, after induction of acute pancreatitis
a new band corresponding to low molecular weight appears. This increase paralleled a
decrease in the intensity of the two bands corresponding to high molecular weight and the
loss of enzymatic activity, suggesting a proteolytic degradation of PON1. This lack of
PONI activity results in increasing concentrations of circulating oxidized lipids that could
interfere with PPARY activation. This is of importance because it affects the control of the
inflammatory response in the different macrophage populations involved in the systemic
response associated with severe acute pancreatitis (Fig. 2).
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Fig.2 During severe acute pancreatitis there is a significant decrease in serum paraoxonase-1
(PONI) activity. This decrease is related to inactivation of the enzyme by oxidized lipids, probably
followed by proteolytic degradation of the enzyme. The lack of PONI1 activity results in an
increased effect of circulating oxidized lipids on macrophage function. DL high-density lipopro-
tein, OxTAG oxidatively modified TAG

In the early stages of acute pancreatitis the generation of cytokines and other mediators
by pancreatic acinar cells results in the sequential activation of different populations of
macrophages and the induction of the systemic inflammatory response. This response
remains under control in the mild forms of pancreatitis, probably owing to the effect
of endogenous anti-inflammatory mediators, including soluble cytokine receptors, anti-
inflammatory cytokines, as well as the activation of nuclear factors such as PPARy that
reduces the gene expression induced by proinflammatory cytokines. In contrast, in the
severe forms of the disease, the regulatory mechanisms are overloaded and the inflamma-
tory process is out of control. In this situation, the generation of oxidatively modified lipids
by the action of lipolytic enzymes and the oxidative stress that occurs during pancreatitis,
as well as the reduced levels of circulating PON1, contribute to the exacerbation of the
inflammatory response by interfering in the control mechanism mediated by PPARYy.

Altogether these data indicate a new role for lipase in the pathogenesis of acute pan-
creatitis. In addition to the direct effect promoting the steatonecrosis characteristic for the
severe forms of the disease, the fatty acids, released as products of the reaction catalyzed
by lipase, act as active players in this process. Lipid products emerge as modulators of the
inflammatory response associated with acute pancreatitis that contributes to the exacerba-
tion of the systemic effects in the severe forms of the disease.
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Gemcitabine Changes the Gene Expression 4
in Human Pancreatic Cancer Cells:
Search for New Therapeutic Molecular Targets

Y. Motoo, T. Shimasaki, and T. Minamoto

Introduction

Gemcitabine (GEM) is the only effective anticancer drug for pancreatic cancer [1]. This
implies the importance of developing modalities to enhance its antitumor effect. The basic
action of GEM is the inhibition of DNA synthesis by DNA polymerase inhibition [2]. GEM
is inactive until it enters the cells, and is activated by sequential phosphorylation with deoxy-
citidine kinase from difluorodeoxycitidine monophosphate to difluorodeoxycitidine diphos-
phate, and to difluorodeoxycitidine triphosphate. However, the precise molecular mechanism
of the antitumor effect of GEM is yet to be elucidated.

Various genes which selectively change in cancer cells are candidates for molecular tar-
geting. Especially, protein kinases involved in intracellular signal transduction have been
extensively studied, and many kinase inhibitors are applied for cancer therapies [3]. Glycogen
synthase kinase-3f3 (GSK-3p) is a multifunctional serine/threonine kinase, playing a key role
in cellular signaling. We proposed that GSK-33 is a new molecular target in colon cancer
[4, 5]. While GSK-3f inhibits Wnt signaling in normal cells, it promotes survival and prolif-
eration in colon cancer cells [5]. We have also reported that GEM induces phosphorylation
of the GSK-3f serine 9 residue, resulting in its inactivation, in pancreatic cancer cells [6].

In this study, we aimed to clarify the effect of GEM on the gene expression of apoptosis-
related factors in PANC-1 human pancreatic cancer cells using a microarray analysis. We
also examined the antitumor effect of the combination of GEM and GSK-3f inhibitor
(GSKI) against PANC-1 cells in vitro.
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Materials and Methods

PANC-1 cells (American Type Culture Collection, Manassas, VA, USA) were cultured in
Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum. GEM (provided by Eli
Lilly, Indianapolis, IN, USA) was added to the culture media. The cell growth was assayed
with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method. Apop-
tosis was detected using the DNA fragmentation ELISA (Roche Diagnostics, Indianapolis,
IN, USA). Cells were collected at 24, 48, and 72 h, respectively, after treatment with the
agents indicated, and total RNA was extracted. The gene expression profile was analyzed
with the complementary DNA (cDNA) microarray method (Affymetrix Human Genome
U133 Plus 2.0 array, Affymetrix, Santa Clara, CA, USA) and the Ingenuity pathways analysis
(IPA) software program (Ingenuity Systems, Redwood City, CA, USA).

A small-molecule GSKI (AR-A014418) was purchased from Calbiochem/EMD Chem-
icals (San Diego, CA, USA). GEM (10-100 mg/L) and/or GSKI (5 mg/L) were added to
the culture media of PANC-1 cells. Cell growth was analyzed with the MTT assay.

Results

In PANC-1 cells, the 50% inhibitory concentration (IC,,) of GEM was 16 mg/L (Fig. la).
GEM inhibited the growth of PANC-1 cells dose- and time-dependently (Fig. 1b). DNA
fragmentation ELISA showed a significant increase in apoptosis after GEM treatment
(Fig. 1c). GEM increased phosphorylation of GSK-3f serine 9 (Fig. 2).

The cDNA microarray analysis revealed the gene expression changes after GEM treat-
ment (Fig. 3). We selected a total of 372 genes which showed an increased expression of
more than 1.5-fold on day 1 and more than threefold on day 3, or which showed a decreased
expression of less than 0.7-fold on day 1 and less than 0.3-fold on day 3. The genes showing
significant changes after GEM treatment were mostly those involved in gene expression,
cell death, DNA replication, and the cell cycle. Three major groups of genes showed high
scores in the IPA. Among these genes, the molecular networks of p53 and myc were espe-
cially suggested to be involved in the GEM-induced gene expression changes.

The combination of GEM and GSKI resulted in a significant increase in the antitumor
effect on PANC-1 cells dose-dependently, compared with GEM alone in vitro (Fig. 4).
Microarray analysis revealed that the gene expression changes in the GEM plus GSKI group
were smaller than those in GEM- or GSKI-alone groups. This result suggested that GSKI
can modify GEM-induced gene expression. Therefore, we identified approximately 300
genes which were induced by GEM and modified by GSKI. In IPA for these genes, the
molecular networks relevant to the GEM plus GSKI treatment were those of p53 and myc.
Western blot analysis showed that the expression of mutant p53 in PANC-1 cells was
increased by GEM and decreased by GSKI. Among the genes modified by GSKI, p§ (Fig. 5)
was previously reported as an important gene in the antitumor effect of GEM [7].
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Fig.1 Effects of GEM on cell
growth and apoptosis in PANC-1
cells in vitro. a GEM inhibited the
growth of PANC-1 cells dose-
dependently.

b GEM inhibited the growth of
PANC-1 cells: a time course study.
¢ Increase in apoptosis of PANC-1
cells after GEM treatment, detected
with a DNA fragmentation ELISA.
[From [6], with the author’s
permission]
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Discussion

Molecular mechanisms of the action of GEM include DNA synthesis inhibition in the S
phase of the cell cycle, but there might be some other mechanisms. Microarray analysis
can show the effect of some compounds on the messenger RNA (mRNA) expression, but
it cannot evaluate protein expression, phosphorylation status, or protein-protein interaction
in the cells. Therefore, the analysis of mRNA expression alone is not enough for monitor-
ing intracellular events. As demonstrated in our study, it would be useful to utilize the IPA
tool to identify genes which change in association with certain phenomena depending on
mRNA expression levels and to analyze relevant gene pathways. In fact, we identified 372
genes which changed in expression on treatment with GEM in PANC-1 cells, and showed
the involvement of the p53 and myc pathways using the IPA tool.

As a molecular target to enhance the effect of GEM, we focused on GSK-3f. This
enzyme regulates principal cellular functions such as the cell cycle, growth and differentia-
tion, apoptosis and the cytoskeleton, and motility [8, 9]. In theory, GSK-3f is regarded as
a tumor suppressor because it phosphorylates various transcription factors, such as c-jun
and c-myc, or proto-oncoproteins such as -catenin, thereby recruiting them for ubiquitin-
mediated degradation [10]. This concept is largely based on the analysis of part of growth-
signal-inhibiting functions of GSK-3f. However, GSK-3f is reported to be an essential
signal molecule for cell survival mechanisms [11], and its functions were recently exten-
sively studied in cancer cells [12, 13]. The present study suggests that GSK-3f3 is a molec-
ular target in the treatment of pancreatic cancer and that the combination of GEM and
GSKI could be applied to clinical practice.

The cDNA microarray analysis suggests that p53 and myc pathways are involved in the
GEM-induced gene expression changes in PANC-1 cells and that GSK-3f modifies these
pathways. GSKI modified the expressions of genes such as p§ and TP53/NP! (tumor pro-
tein 53 induced nuclear protein 1) which are known genes relating to GEM sensitivity [7].
The modification of the expression of these genes by GSKI suggests that this is one of the
mechanisms of enhancement of the antitumor effect of GEM by GSKI.

TP53INP1 is activated by p53, phosphorylates serine 46 of p53 in cooperation with
homeodomain-interacting protein kinase 2, and induces apoptosis [ 14]. Recently, TP53INP1
was reported to be a critical tumor suppressor in pancreatic carcinogenesis [15]. The p53
gene is mutated in the PANC-1 cells, and it is reported that the mutant p53 itself might have
tumor-promoting activities [16]. The observation in our study of the decrease in mutant p53
protein expression by GSKI in PANC-1 cells suggests that the antitumor effect of GSKI
partly depends on the level of mutant p53 expression. To test this hypothesis, we are work-
ing on the analysis of pS53-related factors such as ataxia telangiectasia-mutated protein,
ataxia telangiectasia and rad3-related protein, and Chk1/Chk2.

In conclusion, GSK-3 is a new molecular target in the therapy for pancreatic cancer,
and GSK-3f inhibition might sensitize pancreatic cancer cells to GEM by modulating p53
and myc pathways.

Acknowledgements We wish to thank Y. Ishigaki, K. Kawakami, T. Tanaka, and N. Tomosugi
for their cooperation.
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Cannabinoids as Potential Antitumoral
Agents in Pancreatic Cancer

G. Velasco, A. Carracedo, M. Lorente, and M. Guzman

Pancreatic Cancer

Pancreatic cancer is one of the most malignant and aggressive forms of cancer [1]. With an
incidence of ten per 10,000 men and seven per 10,000 women, it represents the fourth most
common death-causing cancer in the USA [2] and the fifth in the Western world overall [3].
About 95% of pancreatic cancers cases are ductal adenocarcinomas. The anatomic local-
ization of the pancreas and the nonspecific nature of the symptoms result in a complex and
delayed diagnosis. Therefore, at the time of detection, 85% of patients show metastasic
infiltrations in proximal lymphatic nodes, liver, or lungs, and only 15-20% of the tumors
are typically found to be resectable [1]. In addition, less than 20% of the patients operated
survive to 5 years. Treatment of unresectable tumors is currently based on the administra-
tion of fluorouracil chemoradiation for locally advanced tumors and gemcitabine chemo-
therapy for metastatic disease [1]. However, despite maximal optimization of these
therapies, the median survival for the patients affected remains around 1 year. It is therefore
of especial interest to set new therapeutic strategies aimed at improving the prognosis of
this deadly disease.

Cannabinoids and Their Receptors

The hemp plant Cannabis sativa L. produces approximately 70 unique compounds known
as cannabinoids, of which A’-tetrahydrocannabinol (THC) is the most important owing to
its high potency and abundance in cannabis [4, 5]. THC exerts a wide variety of biologi-
cal effects by mimicking endogenous substances — the endocannabinoids anandamide and
2-arachidonoylglycerol — that bind to and activate specific cannabinoid receptors [5, 6].
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So far, two types of cannabinoid-specific G, protein coupled receptors, CB, and CB,, have
been cloned and characterized from mammalian tissues [7]. An additional cannabinoid
receptor (GPRSS, a putative “CB,” receptor) has recently been identified [8, 9], although
its participation in the several physiological functions of the endocannabinoid system
remains to be elucidated. Most of the effects of cannabinoids rely on CB, receptor activa-
tion. This receptor is particularly abundant in discrete areas of the brain and peripheral
nerve terminals, where it mediates endocannabinoid-dependent neuromodulation [10], but
is also expressed in many extraneural sites. In contrast, CB, receptors were first described
in cells and tissues of the immune system. Recent data, however, question this notion and
support the existence of CB, receptors in the central nervous system [11] as well as in other
peripheral locations [12]. Regarding pancreatic tissue, CB, and CB, receptors are present
in Langerhans islets [13], whereas they are almost undetectable in the exocrine pancreas
[14]. Remarkably, pancreatic tumors express both CB, and CB, receptors [14, 15] which,
as discussed later, could be of relevance for selectively targeting pancreatic tumor cells
with cannabinoids.

Extensive molecular and pharmacological studies have demonstrated that cannabinoids
inhibit adenylyl cyclase through CB, and CB, receptors. The CB, receptor also modulates
ion channels, inducing, for example, inhibition of N- and P/Q-type voltage-sensitive Ca*"
channels and activation of G protein activated inwardly rectifying K" channels [7]. Besides
these well-established cannabinoid receptor coupled signaling events, cannabinoid receptors
also modulate several pathways that are more directly involved in the control of cell prolif-
eration and survival, including extracellular-signal-regulated kinase [16], c-Jun N-terminal
kinase and p38 mitogen-activated protein kinase [17, 18], phosphatidylinositol 3-kinase/Akt
[19], focal adhesion kinase [20], and the sphingomyelin cycle [21].

Antitumoral Activity of Cannabinoids

Cannabinoids have been known for several decades to exert palliative effects in cancer
patients, and nowadays capsules of THC (Marinol™) and its synthetic analogue nabilone
(Cesamet™) are approved to treat nausea and emesis associated with cancer chemotherapy
[22]. In addition, several clinical trials are testing other potential palliative properties of
cannabinoids in oncology such as appetite stimulation and analgesia [23, 24]. Besides these
palliative actions, cannabinoids have been proposed as potential antitumoral agents on the
basis of experiments performed both in cultured cells and in animal models of cancer.
These antiproliferative properties of cannabis compounds were first reported 30 years ago,
when it was shown that THC inhibits lung adenocarcinoma cell growth in vitro and after
oral administration in mice [25]. Although these observations were promising, further stud-
ies in this area were not performed until the late 1990s, mostly by Di Marzo’s group
[reviewed in [26]] and Guzman’s group [reviewed in [23]]. A number of plant-derived (for
example, THC and cannabidiol), synthetic (for example, WIN-55,212-2 and HU-210), and
endogenous (for example, anandamide and 2-arachidonoylglycerol) cannabinoids are now
known to exert antiproliferative actions on a wide spectrum of tumor cells in culture [23].
More importantly, cannabinoid administration to nude mice curbs the growth of various
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types of tumor xenografts, including lung carcinoma [25], glioma [27], thyroid epithelioma
[28], lymphoma [29], skin carcinoma [30], melanoma [31], and pancreatic carcinoma [14].
The requirement of cannabinoid receptors for this antitumoral activity has been revealed by
various biochemical and pharmacological approaches, in particular by determining can-
nabinoid receptor expression in the tumors and by using selective cannabinoid receptor
agonists and antagonists.

Antitumoral Activity of Cannabinoids in Pancreatic Cancer

It has recently been found that cannabinoids (both THC and the synthetic cannabinoid
agonist WIN-55,212-2) promote apoptosis of several pancreatic cancer cell lines [14, 32].
This effect was also evident in vivo as cannabinoid administration reduced the growth of
subcutaneous and intrapancreatic tumor xenografts generated in immunodeficient mice
[14]. Moreover, results also showed that cannabinoids exert a strong inhibitory effect on
the spreading of pancreatic tumor cells not only to adjacent locations such as the spleen but
also to distal tissues such as the liver, diaphragm, stomach, and intestine, therefore suggest-
ing that cannabinoids may also decrease the propagation of pancreatic tumor cells.

These antitumoral actions of cannabinoids in pancreatic cancer cells rely on CB, receptor
activation [14]. As indicated earlier, both CB, and CB, receptors are expressed in pancreatic
tumors [ 14, 15] but not in normal pancreatic tissue, in which the presence of these receptors
is almost undetectable [14]. These findings suggest that engaging cannabinoid receptors
(and in particular CB, receptors) may be used as a therapeutic strategy to specifically target
cancer cells without affecting normal pancreas.

Mechanism of Cannabinoid Antitumoral Action

A number of studies performed during the last few years have shown that cannabinoid
receptor activation on tumor cells modulates key signaling pathways involved in cell pro-
liferation and survival. Although the downstream events by which cannabinoids exert their
antitumoral action in tumor cells have not been completely unraveled, there is substantial
evidence for the implication of at least two mechanisms: induction of apoptosis of tumor
cells and inhibition of tumor angiogenesis (Fig. 1).

Induction of Apoptosis

Cannabinoids induce apoptosis of cultured tumor cells [reviewed in [23] and (Sarafaraz,
2008 [33]). Studies initially performed in glioma cells found that this effect relies on the
activation of cannabinoid receptors and the accumulation of the proapoptotic sphingolipid
ceramide [27, 34, 35]. However, the molecular mechanisms involved in the triggering of
the apoptotic signal by cannabinoids have started to be understood only very recently.
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Fig.1 Antitumoral effect of cannabinoids. Cannabinoid administration to mice decreases tumor
growth by several mechanisms, including at least [1] reduction of tumor angiogenesis, [2] induc-
tion of tumor cell apoptosis, and perhaps [3] inhibition of tumor cell migration and invasiveness.
MMP?2 matrix metalloproteinase-2, VEGF vascular endothelial growth factor

By using a DNA array approach, we have identified a series of genes that are selectively
upregulated in cannabinoid-sensitive but not cannabinoid-resistant tumor cells upon
THC treatment [36]. One of these genes was the stress-regulated protein p8 (also desig-
nated “candidate of metastasis 1” — Com-1), which belongs to the family of HMG-1/Y
transcription factors and was originally described as a gene induced during the acute
phase of pancreatitis [37]. Different experimental approaches confirmed that p8 upregu-
lation is essential for the proapoptotic and antitumoral action of cannabinoids in gliomas
and pancreatic tumors [14, 36].

The acute increase of p8 levels after cannabinoid treatment triggers a cascade of events
that involves the upregulation of the activating transcription factor 4 (ATF-4) and the
C/EBP-homologous protein (CHOP, also called “DDIT3” and “GADD153”). These two
transcription factors cooperate in the induction of the tribbles homologue 3 (TRB3, also
called “TRIB3”), a pseudokinase that has been implicated in the induction of apoptosis of
tumor cells [38]. In line with this observation, selective knockdown of ATF-4 and TRB3
prevented cannabinoid-induced apoptosis, indicating that this signaling route also operates
in glioma cells after treatment with cannabinoids [36] (Fig. 2). ATF-4, CHOP, and TRB3
(together with other genes selectively induced upon THC treatment of glioma cells) [36]
participate in the endoplasmic reticulum (ER) stress response. A series of ER alterations
such as calcium depletion, protein misfolding, and impairment of protein trafficking to the
Golgi trigger this response, which involves attenuation of protein synthesis and selective
transcription and translation of a series of genes, mainly involved in favoring correct pro-
tein folding [39]. When these ER alterations cannot be repaired by the ER stress response,
the damaged cells undergo apoptosis. Several stimuli, including ischemia [40], viral infec-
tion [41, 42], and drugs such as tunicamycin [38] or cisplatin [43], induce apoptosis
through this pathway. Of interest, cannabinoid-induced ceramide accumulation and ER
stress induction seem to be closely linked. Thus, inhibition of ceramide synthesis de novo
prevents THC-induced p8, ATF-4, CHOP, and TRB3 upregulation [36] as well as ER
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Fig.2 Mechanism of cannabinoid proapoptotic action in pancreatic tumor cells. Cannabinoid treat-
ment induces apoptosis of tumor cells via ceramide accumulation and activation of an endoplasmic
reticulum (ER) stress-related pathway. The stress-regulated protein p8 plays a key role in this effect
by controlling the expression of activating transcription factor 4 (47F-4), C/EBP-homologous pro-
tein (CHOP), and tribbles homologue 3 (7RB3). This cascade of events triggers the activation of the
mitochondrial intrinsic apoptotic pathway through mechanisms that have not been unraveled as yet

dilation (authors’ unpublished observations), indicating that ceramide accumulation is an
early event in cannabinoid-triggered ER stress and apoptosis in glioma cells.

Unlike this proapoptotic action of cannabinoids on transformed cells, treatment of non-
transformed cells with these compounds does not trigger ceramide accumulation [44] or
induction of the aforementioned ER stress-related genes [36]. Furthermore, cannabinoids
promote the survival of nontransformed cells in different models of injury [45-47]. As dis-
cussed above, these observations suggest that the antiproliferative effect of cannabinoids is
selective for tumor cells, the viability of normal cells being unaffected or even favored by
cannabinoid challenge. In line with these observations, treatment of mice bearing orthoto-
pic pancreatic tumor xenografts with cannabinoids induced apoptosis only in tumor tissue
but not in normal pancreas [14].

The processes downstream of ER stress activation involved in the execution of cannab-
inoid-induced apoptosis are only partially understood. Decreased mitochondrial membrane
potential and caspase 3 activation are observed in cannabinoid-treated tumor cells [36,
48-50], suggesting that execution of apoptosis occurs via activation of the mitochondrial
intrinsic pathway (Fig. 2). Interestingly, cannabinoid treatment induces loss of mitochon-
drial membrane potential in p8** but not in p8-deficient mouse embryonic fibroblasts,
suggesting that the p8-regulated pathway described above is required for the activation of
the mitochondrial proapoptotic pathway. On the other hand, cannabinoids inhibit Akt in
tumor cells, an effect that is prevented by pharmacological blockade of ceramide synthesis
de novo [34]. In addition, cannabinoids lead to decreased phosphorylation of the BH3-only
protein Bad [48], an Akt target whose phosphorylation inhibits apoptosis via the intrinsic
pathway. These observations suggest that regulation of Akt could be involved in the con-
nection between the ceramide/p8-regulated pathway and the activation of the mitochondrial
proapoptotic route (Fig. 2).
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Inhibition of Tumor Angiogenesis

To grow beyond the minimal size, tumors must generate a new vascular supply (angiogen-
esis) for purposes of cell nutrition, gas exchange, and waste disposal, and therefore block-
ing the angiogenic process constitutes one of the most promising antitumoral approaches
currently available. Immunohistochemical analyses in mouse models of glioma [51], skin
carcinoma [30], and melanoma [3 1] have shown that cannabinoid administration turns the
vascular hyperplasia characteristic of actively growing tumors into a pattern of blood ves-
sels characterized by small, differentiated and impermeable capillaries. This is associated
with a reduced expression of vascular endothelial growth factor (VEGF) and other proan-
giogenic cytokines such as angiopoietin-2 and placental growth factor [30, 51, 52], as well
as of type 1 [52] and type 2 [53] VEGF receptors, in cannabinoid-treated tumors. Pharmaco-
logical inhibition of ceramide synthesis de novo abrogates the antitumoral and antiangio-
genic effect of cannabinoids in vivo and decreases VEGF production by glioma cells in vitro
and by gliomas in vivo [53], indicating that ceramide plays a general role in cannabinoid
antitumoral action.

Other reported effects of cannabinoids might be related to the inhibition of tumor angio-
genesis and invasiveness by these compounds (Fig. 1). Thus, activation of cannabinoid
receptors on vascular endothelial cells in culture inhibits cell migration and survival [51].
Endothelial cell apoptosis was also potently triggered by cannabinoid quinonoid derivatives,
although this action seems to be cannabinoid-receptor-independent [54]. In addition, can-
nabinoid administration to glioma-bearing mice decreases the activity and expression of
matrix metalloproteinase-2, a proteolytic enzyme that allows tissue breakdown and remod-
eling during angiogenesis and metastasis [51, 55]. In line with this notion, cannabinoid intra-
peritoneal injection reduces the number of metastatic nodes produced from paw injection in
lung [52], breast [56], and melanoma [31] cancer cells in mice. Likewise, spreading of pan-
creatic tumor cells not only to adjacent locations such as the spleen but also to distal tissues
such as the liver, diaphragm, stomach, and intestine is strongly inhibited upon cannabinoid
administration.

Cannabinoids as Potential Anticancer Agents

On the basis of the aforementioned preclinical findings, the potential therapeutic application
of cannabinoids as antitumoral agents has started to be tested. A pilot phase I clinical trial
has recently been conducted involving nine patients with actively growing recurrent glio-
blastoma multiforme to whom THC was administered intratumorally [57]. Standard therapy
for the patients had previously failed (surgery and radiotherapy) and they had clear evidence
of tumor progression. The primary end point of the study was to determine the safety of
intracranial THC administration. The effect of THC action on the length of survival and
various tumor cell parameters was also evaluated. A dose escalation regime for THC admin-
istration was assessed. The initial dose of THC delivered to the patients was 20-40 pug at
day 1, increasing progressively for 2—5 days up to 80—180 pg per day. The median duration
of THC administration was 15 days. Under these conditions cannabinoid delivery was safe
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and could be achieved without significant psychoactive effects. Median survival of the cohort

from the beginning of cannabinoid administration was 24 weeks (95% confidence index

15-33). THC decreased tumor cell proliferation [as determined by Ki67 immunostaining;

[31]] and increased p8 and TRB3 immunostaining [[36] and authors’ unpublished observa-

tions] as well as tumor cell apoptosis [as determined by active caspase 3 immunostaining;

[36]] when administered to two patients.

The fair safety profile observed for THC, together with its possible antiproliferative
action on tumor cells, may set the basis for future trials aimed at evaluating the potential
antitumoral activity of cannabinoids not only in gliomas but also in other malignancies, in
particular pancreatic cancer. These possible new trials could involve one or more of the
following modifications:

1. THC in combination with other chemotherapeutic agents. Pancreatic adenocarcinoma,
like glioblastoma multiforme, is an extremely lethal disease. The success of potential
treatments is usually hampered by the extreme resistance to chemotherapy displayed by
these tumors. It is therefore conceivable that combined therapies could provide better
results than single-agent therapies. For example, by synergizing via complementary
signaling pathways, THC plus temozolomide or gemcitabine might exert a more potent
clinical impact than either THC or any of these drugs alone.

2. Other cannabinoid ligands. Although the use of cannabinoids in medicine may be lim-
ited by their well-known psychotropic effects, it is generally believed that cannabinoids
display a fair drug safety profile and that their potential adverse effects are within the
range of those accepted for other medications, especially in cancer treatment [23, 24]. In
line with this idea, THC delivery in the aforementioned clinical study was safe and could
be achieved without overt psychoactive effects. As the possible antitumoral action of
nabilone has never been evaluated preclinically, THC remains the unique cannabinoid
receptor agonist currently available for cancer clinical trials. Nonetheless, most likely
THC is not the most appropriate cannabinoid agonist for future antitumoral strategies
owing to its high hydrophobicity, relatively weak agonistic potency, and ability to elicit
CB, -receptor-mediated psychoactivity. Unfortunately, the current synthetic cannabinoid
agonists that have been reported to exert antitumoral actions in animal models and that
could theoretically circumvent — at least in part — the pharmacokinetic and pharmacody-
namic limitations of THC [e.g., WIN-55,212-2, a more potent and less hydrophobic
CB /CB,-mixed agonist [27], and JWH-133, a more potent CB,-selective agonist [58]]
are still very far from clinical application owing to the lack of thorough preclinical toxi-
cology studies.

Future Perspectives

One of the most striking features of pancreatic adenocarcinomas is their high resistance to
conventional chemotherapy. Nowadays it is widely believed that strategies aimed at reducing
the mortality caused by these tumors should consist of targeted therapies capable of provid-
ing the most efficacious treatment for each individual patient and tumor. This new therapeutic
approach would require not only the utilization of new cocktails of chemotherapeutic drugs
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but, more importantly, the identification of the markers associated with the resistance of
tumor cells to these new therapies. The significant antiproliferative action of cannabinoids
in animal models of cancer, together with their low toxicity compared with other chemo-
therapeutic agents, might make these compounds promising new tools for the management
of pancreatic adenocarcinoma. Studies performed in our laboratory suggest that resistance
of glioma and pancreatic tumor cells to cannabinoid treatment correlates with the ability of
these cells to block the activation of the ER stress pathway (authors’ unpublished observa-
tions). In addition, we have observed that agents that induce ER stress exert a synergic
action when administered with cannabinoids [36]. Likewise, overexpression of p8 or TRB3
sensitizes resistant cancer cells to a further treatment with cannabinoids [36]. These obser-
vations suggest that activation of this route may be investigated as a potential strategy to
enhance the response of tumor cells to chemotherapy. Research to be performed during the
next few years should help to clarify what the optimal conditions of cannabinoid utilization
are by identifying the factors that confer resistance to cannabinoid treatment as well as the
most efficient approaches for enhancing their antitumoral activity.
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Pathogenesis of Chronic Pancreatitis
with Special Emphasis on Genes'

J. Méssner and N. Teich

Introduction

In industrialized countries up to 80% of all cases of chronic pancreatitis are due to excess
alcohol abuse for many years prior to the clinical onset of the disease. However, most alco-
holics never develop chronic pancreatitis. Thus, one has to discuss both protective and
deleterious genetic factors. We reported recently that chymotrypsin C variants with dimin-
ishing activity or secretion are associated with chronic pancreatitis [3]. We postulate that an
important role for intact chymotrypsin C is to destroy prematurely activated trypsin, thus
preventing autodigestion.

The pathogenesis of alcohol-induced chronic pancreatitis is still not understood. One
discusses alcohol-induced fatty degeneration of pancreatic acinar cells, disturbances in
ethanol detoxification, reduced synthesis of lithostathines, changes in duct permeability, a
pressure increase of the papilla of Vater, and an imbalance between free radicals and anti-
oxidants [4, 5]. Chronic pancreatitis in adults is defined as a relapsing or continuing inflam-
matory disease of the pancreas characterized by irreversible morphological changes, upper
abdominal pain, and, in some patients, permanent impairment of exocrine function, endo-
crine function, or both [6]. The resulting morphological changes can be summarized as
irregular sclerosis with focal, segmental, or diffuse destruction of the parenchyma.
Frequently dilatations, strictures, or intraductal plugs can be seen in the pancreatic duct
system. Initially, chronic pancreatitis is characterized by a recurrent stage of acute pan-
creatitis (early-stage chronic pancreatitis) passing over to progressive pancreatic dysfunc-
tion and/or pancreatic calcifications (late-stage chronic pancreatitis).

"Parts of this work were previously published in Human Mutation [1] and Best Practice and Research in
Clinical Gastroenterology [2].
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Epidemiology

There are no data regarding the incidence or prevalence of hereditary chronic pancreatitis
(HCP) or of chronic pancreatitis in children. The incidence of chronic pancreatitis of any cause
is expected to be about 3.5-10 per 100,000 inhabitants and year in Europe and the USA [7, §].

PRSS1 Mutations in Chronic Pancreatitis

In 1952 Comfort and Steinberg [9] were the first to recognize that chronic pancreatitis may
accumulate in selected families, suggesting a genetic background. HCP was defined as an
autosomal dominant disease with a penetrance rate of approximately 80%. In 1996 several
groups mapped a gene for HCP to chromosome 7 [10-12]. In the same year, Whitcomb
etal. [13] identified A R122H mutation, in the cationic trypsinogen gene (PRSS/). Several
other mutations were described subsequently (A16V, D22G, K23R, N291, N29T, R122C)
[14-20]. Until now, the R122H and N29I mutations of the PRSS/ gene have been identi-
fied as the most common disease-associated mutations [13, 15, 19]. Subsequently, several
authors identified associations of chronic pancreatitis (idiopathic and hereditary) with
other genes, such as the anionic trypsinogen (PRSS2), the serine protease inhibitor, Kazal
type 1 (SPINKI), and the cystic fibrosis transmembrane conductance regulator (CFTR)
[21-24]. On the other hand, environmental factors such as smoking, alcohol consumption,
or lack of antioxidants are assumed to be important manifestation factors especially in
alcohol-induced chronic pancreatitis but also in HCP [25-28].

The definition of HCP as a classic autosomal dominant disorder represents current knowl-
edge. In the recently published EUROPAC study [29], the diagnosis of hereditary pancreatitis
was made on the basis of two first-degree relatives or three or more second-degree relatives,
in two or more generations with recurrent acute pancreatitis, and/or chronic pancreatitis for
which there were no precipitating factors. Cases in which these strict criteria were not met,
but more than one affected family member was identified, mostly within the same generation,
were classified as familial chronic pancreatitis. We define HCP if the patient has no other detect-
able cause of chronic pancreatitis and if he/she has one first- or second-degree relative with proven
chronic pancreatitis.

In children the cardinal symptom is recurring, suddenly appearing epigastric pain. In con-
trast to adults, enduring pain is not a common clinical finding in children. Other symptoms
are nausea, vomiting, and abdominal pressure pain. Children partially develop pancreatic
insufficiency with steatorrhoea and insulin-dependent diabetes, but these complications nor-
mally occur later than in patients with chronic alcoholic pancreatitis.

Clinical Characteristics

Alcoholic chronic pancreatitis and HCP exhibit essentially identical clinical laboratory
results and histopathological or morphological features. Remarkably, HCP manifests itself
typically at an earlier age, and pancreatic calcifications and diabetes mellitus are less frequent
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complications in comparison with chronic alcoholic pancreatitis. The fact that most subjects
with the N291 or R122H PRSSI mutation investigated had mild disease or were even asymp-
tomatic should certainly be emphasized [26, 30]. The median age of onset was 11 years in the
N29I group and 10 years in the R122H group. Only 4% of our patients had severe chronic
pancreatitis with exocrine and endocrine insufficiency, pancreatic calcifications and duct
dilatations, as well as hospitalizations due to pancreatitis. In general, half of the mutation
carriers had few or no complaints or complications [26]. An European study revealed a mean
age of onset of 10 years and 14.5 years for affected carriers of the PRSS/ mutations R122H
and N29I, respectively, but showed no mutation-dependent differences in complications
such as exocrine or endocrine insufficiency or increased pancreatic cancer risk [29]. Chronic
pancreatitis presents with a wide range of pain from mild to severe and from intermittent to
persistent. Interestingly, endocrine insufficiency can regress over time, which is in contrast to
current belief that pancreatic diabetes is an irreversible sign of pancreatic failure [31].

Hereditary Chronic Pancreatitis and Pancreatic Cancer

As shown in an investigation of eight patients with pancreatic cancer in a cohort of 246 HCP
patients, the lifetime risk of pancreatic cancer is about 50-fold higher than in the control
population and corresponds to one per 1,066 person-years [32, 33]. It is only 20-fold ele-
vated in patients with chronic alcoholic pancreatitis [34]. In our cohort of 101 HCP patients
(25 N291 carriers, 76 R122H carriers), pancreatic cancer was diagnosed in three patients
with the R122H mutation, with a median of 23 years after the onset of pancreatitis. This
corresponds to a rate of about one per 1,200 person-years among affected R122H carriers
[26]. The data basis for the estimation of the pancreatic cancer risk in patients with PRSS1-
associated HCP is small. The largest clinical investigation in the pregenetic era, however,
revealed no pancreatic cancer in 72 patients from seven families [27]. Affected mutation
carriers should be strongly advised to stop smoking, as smoking is an additional risk factor
for pancreatic cancer [33].

SPINKT Mutations in Chronic Pancreatitis

Witt et al. [23] were the first to describe an association between mutations of the serine
protease inhibitor, Kazal type 1 (SPINKI) and chronic pancreatitis. SPINK1 is a potent
protease inhibitor thought to be a specific inactivation factor of intrapancreatic trypsin activ-
ity. During incubation of equimolar quantities of trypsin and SPINK1, the formation of a
covalent bond between the catalytic serine residue of trypsin and the lysine carboxyl group
of the reactive site of SPINK1 occurs. After prolonged incubation, trypsin activity reappears
over time. This is explainable by the fact that SPINK1 is degraded by trypsin [35]. The most
frequently found SPINKI mutation is N34S. This mutation was predominantly found in
patients with idiopathic chronic pancreatitis. Further investigations showed an associa-
tion of SPINKI mutations and alcoholic chronic pancreatitis as well as tropical chronic
pancreatitis [36-41]. Since 1-2% of healthy controls carry the N34S mutation, this mutation
alone seems to be insufficient to explain the pathogenesis of chronic pancreatitis in mutation
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carriers. A recent study characterized and compared the functional defects of all nonsynony-
mous SPINK I mutations. The mutations N34S and P55S did not alter secretion of SPINK1,
whereas mutation R65Q decreased secretion about twofold. Furthermore, mutations D50E,
Y54H, and R67C abolished or markedly diminished secretion. These results identified intra-
cellular folding defects as a novel mechanism of SPINK1 deficiency associated with chronic
pancreatitis. However, the disease-causing biochemical defect in the N34S mutant is unre-
lated to secretion or trypsin inhibitory activity and still remains enigmatic [42].

CFTR Mutations in Chronic Pancreatitis

Cystic fibrosis (OMIM 219700) is an autosomal recessive disorder with an incidence in
whites of approximately one in 2,500 live births. In 1989, CFTR (OMIM 602421) was iden-
tified as the underlying gene. In 1998 two independent groups reported an association of
CFTR mutations with chronic pancreatitis [21, 22]. This association is pathophysiologically
comprehensible since 1-2% of patients with cystic fibrosis suffer from chronic pancreatitis
[43, 44]. The variety of pancreatic disorders in cystic fibrosis range from complete loss of
exocrine and endocrine function to almost normal pancreatic function. So far, more than
1,500 mutations of the CFTR gene have been described [45]. According to their effect, the
mutations are split up into five or six classes (I-V/VI) [46, 47]. In cystic fibrosis, the most
common mutation is F508del, accounting for approximately 66% of all mutated alleles [48].
Interestingly, the clinical course of cystic fibrosis can be variable in patients carrying the
same mutations, indicating the influence of environmental and other genetic factors.
Further studies confirmed the association of chronic pancreatitis and CF7TR mutations, but
the underlying mechanisms leading to the development of chronic pancreatitis are still poorly
understood [49—54]. One main finding is the detection of mostly rare CFTR mutations show-
ing a different spectrum of detected mutations than in cystic fibrosis and congenital bilateral
aplasia of the vas deferens. Some authors state that compound heterozygous CFTR carriers
have a distinct elevated risk for the development of chronic pancreatitis, which is even higher
when an additional SPINK 1 mutation is present [52, 55]. The role of some CFTR mutations
has to be reconsidered since the mutation I1148T in exon 4, which was classified as a severe
cystic fibrosis causing mutation, is not associated with cystic fibrosis. However, the complex
allele 3199del6 and 1148T seems to be the relevant factor [53]. Thus, CFTR mutations alone
are not sufficient for the pathogenesis of chronic pancreatitis in most patients and further
studies are needed to elucidate the role of CFTR in the pathogenesis of chronic pancreatitis.

PRSS2 Mutations in Chronic Pancreatitis

In a study of 2,466 patients with chronic pancreatitis (including 1,857 with hereditary or
idiopathic pancreatitis) and 6,459 controls, the G191R variant of the anionic trypsinogen
was overrepresented in controls (32 vs. 220, odds ratio 0.37; P = 1.1 x 107®). The analysis of
the recombinantly expressed G191R variant revealed a complete loss of trypsin activity due
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to the introduction of a novel tryptic cleavage site that renders the enzyme hypersensitive to
autocatalytic proteolysis. Thus, the G191R variant of PRSS2 seems to mitigate intrapancre-
atic trypsin activity and thereby plays a protective role against chronic pancreatitis [24].

Biochemical Analysis of Disease-Associated PRSS7 Mutations

Classic HCP seems to follow an autosomal dominant inheritance with incomplete penetrance
and highly variable disease expression. As stated already, the results of research done within
the last decade implicate a more complex inheritance pattern. The PRSS/ mutations are
located in three clusters within the trypsinogen sequence: in the trypsinogen activation pep-
tide, in the N-terminal part of trypsin, or in the longest peptide segment not stabilized by
disulfide bonds between Cys64 and Cys139. All pancreatitis-associated PRSS/ mutations
discovered to date seem to cluster in the N-terminal half of the molecule encoded by exons 2
and 3. However, most investigations of the PRSS/ gene in patients with suspected geneti-
cally determined chronic pancreatitis are restricted to these exons in most laboratories. Thus,
possible C-terminal mutations may have been missed.

The discovery of pancreatitis-associated cationic trypsinogen mutations demonstrates
that trypsinogen seems to play a central role in the pathogenesis of human pancreatitis.
These mutations may disturb the balance of proteases and their inhibitors within the pan-
creas, leading to autodigestion of the organ.

The R122H and the N291 mutations are the most common PRSS] mutations worldwide.
They have been frequently reported from Europe, North America, and Asia [56] and
R122H was also recently found in a family of Aboriginal descent in Australia [57]. Neither
mutation was detected in two hereditary pancreatitis families from Brazil [58] and no
hereditary pancreatitis cases have been reported from Africa.

R122H and Increased Trypsin Stability

Whitcomb et al. [13] proposed that the Argl22-Vall23 autolytic peptide bond in trypsin
plays an important role in the degradation of prematurely activated trypsin in the pancreas.
Disruption of this “fail-safe mechanism” by the R122H mutation would increase intrapan-
creatic trypsin activity and disturb the protease-antiprotease equilibrium and eventually
provoke pancreatitis. Biochemical evidence supports the concept that Argl122 is important
for autolysis of trypsin and mutations of this amino acid result in increased trypsin stability
[59-62]. A study using caerulein-induced zymogen activation in isolated rat pancreatic
acini demonstrated that autodegradation of trypsin mitigates cathepsin B mediated
trypsinogen activation, suggesting that a fail-safe mechanism may be operational in the
mammalian pancreas [63]. More detailed biochemical analysis indicated that the R122H
mutation results not only in increased trypsin stability but also in increased autoactivation
[61, 62]. A weak trypsin-inhibitory activity associated with the Argl22 site is also lost in
the R122H mutant [61]. Thus, the pleiotropic biochemical effect of R122H raises the possibility
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that the pathogenic alteration is unrelated to trypsin stability. More importantly, the model
fails to explain how the other pancreatitis-associated PRSS/ mutations might work, as the
majority of these do not affect trypsin stability.

N291 and Enhanced Trypsinogen Autoactivation

Biochemical characterization of the N29I mutation using recombinant trypsinogen found no
effect on the stability of this enzyme. Independent groups observed a moderately increased
autoactivation [62, 64—66]. The N29T mutant exhibits a phenotype similar to that of R122H;
both increased trypsin stability and enhanced autoactivation were documented [17, 63]. Since
increased autoactivation was observed with the R122H, N291, and N29T mutations, whereas
N291 had no effect on trypsin stability, one may conclude that enhanced autoactivation is the
common pathogenic mechanism of hereditary pancreatitis associated PRSS/ mutations [62].

Animal Models

Transgenic expression of rat SPINK1 in mice reduced the severity of experimental secret-
agogue-induced pancreatitis [67]. These transgenic mice had 190% increased endogenous
trypsin-inhibition capacity. Transgenic expression of SPINK1 did not hinder trypsinogen
activation, but reduced trypsin activity after supramaximal stimulation with caerulein. These
in vivo results underline the hypothesis that the enhanced inhibitory capacity of trypsin
protects against pancreatitis. However, results from a mouse with targeted disruption of the
pancreatic secretory trypsin inhibitor are puzzling [68]. A knockout (—/—) of the mouse
homologue of human SPINK 1, murine Spink3, is lethal within 2 weeks after birth. Spink3 ™"~
embryos developed normally until day 15.5 after conception. Subsequently, autophagic
degeneration of the pancreatic acinar cells started, interestingly without significant inflam-
matory cell infiltration. In this study, the authors were not able to detect enhanced trypsin
activity in the acinar cells of the SPINK ™~ animals. In a further study, enhanced tryptic activ-
ity was found in pancreatic acini prepared 1 day after birth using a more sensitive assay [69].
These data indicate that the total loss of SPINK3 function leads to a strong imbalance in
favor of trypsin activity, resulting in acinar cell death and a lethal phenotype.

Two recent publications describe transgenic animals expressing R122H mutated trypsino-
gen [70, 71]. We developed a mouse expressing R122H human trypsinogen in the exocrine
pancreas by using the rat elastase-2 promoter [71]. The animals showed only slightly ele-
vated serum levels of lipase without any significant histological alteration, suggesting subtle
acinar damage. After repetitive induction of experimental pancreatitis, pancreata of trans-
genic animals showed a higher inflammatory reaction than controls. The mild phenotype in
these animals is probably caused by a low expression level of R122H mutated trypsinogen.

Transgenic expression of the R122H mutation of murine trypsin 4 in mouse pancreas led
to progressive fibrosis and chronic inflammation of the pancreas [70]. Repetitive inductions
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of experimental pancreatitis with supramaximal doses of caerulein resulted in extensive
deposition of collagen in periacinar and perilobular spaces of the transgenic animals. This
animal model with significant expression of R122H mutated trypsinogen seems to imitate
the human disease.

The Trypsinogen and SPINK1 Mutation Database

Since the first description of a trypsinogen mutation in hereditary pancreatitis, the experi-
mental and clinical information on genetic alterations in chronic pancreatitis has been rapidly
growing, resulting in a more and more complex data set. To address this issue, we imple-
mented a continuously updated database in early 2001, which contains all genetic variants of
the PRSS and SPINK1 genes [72]. In addition to exact genetic data, this database contains
links to the clinical characterization of patients with different mutations and to in vitro stud-
ies with mutant molecules.

Most laboratories have focused their studies on PRSS! exons 2 and 3, and until now no
unambiguous disease-associated mutation has been identified in the other exons. It is still pos-
sible that new variants will be identified in exons 1, 4, and 5, or in the intronic and promoter
regions. Interestingly, the triplication of a segment containing the PRSS/ gene was found
recently in patients with HCP. This triplication seems to result in a gain of trypsin through a
gene dosage effect and represents a previously unknown mechanism causing HCP [73].

Further Pathogenetic Aspects of Chronic Pancreatitis

Well-recognized causative factors of chronic pancreatitis are anatomic anomalies, metabolic
disorders, trauma, cystic fibrosis, and inflammatory bowel disease. Since HCP manifests
itself predominantly in childhood or early adulthood, alcohol abuse as the most common
predisposing condition can nearly be ruled out. Other rare aspects are hyperlipidemia type I,
familiar (hypocalciuric) hypercalcemia, hereditary hyperparathyroidism, and autoimmune
pancreatitis, the last of these usually manifesting itself in late adulthood [74-79].

Understanding of Pathogenesis: Consequences for Treatment?

Treatment of chronic pancreatitis is still only symptomatic and focuses on pain management,
maldigestion, diabetes, pseudocysts, bile duct obstruction, duodenal obstruction, and pan-
creatic cancer [5, 80, 81]. To prevent disease progression, drinking of alcohol should be infre-
quent, whereas smoking should be avoided completely. Our knowledge of various genes
involved in the pathogenesis of the disease has not led up to now to any consequences
regarding treatment. Genetic testing should follow strict regulations [82].
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Future Perspectives

From a genetic aspect, a most interesting quest in the near future will be for modifier genes that
might explain the incomplete penetrance i.e., why some carriers of PRSS/ mutations remain
healthy, whereas their relatives with the same mutation exhibit severe disease. Despite inten-
sive research, the disease mechanism remains poorly understood. Although the biochemical
alterations caused by the mutations have been largely clarified in vitro, their phenotypic effect
in vivo remains unclear in most instances.

References

11.

12.

13.

14.

. Teich N, Rosendahl J, Toth M, Mdéssner J, Sahin-Toth M. Mutations of human cationic

trypsinogen and chronic pancreatitis. Hum Mutat 2006, 27:721-730.

. Teich N, Mdssner J. Hereditary chronic pancreatitis. Best Pract Res Clin Gastroenterol 2008,

22:115-130.

. Rosendahl J, Witt H, Szmola R, Bhatia E, Ozsvari B, Landt O, Schulz HU, Gress TM,

Pfiitzer R, Lohr M, Kovacs P, Blither M, Stumvoll M, Choudhuri G, Hegyi P, te Morsche RH,
Drenth JP, Truninger K, Macek M Jr, Puhl G, Witt U, Schmidt H, Biining C, Ockenga J, Kage A,
Groneberg DA, Nickel R, Berg T, Wiedenmann B, Bédeker H, Keim V, Méssner J, Teich N,
Sahin-T6th M. Chymotrypsin C (CTRC) variants that diminish activity or secretion are associated
with chronic pancreatitis. Nat Genet 2008, 40:78—82.

. Braganza JM. A framework for the aetiogenesis of chronic pancreatitis. Digestion 1998,

59(Suppl 4):1-12.

. Witt H, Apte MV, Keim V, Wilson JS. Chronic pancreatitis: challenges and advances in patho-

genesis, genetics, diagnosis, and therapy. Gastroenterology 2007, 132:1557-1573.

. Singer MV, Gyr K, Sarles H. Report of the second international symposium on the classification

of pancreatitis in Marseille, France, March 28-30, 1984. Gastroenterology 1985, 89:683—685.

. Andersen BN, Pedersen NT, Scheel J, Worning H. Incidence of alcoholic chronic pancreatitis

in Copenhagen. Scand J Gastroenterol 1982, 17:247-252.

. Barkin JS, Fayne SD. Chronic pancreatitis: update 1986. Mt Sinai J Med 1986, 53:404—408.
. Comfort MW, Steinberg AG. Pedigree of a family with hereditary chronic relapsing pancrea-

titis. Gastroenterology 1952, 21:54—63.

. Le Bodic L, Bignon JD, Raguenes O, Mercier B, Georgelin T, Schnee M, Soulard F, Gagne K,

Bonneville F, Muller JY, Bachner L, Ferec C. The hereditary pancreatitis gene maps to long
arm of chromosome 7. Hum Mol Genet 1996, 5:549-554.

Pandya A, Blanton SH, Landa B, Javaheri R, Melvin E, Nance WE, Markello T. Linkage studies
in a large kindred with hereditary pancreatitis confirms mapping of the gene to a 16-cM region
on 7q. Genomics 1996, 38:227-230.

Whitcomb DC, Preston RA, Aston CE, Sossenheimer MJ, Barua PS, Zhang Y, Wong-Chong A,
White GJ, Wood PG, Gates LK Jr, Ulrich C, Martin SP, Post JC, Ehrlich GD. A gene for heredi-
tary pancreatitis maps to chromosome 7q35. Gastroenterology 1996, 110:1975-1980.
Whitcomb DC, Gorry MC, Preston RA, Furey W, Sossenheimer MJ, Ulrich CD, Martin SP,
Gates LK Jr, Amann ST, Toskes PP, Liddle R, McGrath K, Uomo G, Post JC, Ehrlich GD.
Hereditary pancreatitis is caused by a mutation in the cationic trypsinogen gene. Nat Genet
1996, 14:141-145.

Ferec C, Raguenes O, Salomon R, Roche C, Bernard JP, Guillot M, Quere I, Faure C, Mercier B,
Audrezet MP, Guillausseau PJ, Dupont C, Munnich A, Bignon JD, Le Bodic L. Mutations in the



Pathogenesis of Chronic Pancreatitis with Special Emphasis on Genes 59

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

cationic trypsinogen gene and evidence for genetic heterogeneity in hereditary pancreatitis.
J Med Genet 1999, 36:228-232.

Gorry MC, Gabbaizedeh D, Furey W, Gates LK Jr, Preston RA, Aston CE, Zhang Y, Ulrich C,
Ehrlich GD, Whitcomb DC. Mutations in the cationic trypsinogen gene are associated with
recurrent acute and chronic pancreatitis. Gastroenterology 1997, 113:1063—1068.

Le Marechal C, Chen JM, Quere I, Raguenes O, Ferec C, Auroux J. Discrimination of three
mutational events that result in a disruption of the R122 primary autolysis site of the human
cationic trypsinogen (PRSS1) by denaturing high performance liquid chromatography. BMC
Genet 2001, 2:19.

Pfiitzer R, Myers E, Applebaum-Shapiro S, Finch R, Ellis I, Neoptolemos J, Kant JA, Whitcomb DC.
Novel cationic trypsinogen (PRSS7) N29T and R122C mutations cause autosomal dominant hered-
itary pancreatitis. Gut 2002, 50:271-272.

Simon P, Weiss FU, Sahin-Toth M, Parry M, Nayler O, Lenfers B, Schnekenburger J, Mayerle
J, Domschke W, Lerch MM. Hereditary pancreatitis caused by a novel PRSS1 mutation (Arg-
122—Clys) that alters autoactivation and autodegradation of cationic trypsinogen. J Biol Chem
2002, 277:5404-5410.

Teich N, Mdssner J, Keim V. Mutations of the cationic trypsinogen in hereditary pancreatitis.
Hum Mutat 1998, 12:39-43.

Witt H, Luck W, Becker M. A signal peptide cleavage site mutation in the cationic trypsinogen
gene is strongly associated with chronic pancreatitis. Gastroenterology 1999, 117:7-10.
Cohn JA, Friedman KJ, Noone PG, Knowles MR, Silverman LM, Jowell PS. Relation between
mutations of the cystic fibrosis gene and idiopathic pancreatitis. New Engl J Med 1998,
339:653-658.

Sharer N, Schwarz M, Malone G, Howarth A, Painter J, Super M, Braganza J. Mutations of the
cystic fibrosis gene in patients with chronic pancreatitis. New Engl J Med 1998, 339:645—652.
Witt H, Luck W, Hennies HC, Classen M, Kage A, Lass U, Landt O, Becker M. Mutations in
the gene encoding the serine protease inhibitor, Kazal type 1 are associated with chronic pan-
creatitis. Nat Genet 2000, 25:213-216.

Witt H, Sahin-Toth M, Landt O, Chen JM, Kahne T, Drenth JP, Kukor Z, Szepessy E, Halangk W,
Dahm S, Rohde K, Schulz HU, Le Marechal C, Akar N, Ammann RW, Truninger K, Bargetzi M,
Bhatia E, Castellani C, Cavestro GM, Cerny M, Destro-Bisol G, Spedini G, Eiberg H, Jansen JB,
Koudova M, Rausova E, Macek M Jr, Malats N, Real FX, Menzel HJ, Moral P, Galavotti R,
Pignatti PF, Rickards O, Spicak J, Zarnescu NO, Bock W, Gress TM, Friess H, Ockenga J,
Schmidt H, Pfutzer R, Lohr M, Simon P, Weiss FU, Lerch MM, Teich N, Keim V, Berg T,
Wiedenmann B, Luck W, Groneberg DA, Becker M, Keil T, Kage A, Bernardova J, Braun M,
Guldner C, Halangk J, Rosendahl J, Witt U, Treiber M, Nickel R, Ferec C. A degradation-
sensitive anionic trypsinogen (PRSS2) variant protects against chronic pancreatitis. Nat Genet 2000,
38:668—-673.

Amann ST, Gates LK, Aston CE, Pandya A, Whitcomb DC. Expression and penetrance of the
hereditary pancreatitis phenotype in monozygotic twins. Guz 2001, 48:542-547.

Keim V, Bauer N, Teich N, Simon P, Lerch MM, Maossner J. Clinical characterization of
patients with hereditary pancreatitis and mutations in the cationic trypsinogen gene. Am J Med
2001, 111:622-626.

Sibert JR. Hereditary pancreatitis in England and Wales. J Med Genet 1978, 15:189-201.
Sossenheimer MJ, Aston CE, Preston RA, Gates LK Jr, Ulrich CD, Martin SP, Zhang Y, Gorry
MC, Ehrlich GD, Whitcomb DC. Clinical characteristics of hereditary pancreatitis in a large
family, based on high-risk haplotype. The Midwest Multicenter Pancreatic Study Group
(MMPSG). Am J Gastroenterol 1997, 92:1113-1116.

Howes N, Lerch MM, Greenhalf W, Stocken DD, Ellis I, Simon P, Truninger K, Ammann R,
Cavallini G, Charnley RM, Uomo G, Delhaye M, Spicak J, Drumm B, Jansen J, Mountford R,
Whitcomb DC, Neoptolemos JP; European Registry of Hereditary Pancreatitis and Pancreatic
Cancer (EUROPAC: European Registry of Hereditary Pancreatitis and Pancreatic Cancer



60

J. Mdssner and N. Teich

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45

46.

47.

48.

49.

(EUROPAC). Clinical and genetic characteristics of hereditary pancreatitis in Europe. Clin
Gastroenterol Hepatol 2004, 2:252-261.

Keim V, Witt H, Bauer N, Bodeker H, Rosendahl J, Teich N, Mdssner J. The course of geneti-
cally determined chronic pancreatitis. J Pancreas (Online) 2003, 4:146—154.

Uhlig HH, Galler A, Keim V, Méssner J, Kiess W, Caca K, Teich N. Regression of pancreatic
diabetes in chronic hereditary pancreatitis. Diabetes Care 2006, 29:1981-1982.

Lowenfels AB, Maisonneuve P, DiMagno EP, Elitsur Y, Gates LK Jr, Perrault J, Whitcomb DC.
Hereditary pancreatitis and the risk of pancreatic cancer. International Hereditary Pancreatitis
Study Group. J Natl Cancer Inst 1997, 89:442-446.

Lowenfels AB, Maisonneuve P, Whitcomb DC. Risk factors for cancer in hereditary pancreatitis.
International Hereditary Pancreatitis Study Group. Med Clin North Am 2000, 84:565-573.
Malka D, Hammel P, Maire F, Rufat P, Madeira I, Pessione F, Levy P, Ruszniewski P. Risk of
pancreatic adenocarcinoma in chronic pancreatitis. Gut 2002, 51:849-852.

Laskowski M, Wu FC. Temporary inhibition of trypsin. J Biol Chem 1953, 204:797-805.
Bhatia E, Choudhuri G, Sikora SS, Landt O, Kage A, Becker M, Witt H. Tropical calcific
pancreatits: strong association with SPINK1 trypsin inhibitor mutations. Gastroenterology
2002, 123:1020-1025.

Chandak GR, Idris MM, Reddy DN, Bhaskar S, Sriram PV, Singh L. Mutations in the pancre-
atic secretory trypsin inhibitor gene (PS7T//SPINK1) rather than the cationic trypsinogen gene
(PRSS1) are significantly associated with tropical calcific pancreatitis. J Med Genet 2002,
39:347-351.

Drenth JP, te Morsche R, Jansen JB. Mutations in serine protease inhibitor Kazal type 1 are
strongly associated with chronic pancreatitis. Gut 2002, 50:687—-692.

Hassan Z, Mohan V, Ali L, Allotey R, Barakat K, Faruque MO, Deepa R, McDermott MF,
Jackson AE, Cassell P, Curtis D, Gelding SV, Vijayaravaghan S, Gyr N, Whitcomb DC, Khan
AK, Hitman GA. SPINKI is a susceptibility gene for fibrocalculous pancreatic pancreatic
diabetes in subjects from the Indian subcontinent. Am J Hum Genet 2002, 71:964-968.
Schneider A, Suman A, Rossi L, Barmada MM, Beglinger C, Parvin S, Sattar S, Ali L, Khan
AK, Gyr N, Whitcomb DC. SPINK1/PST1 mutations are associated with tropical pancreatitis
and type II diabetes mellitus in Bangladesh. Gastroenterology 2002, 123:1026—-1030.

Witt H, Luck W, Becker M, Bohmig M, Kage A, Truninger K, Ammann RW, O’Reilly D,
Kingsnorth A, Schulz HU, Halangk W, Kielstein V, Knoefel WT, Teich N, Keim V. Mutation
in the SPINK trypsin inhibitor gene, alcohol use, and chronic pancreatitis. JAMA 2001, 285:
2716-2717.

Kiraly O, Wartmann T, Sahin-Toth M. Missense mutations in pancreatic secretory trypsin
inhibitor (SPINK1) cause intracellular retention and degradation. Gut 2007, 56:1433—-1438.
Atlas AB, Orenstein SR, Orenstein DM. Pancreatitis in young children with cystic fibrosis. J Pediatr
1992, 120:756-759.

Shwachman H, Lebenthal E, Khaw W. Recurrent acute pancreatitis in patients with cystic
fibrosis with normal pancreatic enzymes. Pediatrics 1975, 55:86-94.

Cystic Fibrosis Mutation Database. http://www.genet.sickkids.on.ca/cftr.

Welsh M, Smith A. Molecular mechanisms of CFTR chloride channel dysfunction in cystic
fibrosis. Cell 1993, 73:1251-1254.

Wilschanski M, Zielenski J, Markiewicz D, Tsui LC, Corey M, Levison H, Durie PR.
Correlation of sweat chloride concentration with classes of the cystic fibrosis transmembrane
conductance regulator gene mutations. J Pediatr 1995, 127:705-710.

The Cystic Fibrosis Genetic Analysis Consortium. Population variation of common cystic
fibrosis mutations. Hum Mutat 1994, 4: 167-177.

Audrezet MP, Chen JM, Le Marechal C, Ruszniewski P, Robaszkiewicz M, Raguenes O,
Quere I, Scotet V, Ferec C. Determination of the relative contribution of three genes-the cystic



Pathogenesis of Chronic Pancreatitis with Special Emphasis on Genes 61

50.

51.

52.

53.

54.

55.

56.

57.

S8.

59.

60.

6l1.

62.

63.

64.

65.

66.

fibrosis transmembrane conductance regulator gene, the cationic trypsinogen gene, and the
pancreatic secretory trypsin inhibitor gene-to the etiology of idiopathic chronic pancreatitis.
Eur J Hum Genet 2002, 10:100-106.

Castellani C, Bonizzato A, Rolfini R, Frulloni L, Cavallini GC, Mastella G. Increased preva-
lence of mutations of the cystic fibrosis gene in idiopathic chronic and recurrent pancreatitis
(letter). Am J Gastroenterol 1999, 94:1993—-1995.

Castellani C, Gomez Lira M, Frulloni L, Delmarco A, Marzari M, Bonizzato A, Cavallini G,
Pignatti P, Mastella G. Analysis of the entire coding region of the cystic fibrosis transmem-
brane regulator gene in idiopathic pancreatitis. Hum Mutat 2001, 18:166.

Noone PG, Zhou Z, Silverman LM, Jowell PS, Knowles MR, Cohn JA. Cystic fibrosis gene
mutations and pancreatitis risk: relation to epithelial ion transport and trypsin inhibitor gene
mutations. Gastroenterology 2001, 121:1310-1319.

Rohlfs EM, Zhou Z, Sugarman EA, Heim RA, Pace RG, Knowles MR, Silverman LM,
Allitto BA. The [148T CFTR allele occurs on multiple haplotypes: a complex allele is associated
with cystic fibrosis. Genet Med 2002, 4:319-323.

Weiss FU, Simon P, Bogdanova N, Mayerle J, Dworniczak B, Horst J, Lerch MM. Complete
cystic fibrosis transmembrane conductance regulator gene sequencing in patients with idio-
pathic chronic pancreatitis and controls. Gut 2005, 54:1456—1460.

Cohn JA, Neoptolemos JP, Feng J, Yan J, Jiang Z, Greenhalf W, McFaul C, Mountford R,
Sommer SS. Increased risk of idiopathic chronic pancreatitis in cystic fibrosis carriers. Hum
Mutat 2005, 26:303-307.

Nishimori I, Kamakura M, Fujikawa-Adachi K, Morita M, Onishi S, Yokoyama K, Makino I,
Ishida H, Yamamoto M, Watanabe S, Ogawa M. Mutations in exons 2 and 3 of the cationic
trypsinogen gene in Japanese families with hereditary pancreatitis. Gut 1999, 44:259-263.
McGaughran JM, Kimble R, Upton J, George P. Hereditary pancreatitis in a family of Aboriginal
descent. J Paediatr Child Health 2004, 40:487-489.

Bernardino AL, Guarita DR, Mott CB, Pedroso MR, Machado MC, Laudanna AA, Tani CM,
Almeida FL, Zatz M. CFTR, PRSSI and SPINK I mutations in the development of pancreatitis
in Brazilian patients. J Pancreas (Online) 2003, 4:169—177.

Gaboriaud C, Serre L, Guy-Crotte O, Forest E, Fontecilla-Camps JC. Crystal structure of
human trypsin 1: unexpected phosphorylation of Tyr151. J Mol Biol 1996, 259:995-1010.
Higaki JN, Light A. Independent refolding of domains in the pancreatic serine proteinases. J Biol
Chem 1986, 261:10606—10609.

Kukor Z, Toth M, Pal G, Sahin-Toth M. Human cationic trypsinogen. Arg(117) is the reactive
site of an inhibitory surface loop that controls spontaneous zymogen activation. J Biol Chem
2002, 277:6111-6117.

Sahin-T6th M, Toth M. Gain-of-function mutations associated with hereditary pancreatitis
enhance autoactivation of human cationic trypsinogen. Biochem Biophys Res Commun 2000,
278:286-289.

Halangk W, Lerch MM, Brandt-Nedelev B, Roth W, Ruthenbuerger M, Reinheckel T,
Domschke W, Lippert H, Peters C, Deussing J. Role of cathepsin B in intracellular trypsino-
gen activation and the onset of acute pancreatitis. J Clin Invest 2000, 106:773-781.
Sahin-Toth M. Human cationic trypsinogen. Role of Asn-21 in zymogen activation and impli-
cations in hereditary pancreatitis. J Biol Chem 2000, 275:22750-22755.

Szilagyi L, Kenesi E, Katona G, Kaslik G, Juhasz G, Graf L. Comparative in vitro studies on
native and recombinant human cationic trypsins. Cathepsin B is a possible pathological acti-
vator of trypsinogen in pancreatitis. J Biol Chem 2001, 276:24574-24580.

Teich N, Nemoda Z, Kohler H, Heinritz W, Mdossner J, Keim V, Sahin-Toth M. Gene conver-
sion between functional trypsinogen genes PRSS/ and PRSS2 associated with chronic pan-
creatitis in a six-year-old girl. Hum Mutat 2005, 25:343-347.



62

J. Mdssner and N. Teich

67.

68.

69.

70.

71.

72

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

Nathan JD, Romac J, Peng RY, Peyton M, Macdonald RJ, Liddle RA. Transgenic expression
of pancreatic secretory trypsin inhibitor-I ameliorates secretagogue-induced pancreatitis in
mice. Gastroenterology 2005, 128:717-727.

Ohmuraya M, Hirota M, Araki M, Mizushima N, Matsui M, Mizumoto T, Haruna K, Kume S,
Takeya M, Ogawa M, Araki K, Yamamura K. Autophagic cell death of pancreatic acinar cells
in serine protease inhibitor Kazal type 3-deficient mice. Gastroenterology 2005, 129:696-705.
Ohmuraya M, Hirota M, Araki K, Baba H, Yamamura K. Enhanced trypsin activity in pancreatic
acinar cells deficient for serine protease inhibitor Kazal type 3. Pancreas 2006, 33:104—106.
Archer H, Jura N, Keller J, Jacobson M, Bar-Sagi D. A mouse model of hereditary pancreatitis
generated by transgenic expression of R122H trypsinogen. Gastroenterology 2006, 131:
1844-1855.

Selig L, Sack U, Gaiser S, Kloppel G, Savkovic V,Mossner J, Keim V,Bodeker H. Characteri-
sation of a transgenic mouse expressing R122H human cationic trypsinogen. BMC Gastroen-
terol 2006, 6:30.

Database of Genetic Variants in Patients with Chronic Pancreatitis. http://www.uni-leipzig.de/
pancreasmutation.

Le Marechal C, Masson E, Chen JM, Morel F, Ruszniewski P, Levy P, Ferec C. Hereditary
pancreatitis caused by triplication of the trypsinogen locus. Nat Genet 2006, 38:1372—-1374.
Jackson CE. Hereditary hyperparathyroidism associated with recurrent pancreatitis. Ann
Intern Med 1958, 49:829-836.

Kamisawa T, Egawa N, Nakajima H, Tsuruta K, Okamoto A, Kamata N. Clinical difficulties
in the differentiation of autoimmune pancreatitis and pancreatic carcinoma. Am J Gastroenterol
2003, 98:2694-2699.

Kloppel G, Sipos B, Zamboni G, Kojima M, Morohoshi T. Autoimmune pancreatitis: histo-
and immunopathological features. J Gastroenterol 2007, 42(Suppl 18):28-31.

Sarles H, Sarles JC, Muratore R, Guien C. Chronic inflammatory sclerosis of the pancreas: an
autoimmune pancreatic disease? Am J Dig Dis 1961, 6:688—698.

Trump D, Whyte MP, Wooding C, Pang JT, Pearce SH, Kocher DB, Thakker RV. Linkage
studies in a kindred from Oklahoma, with familial benign (hypocalciuric) hypercalcaemia
(FBH) and developmental elevations in serum parathyroid hormone levels, indicate a third
locus for FBH. Hum Genet 1995, 96:183—187.

Wilson DE. Mutations in exon 3 of the lipoprotein lipase gene segregating in a family with
hypertriglyceridemia, pancreatitis, and non-insulin-dependent diabetes. J Clin Invest 1993,
92:203-211.

Etemad B, Whitcomb DC. Chronic pancreatitis: diagnosis, classification, and new genetic
developments. Gastroenterology 2001, 120:682—707.

Layer P, Yamamoto H, Kalthoff L, Clain JE, Bakken LJ, DiMagno EP. The different courses
of early- and late-onset idiopathic and alcoholic chronic panceatitis. Gastroenterology 1994,
107:1481-1487.

Ellis I, Lerch MM, Whitcomb DC. Genetic testing for hereditary pancreatitis: guidelines for
indications, counselling, consent and privacy issues. Pancreatology 2001, 1:405-415.

Chari ST. Diagnosis of autoimmune pancreatitis using its five cardinal features: introducing
the Mayo Clinic’s HISORt criteria. J Gastroenterol 2007, 42(Suppl 18):39-41.

Whitcomb DC, Gorry MC, Preston RA, Furey W, Sossenheimer MJ, Ulrich CD, Martin SP,
Gates LK Jr, Amann ST, Toskes PP, Liddle R, McGrath K, Uomo G, Post JC, Ehrlich GD.
Hereditary pancreatitis is caused by a mutation in the cationic trypsinogen gene. Nat Genet
1996, 14:141-145.

Howes N, Greenhalf W, Rutherford S, O’Donnell M, Mountford R, Ellis I, Whitcomb D, Imrie C,
Drumm B, Neoptolemos JP. A new polymorphism for the R122H mutation in hereditary pancreatitis.
Gut 2001, 48:247-250.



Bioecological Control of Disease,
Especially Pancreatic Disease

S. Bengmark

Introduction

Patients with acute pancreatitis often suffer an uncontrolled superinflammation, and as a result
of that a malfunctioning innate immune system, which frequently leads to complications:
severe infections, systemic inflammatory syndrome, and sometimes multiple organ failure.
Among the characteristics of the superinflammation are an exuberant, e.g., exaggerated and
prolonged, inflammatory response, an aberrant cellular response, and extreme elevations in
levels of cytokines and acute-phase proteins but also in levels of coagulation and growth fac-
tors. The cytokine storm, which occurs during the first few hours, will almost immediately
reach the lungs and other distant organs via the lymphatics [ 1], and will condition them to be/
make them susceptible to a subsequent infection. Overgrowth of potentially pathogenic
microorganisms in the stomach and intestines, due to disease, inhibition of gastric and gastro-
intestinal (GI) secretions, and absence of a food stream, provides the source of bacteria for
subsequent infection of the chest, pancreas, urinary tract, and other organs.

Instant Reaction: Narrow Therapeutic Window

The alarm reaction is instant: within minutes increases in the levels of various proinflam-
matory cytokines and within hours increases in the levels of various acute-phase proteins
are observed, changes most often reaching their peaks within the first 24 h. It is increas-
ingly recognized that the therapeutic window providing possibilities to control the exu-
berant phase response is narrow, most likely not much more than 24-36 h. Experience
from liver transplantation suggests that a superinflammation observed in the late phase of
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the operation is intimately associated with subsequent sepsis. If at the end of the operation
the endotoxin, the tumor necrosis factor o (TNF-a), and interleukin (IL)-6 levels were
increased more than 6 times, the patients developed sepsis [2]. The conditions are similar
in acute pancreatitis.

Efforts to control inflammation and subsequent complications, instituted later than
24-36 h after onset of disease, are prone to have limited preventive effects. Unfortunately
patients with acute pancreatitis will often arrive at hospital 1224 h after the onset of dis-
ease, which underlines the necessity of making efforts to control the inflammation the
highest priority. It is strongly recommended that attempts are made immediately on arrival
of the patient to restrict the superinflammation to the greatest extent possible. It is better to
treat some patients unnecessarily than to miss the opportunity. The majority of immune
cells (about 75%) are located in the GI tract, which is why enteral nutrition has proven to
be a powerful tool to control the function of these cells. Studies in recent years have also
demonstrated that immediate postoperative feeding is not only safe, but also prevents an
increase in gut mucosal permeability, contributes to a positive nitrogen balance, and
reduces the incidence of septic complications. It also reduces postoperative ileus and
accelerates restitution of pulmonary performance, body composition, and physical perfor-
mance [3, 4]. It has also been observed in a controlled study that delaying institution of
enteral nutrition later than after 24 h leads to, compared with immediate supply, increased
intestinal permeability and significantly higher incidence of multiple organ failure [5].

Choice of Treatment Strategy

Today’s treatment strategy is to a large extent based on early enteral nutrition and use of
antibiotics. It is increasingly observed that antibiotics have a limited if not no preventive
effect on the course of disease [6]. It has long been known that the administration of antibi-
otics will suppress various immune functions, and especially macrophage activities such as
the chemiluminescence response, chemotactic motility, and bactericidal and cytostatic abil-
ity [6, 7]. This is so with standard antibiotic administration and probably even worse with
selective digestive tract decontamination. It is a historic landmark that routine antibiotic
prophylaxis has been shown to be of no benefit in reducing the risk of developing infected
pancreatic necrosis [8]. Enteral supply of nutrients must be done with care, and nutrition
solutions which increase blood glucose levels should be avoided, as hyperglycemia is asso-
ciated with impaired neutrophil dysfunction [9] and significantly increased infection and
mortality rates, as demonstrated in trauma patients [ 10]. Standard commercial enteral nutri-
tion solutions, rich in proinflammatory molecules containing dairy-derived proinflamma-
tory molecules, should be avoided to the greatest extent possible. Total parenteral solutions
and some commercial enteral diets have in animal experiments been shown to activate
inducible nitric oxide synthase and disrupt the gut barrier function and the intestinal micro-
flora and induce bacterial translocation [11].

Hospital-produced nutrition formulas, made of fresh fruits, vegetables, especially legumes,
and fish/meat, and probably more suitable for enteral nutrition, have for questionable hygiene
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and efficiency reasons been abandoned in hospitals in the developed world. Controlled
clinical studies comparing the effects of standard nutrition solutions and hospital-made
nutrition solutions on immunity and outcome are most highly desirable. Also, blood
transfusions must be avoided to the greatest extent possible. A recent meta-analysis based
on 20 peer-reviewed articles and more than 13,000 patients reported an average of 3.5
times increase in postoperative infections in surgical patients receiving allogenic blood
transfusion [12].

Choice of Treatment

The enteral nutrition formulas used today are made mainly with the aim to provide calories
and are to a large extent built on the concept used for parenteral nutrition, e.g., based on a
mixture of various “chemicals.” It is clear that such nutrition can never replace normal eating
with its great variation in the supply of nutrients, antioxidants, plant fibers, and preventive
nonpathogenic microorganisms. It is suggested that normal eating provides up to two mil-
lion different molecules, which include several hundred different carotenoids and several
thousand different flavonoids, some of which have an antioxidant effect 10 times or more
powerful than that of vitamins such as C and E. Gastric release of nitric oxide is mandatory
for maintenance of upper GI motility, for mucosal and splanchnic secretion, and for elimina-
tion of pathogens from the stomach. It is therefore of outmost importance that the nutrient
solution supplied provides precursors for such production e.g., nitrate/nitrite. Eating natural
food, rich in fresh fruits and vegetables, and hopefully also in fibers and probiotic bacteria,
is optimal for the function of the innate system and for resistance to disease. Unfortunately,
such nutrition is most often not possible in severely sick patients.

Choice of Feeding System

To improve the possibilities to provide immediate enteral nutrition, I developed a so-called
self-propelling (autopositioning) and also regurgitation-resistant tube, based on a coil (spiral)
in the end, which is made to maximally absorb the gastric motility for its transportation to
an ideal position, just below the ligament of Trietz. It usually needs no assistance by endos-
copy or X-ray. Nutrition is started as soon as the coil of the tube has been placed in the
stomach without waiting for it to migrate into the intestine. Several studies have proven its
superiority over other tubes, especially in patients with reduced or inhibited motility, such
as patients with acute pancreatitis. A recent prospective study showed successful place-
ment (within 24 h) in patients with normal gastric emptying in 78% of patients versus 14%
of patients with a straight standard tube (P = 0.041), and in patients with impaired gastric
emptying a 24-h success rate of 57% compared with 0% for patients with straight tubes
(P=0.07) [13].
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Maintenance of Salivation and Gl Secretion

The amount of GI secretion in an adult is as much as 10 L a day, of which 2.5 L is saliva and
another 2.5 L is gastric secretion. These secretions are extremely rich in immunosupportive
factors such as immunoglobulins, lactoferrin, lysozyme, fibronectin, and mucin, but are also
an important source of healing factors such as epidermal growth factor. Removal of the sali-
vary gland function results in gastric and intestinal ulcerations, poor wound healing, and
poor regeneration of organs, especially the liver. From an immunological point of view, a
drug that stimulates these secretions, instead of inhibiting them, should be preferred, and
especially in the very sick and critically ill. Unfortunately, most drugs, especially those com-
monly used in intensive treatment units (ITUs), have strong antisecretory effects — for more
information, including a list of drugs, see [14]. Low gastric pH is a prerequisite for gastric
nitric oxide production, a function which is totally eliminated by supply of H, blockers and
proton inhibitors [8]. Normal gastric acid production is also essential for absorption of sev-
eral vitamins and antioxidants, including vitamin C and glutathione. Most important, in the
absence of low pH, the stomach will become a reservoir for pathogens, which are often
regurgitated into the lungs and are the cause of chest infections [15]. Use of H, blockers/
proton inhibitors to prevent peptic ulcers was necessary in patients on total parenteral nutri-
tion, but today with early and aggressive enteral feeding it is totally unnecessary [16—-19].

Strict Blood Glucose Control

Elevated blood glucose level is deleterious to the function of the immune system and pre-
vention of morbidity. Blood glucose levels below 8§ mEq are also necessary for mainte-
nance of normal GI motility [20] and for splanchnic and mucosal blood flow. Even though
strict glucose control had been known for some time to reduce the incidence of wound
infection after open heart surgery, it was not until recently that strict glucose control was
adapted for modern ITU and postoperative care. For a long time, the state of the art was to
tolerate blood glucose levels up to 12 mmol/L (220 mg/dL) in fed critically ill patients.
However, strict glucose control to below 6.1 mmol/L has recently been shown to decrease
blood stream infections by 46%, acute renal failure with need of hemofiltration by 41%,
critical illness polyneuropathy by 44%, red cell transfusions by 50%, and mortality by
34% [21].

Generous Supply of Antioxidants

The tissue and blood concentrations of pro-oxidants are almost invariably high and the
serum levels of various antioxidants and micronutrients low or extremely low in critically ill
patients, including those with acute pancreatitis. As an example, total vitamin C and ascorbic



Bioecological Control of Disease, Especially Pancreatic Disease 67

acid levels are reported to be less than 25% of normal values in such patients. A study
performed in mainly trauma patients reported a 19% reduction in pulmonary morbidity and
a 57% lower incidence of multiple organ failure in a group of patients receiving supplemen-
tation with a-tocopherol and ascorbate [22]. A recent controlled study in patients with acute
pancreatitis reported significantly increased plasma levels of vitamin C in parallel with a
significant reduction in levels of IL-2r, TNFa., IL-6, and IL-8 [23]. Furthermore, the ratio of
CD4/CD8 and CD4 positive cells was significantly higher in the treated patients. In addition,
a faster normalization of temperature and amylase level in serum and urine was observed.
But more importantly the cure rate, the complication rate, and the length of hospital stay were
significantly better. Thus far, most of the studies reported were done using conventional
vitamins and intravenous supply. Antioxidants such as flavonoids have not been tried. As
some of these are reported to have 10 times stronger antioxidant effects, it should be of the
greatest interest to try these in severely sick patients such as those with acute pancreatitis.
Healthy individuals receive most of their antioxidants, including exogenous glutathione,
from fresh fruits and vegetables, and they are released and absorbed after fermentation by
lactic acid bacteria (LAB) in the lower GI tract. As the mucosa in the lower gut almost
entirely depends on nutrients from the lumen, it is likely that there is a premium in supplying
antioxidants, which are delivered where they are much needed, e.g., at the mucosa of the
lower GI tract.

Control of Microbial Flora

In addition to the digestion provided by saliva and GI secretion, does there exist an equally
important system for digestion of food based on microbial enzymes in the lower GI tract?
The colon is today recognized as an important immunological organ, and also as an impor-
tant metabolic organ. Most likely it has more and certainly more complex functions than
the rest of the GI tract. An indication of the complexity of the metabolic activities in the
large intestine is the fact that the colonic “microbial organ” contains more than two million
genes [24], to be compared with about 65,000 genes in the rest of the human body.
Numerous substances, several hundred thousand, if not a million or two, are produced,
released, and absorbed at the level of the lower small intestine and the large intestine. All
depend on microbial fermentation for their release and absorption, which is why mainte-
nance of flora is so important. Among these substances are various fatty acids, especially
short chain fatty acids, carbohydrates, amino acids, polyamines, vitamins, antioxidants,
phytoestrogens, and coagulation and growth factors. The main substrate for this production
through microbial fermentation is plant fibers, fresh fruits, and vegetables. If such food
cannot be provided to the sick patient, at least dried plant fibers, although much less effec-
tive, should be liberally supplied. However, one must keep in mind that many important
antioxidants, such as glutathione, and amino acids such as glutamine do not sustain indus-
trial processes such as drying or heating. High priority should, whenever possible, always
be given to supplementing commercial feeding formulas with fresh fruits and vegetables,
also in ITU patients, by any means possible.
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The Concept of Synbiotics

All products released from consumed plant fibers (prebiotics) by the action of flora or
supplemented bacteria (probiotics) are collectively called “synbiotics.” Genetically, there
is a large difference between different bacteria called “lactic acid bacteria” (LAB); often
said to be greater than between man and a fish. Thus, it is of extreme importance that only
LAB with strong and specific bioactivities are used. Most of the LAB used by the food
industry have no or limited ability to ferment strong bioactive fibers such as inulin and
phlein, no ability to adhere to human mucus, low antioxidant capacity, and most important
do not survive the acidity of the stomach and bile acid. This is illustrated by a recent study.
A standard commercial product containing Lactobacillus acidophilus LAS, Bifidobacterium
lactis BP12, Streptococcus thermophilus, and Lactobacillus bulgaricus was mixed with
7.5 g oligofructose and in a controlled study was supplied to critically ill patients. Although
significant reductions in the number of potentially pathogenic organisms could be observed
in the stomach of the patients treated, no influence on intestinal permeability could be
demonstrated nor could any clinical benefits be demonstrated when this particular formula
was supplied to a mixed group of critically ill patients [25]. See also [26].

My personal experience during the last 15 years stems from studies using two different
synbiotics — combinations of prebiotics and probiotics: [1] @ one LAB/one fiber composition,
produced by fermentation of oat meal with L. plantarum strain 299; [2] a four LAB/four fiber
composition (Synbiotic 2000%), consisting of a mixture of 10'° (more recently also as
Synbiotic 2000 FORTE® with 10" of each of four LAB — Pediococcus pentosaceus 5-33:3,
Leuconostoc mesenteroides 32-77:1, Lactobacillus paracasei subsp. paracasei 19, and
Lactobacillus plantarum 2362 — and 2.5 g of each of four fermentable fibers (prebiotics):
f-glucan, inulin, pectin, and resistant starch.

Synbiotics in Chronic Liver Disease and Liver Transplantation

Most of the experience with synbiotic treatment stems from studies in patients with chronic
liver disease. Synbiotics have the ability to reduce the production and absorption of endo-
toxin in the intestine, but they also downregulate production of proinflammatory cytok-
ines. The in vitro production of TNF-a by peripheral blood mononuclear cells in response
to stimulation by endotoxin or Staphylococcus aureus enterotoxin B was reduced by a
median of 46% (range 8—67%) in eight of 11 (72.7%) cirrhotic patients supplied for 1 week
with the four LAB/four fiber synbiotic composition [27]. Fifty-eight patients with so-called
minimal encephalopathy were randomized into three groups and supplied for 1 month with
[1] the four LAB/four fiber composition (n = 20), [2] only the fibers in the composition
(n=20), and [3] a placebo (nonfermentable, nonabsorbable fiber) (n = 15) [28]. Significant
reductions in intestinal pH, serum endotoxin, and intestinal content of Escherichia coli,
Staphylococcus, and Fusobacterium were observed in both treatment groups but not in
Pseudomonas and Enterococcus, and were accompanied by significant improvements in
ammonia/s, bil/s, liver enzymes, prothrombin time, and albumin/s. The levels of ALT
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decreased significantly from 252 + 182 to 84 + 65 (P <0.01) in the synbiotic-treated group
and to 110 + 86 (P < 0.05) in the fiber-only group, but not in the placebo group. Significant
improvements were observed in psychometric tests and the degree of encephalopathy.

Both the one LAB/one fiber and the four LAB/four fiber compositions have been tried
in human liver transplantation. Ninety-five liver transplant patients were divided into three
groups: group 1, selective digestive tract decontamination (SDD) four times daily for 6
weeks (n = 32); group 2, live L. plantarum 299 (LLP) at a dose of 10° plus 10 g of oat and
inulin fibers (n =31) supplied for 12 days postoperatively; group 3, identical to group 2, but
with heat-killed L. plantarum 299 (HLP) (n = 32) [29]. Signs of infections occurred in 48%
of patients (15/32) receiving SSD, in 34% of patients (11/32) receiving HLP, and in 13% of
patients (4/31) receiving LLP, P = 0.017. The most dominant infections were cholangitis,
occurring in ten patients receiving SSD, in eight patients receiving HLP, and in two patients
receiving LLP, and pneumonia, occurring in six patients receiving SDD, in four patients
receiving HLP, and in one patient receiving LLP. This study was followed by a study in 66
patients supplied either with [1] the four LAB/four fiber composition (4 x 10'° LAB) or [2]
only the four fibers in the synbiotic composition [30]. The treatment started on the day
before surgery and continued until the 14th day after surgery. One of the 33 patients in the
synbiotic-treated group (3%) showed signs of infection (a slight urinary infection) during
the first month compared with 17 of the 33 patients (51%) in the group supplied with the
four fibers only. The need for antibiotics was also significantly reduced in the synbiotic-
treated group.

Synbiotics in General Surgery

Ninety patients were randomized into three groups: group 1, LLP at a dose of 10° plus 10 g
of oat and inulin fibers (n = 30) for 12 days postoperatively; group 2, identical to group 1,
but with HLP (n = 30); and group 3, standard enteral nutrition (n = 30) [31]. Each group
consisted of 30 patients. The 30-day sepsis rate was 10% (three of 30 patients) in the two
groups receiving either live or heat-inactivated LAB, compared with 30% (nine of 30
patients) in the group receiving standard enteral nutrition (P = 0.01). The largest differences
were observed in the numbers of patients with pneumonia: enteral nutrition — six patients,
LLP — two patients, HLP — one patient. The beneficial effects of synbiotic treatment seemed
to be most pronounced in gastric and pancreatic resections with a sepsis rate of 7% for
patients receiving LLP, 17% for patients receiving HLP, and 50% for patients receiving
enteral nutrition. The LLP patients received significantly less antibiotics (P = 0.04); the
mean length of antibiotic treatment was 4 = 3.7 days for LLP, 7 £ 5.2 days for HLP, and
8 £ 6.5 days for enteral nutrition. The incidence of noninfectious complications were 30%
(9/30) for enteral nutrition, 17% (5/30) for HLP, and 13% (4/30) for LLP. A second study
has just been concluded in abdominal cancer patients. Forty-five patients were treated for 2
days before and for 7 days after operation with [1] the four LAB/four fiber composition
(4 x 10'° LAB) (LEN), [2] only the four fibers in the synbiotic composition (FEN), or [3]
standard parenteral nutrition [32]. The incidence of postoperative bacterial infections was
47% for parenteral nutrition, 20% for FEN, and 6.7% for LEN. Significant improvements in
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prealbumin (LEN, FEN), C-reactive protein (LEN, FEN), serum cholesterol (LEN, FEN),
serum endotoxin (LEN, FEN), white cell blood count (LEN), and IgA (LEN) were observed
on the third and sixth postoperative days. At these time points no statistically significant
differences could be observed in the levels of IgM, IgG, and complements or in the cytokines
IL-1, II-6, and TNFa..

Use of Synbiotics in Polytrauma

Two studies in polytrauma patients have been concluded with Synbiotic 2000 and Synbiotic
2000 Forte, but the results have not yet been published. One prospective randomized study
in patients with acute extensive trauma compared treatment with Synbiotic 2000 (40 billion
LAB/day) with treatment by supplementation of a soluble fiber, treatment with a peptide
diet, and treatment with glutamine. Treatment with Synbiotic 2000 led to, compared with
treatment with a peptide diet (11 of 26 patients — 42%, P < 0.04), treatment with glutamine
(11 of 32 patients — 34%, P < 0.03), and treatment with only fibers (12 of 29 patients — 41%,
P <0.002), a highly significant decrease in the number of chest infections (four of 26 pati-
ents — 15%) [33]. The total number of infections was also significantly decreased: Synbiotic
2000, five of 26 patients (19%); only fibers, 17 of 29 patients (59%); peptide diet, 13 of 26
patients (50%); and glutamine, 16 of 32 patients. In another study, 65 polytrauma patients
were randomized to receive once daily for 15 days Synbiotic 2000 Forte or maltodextrin
(placebo). Significant reductions were observed in a number of parameters, such as the
number of deaths (5/35 vs. 9/30, P < 0.02), severe sepsis (6/35 vs. 13/30, P < 0.02), chest
infections (19/35 vs. 24/30, P <0.03), central line infections (13/32 vs. 20/30, P <0.02), and
ventilation days (average 15 vs. 26 days) [34].

Use of Synbiotics in Acute Pancreatitis

Patients with severe acute pancreatitis were randomized into two groups to receive daily
and administered through a nasojejunal tube for the first 7 days a freeze-dried preparation
of either LLP at a dose of 10° plus 10 g of oat and inulin fibers (group 1) or the same as
for group 1 but with HLP (group 2) [35]. The study was designed to be interrupted when
on repeat statistical analysis significant differences in favor of one of the two group were
obtained, which occurred when a total of 45 patients had entered the study. At that time
22 patients had received treatment with LLP and 23 patients had received treatment with
the HLP. Infected pancreatic necrosis and abscesses were seen in one of the 22 patients
(4.5%) in the LLP group compared with seven of the 23 patients (30%) in the HLP group
(P = 0.023). The only patient in the LLP group who developed infection had signs of
urinary infection on the 15th day, e.g., at a time when he had not received treatment dur-
ing the previous 8 days. The length of stay was considerably shorter in the LLP group
(13.7 days vs. 21.4 days), but the limited size of the material did not allow statistical sig-
nificance to be achieved. In a second study by the same group, sixty-two patients with



Bioecological Control of Disease, Especially Pancreatic Disease 71

severe acute pancreatitis (Apache II scores, synbiotic-treated group 11.7 £ 1.9, controls
10.4 + 1.5) were supplemented for 14 days with either two sachets per day of Synbiotic
2000 (2 x 40 billion LAB/day and in total 20 g fibers) or only the same amounts of fibers
in 20 g as in Synbiotic 2000. Nine of the 33 patients (27%) in the Synbiotic 2000 treated
group and 15 of the 29 patients (52%) in the only-fiber-treated group developed subse-
quent infections. Eight of the 33 (24%) Synbiotic 2000 treated patients and 14 of the 29
(48%) only-fiber-treated patients developed systemic inflammatory syndrome, multiple
organ failure, or both (P < 0.005) [36].

Use of Synbiotics in Pancreatic Cancer Operations

A prospective randomized double-blind trial was undertaken involving 80 patients follow-
ing pylorus-preserving pancreatoduodenectomy [37]. All patients received enteral nutrition
immediately postoperatively. Group A received a composition of Synbiotic 2000, and group
B received a placebo (the fibers in Synbiotic 2000, but no LAB) starting the day before
surgery and continuing for 8 days. The 30-day infection rate, the length of hospital stay, the
duration of antibiotic therapy, noninfectious complications, and side effects were recorded.
The infections were diagnosed at a mean of 9 days (group A) and 8 days (group B) follow-
ing surgery. Five of the 40 patients in the Synbiotic 2000 treated group (12.5%) and 16 of
the 40 patients in the control group (40%) developed postoperative infections (P = 0.005).
No peritonitis (control group, six patients), pneumonia (control group, four patients), sepsis
(control group, two patients), cholangitis (control group, one patient), and empyema (con-
trol group, one patient) were observed in the Synbiotic 2000 treated group. Four patients in
the Synbiotic 2000 treated group and six patients in the control group developed wound
infections. Urinary tract infection was seen in one patient in each group. Enterobacter cloa-
cae grew in eight control patients (two treated patients), Enterococcus faecalis/faecium in
seven patients (one treated patient), £ coli in seven patients (no treated patients), and
S. aureus in two patients (no treated patients). Klebsiella pneumonia grew in two patients in
each group and Proteus mirabilis in one patient in each group.

Conclusions

As can be judged from the limited studies available today, symbiotic treatment seems to
have a great potential as a tool to control inflammation and infection in connection with
surgery and in acute diseases such as acute pancreatitis. Limited experience suggests that
promising effects can also be obtained when it is used in pancreatic surgery, both resections
and transplantation. The results of treatment in other chronic diseases such as chronic liver
disease provide hope that positive effects might also be obtained when it is tried in chronic
pancreatitis. Such treatment might also prove valuable in patients on a waiting list for an
operation, particularly transplantation. This treatment should be an attractive option as it is
relatively inexpensive, has no side effects, and does not induce antibiotic resistance.
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The Role of Endoscopic Sphincterotomy in 8
the Management of Acute Biliary Pancreatitis

U.S. Ismailov, N.U. Aripova, F.B. Alidjanov, and M.A. Khoshimov

Background

Gallstones are the commonest cause of acute pancreatitis in developed countries, accounting
for approximately 40—60% of all cases [1]. Although it is nearly 100 years old, Opie’s pos-
tulation that biliary obstruction is the initiating event in acute biliary pancreatitis remains
to this day. Acute pancreatitis occurs when a migrating gallstone obstructs the pancreatic
duct in patients who have a common biliary and pancreatic channel entering the ampulla of
Vater. The common channel could be found in more than 70% of patients with acute pan-
creatitis, in contrast to only 20% of controls [2]. Eradication of biliary stones is mandatory
to prevent a recurrent attack of acute pancreatitis, but the timing of definitive biliary tract
surgery is controversial. Such timing has evolved from delayed intervention to the surgery
being performed shortly after the resolution of acute pancreatitis, preferably during the
same hospital admission. However, recurrent attacks of acute pancreatitis have been shown
to be low after endoscopic sphincterotomy (ES) alone [3—-6], rendering early cholecystoec-
tomy for residual gallstones unnecessary. Controversies also exit regarding the role and
timing of endoscopic retrograde cholangiopancreatography (ERCP) in the management of
acute pancreatitis. In the past, ERCP was employed mainly as a diagnostic tool used elec-
tively at 2—6 weeks or even longer after the acute attack. Urgent ERCP and ES for identifi-
able common bile duct (CBD) and ampullary stones have been advocated by two
randomized controlled trials [7, 8]. With this background, we evaluate a protocol of emer-
gency ERCP for patients with predicted severe attack, early ERCP for patients with pre-
dicted mild attack, and interval laparoscopic cholecystectomy (LC) for the management of
acute biliary pancreatitis.
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Patients and Methods

Acute biliary pancreatitis was diagnosed in patients who presented with acute abdominal
pain with a serum amylase level greater than 1,000 U/L and the presence of stones in the
biliary tract as determined by ultrasonographic or radiologic techniques. Emergency ERCP
was performed within 24 h of admission for all patients predicted to have a severe attack. For
patients predicted to have a mild attack, ERCP was performed during the next available elec-
tive endoscopy session within 72 h from admission. All ERCP were performed in our radiol-
ogy department. Whenever CBD or ampullary stones were found, ES was performed in the
usual manner at the same session. Active instrumental extraction, supplemented by mechan-
ical lithotripsy when required, was used to clear the CBD of stones. Conservative manage-
ment was continued after endoscopic intervention until resolution of the pancreatitis, defined
as complete resolution of symptoms and normal amylase level and white blood cell count.
Laparotomy and necrectomy were performed whenever clinically indicated. Depending on
the availability of an operating session, elective LC was performed 2—12 weeks after initial
presentation of the patient with acute pancreatitis and when clinical symptoms had com-
pletely subsided. Operative cholangiography was performed on a selective basis in patients
whose preoperative ERCP failed and in some with a dilated CBD.

Results

We analyzed the results of 75 patients with acute biliary pancreatitis. They constituted 71%
of 106 patients admitted with acute pancreatitis with various causes. There were 28 male
and 47 female patients. A total of 57% of patients had an elevated serum alkaline phos-
phatase (ALP) level of more than 100 U/L and 63 patients had an elevated total bilirubin
level of more than 20 mol/L on admission. The positive and negative predictive values of
an elevated ALP level on admission as a predictive tool for a biliary cause of pancreatitis
were 80 and 40%, respectively, whereas those for an elevated serum bilirubin level were 81
and 48%, respectively.

Bedside ultrasonographic examination of the hepatobiliary system and pancreas of all
patients was performed within 24 h of admission. It diagnosed 60 of 64 patients with gall-
stones, with a sensitivity of 94% and a zero false-positive rate. However, the sensitivities of
ultrasonography for predicting choledocholitiasis were low, being 36% for CBD dilatation
and 15% for visualization of the stones, whereas the specificities for these parameters were
82 and 91%.

All 45 patients predicted to have a severe attack of pancreatitis underwent emergency
ERCP within 24 h. The remaining 30 patients underwent elective ERCP 6—72 h from admis-
sion. CBD stones were detected in 52 patients, among whom 12 had stones impacted at the
ampulla. ES was performed in all of these 52 patients, and 25 of them had a CBD clear of
stones during the first session of ERCP. Twenty-seven patients underwent more then one ses-
sion (two to four sessions) to confirm or achieve ductal clearance. ERCP failed in four patients
for technical reasons (two patients) or anatomical reasons (two patients with previous Billroth
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I gastrectomy). Postsphincterotomy bleeding occurred in two patients, which was noted
immediately and treated successfully. No significant morbidity resulted from the bleeding,
and neither of the patients received blood transfusion. No other complication related to the
endoscopic procedure occurred, and there was no evidence of worsening pancreatitis after
endoscopic intervention.

A total of 16 complications occurred in one patient. Although at least 16% of all patients
admitted had clinical evidence of concomitant acute cholangitis, none had evidence of per-
sistent biliary sepsis or recurrent cholangitis after endoscopic intervention. Five patients had
clinical manifestation of a prolonged attack of acute pancreatitis. One of them deteriorated
clinically with evidence of pancreatic and peripancreatic necrosis on CT scan. He underwent
laparotomy and necrectomy, recovered from disease, and was discharged 23 days afterward.
All other patients recovered uneventfully. The median time for complete resolution of acute
biliary pancreatitis for all patients was 5 days.

Of the 75 patients with acute biliary pancreatitis, seven had undergone previous chole-
cystectomy and did not require further surgery after the CBD had been cleared of stones.
Cholecytectomy was also not required in four patients in whom stones were not identified in
the gallbladder on repeating ultrasonography, ERCP, and oral cholecystogram. Six patients
with gallstones refused cholecystoectomy after the initial attack had subsided and defaulted
on follow-up. Two patients underwent laparotomy and open cholecystectomy for manage-
ment of complications of acute pancreatitis as mentioned above.

Forty-five patients underwent elective surgery for management of gallstone disease. Two
patients who had a history of upper abdominal surgery underwent open cholecystectomy.
Forty-six patients underwent elective LC 2—12 weeks from the initial attack of acute pan-
creatitis, and the procedure was completed in 44 of them. Conversion to open cholecystec-
tomy was required in two patients owing to difficult dissection related to chronic cholecystitis.
No major intraoperative or postoperative complication occurred. Minor postoperative com-
plications occurred in two patients, including chest infection and wound infection, resulting
in an overall morbidity of 4%.

Seven patients were considered to be poor surgical risks for cholecystectomy because of
advanced age or concomitant medical problems. All seven underwent ERCP and ES for
CBD stones during the initial attack of acute biliary pancreatitis. Cholecytectomy, however,
was not performed for their gallstones. All except one remained well, with a median follow-
up of 27 months. One patient presented again with abdominal pain and jaundice 18 months
after the initial presentation with acute pancreatitis. Investigations revealed recurrent CBD
stones, which were removed endoscopically. None of the seven patients had recurrent acute
pancreatitis.

Discussion

Acute biliary pancreatitis is a serious complication of biliary calculus disease and is asso-
ciated with significant morbidity and mortality. The incidence of biliary pancreatitis varies
with place and the patient population. In Hong Kong, biliary causes constitute a common
origin and have been reported to be responsible for 50% or more of all cases of acute
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pancreatitis [9, 10]. The differentiation of biliary pancreatitis from other causes is considered
important, as management strategies differ significantly. It appears that patients with acute
biliary pancreatitis are older than patients with other causes. In our patient population, the
patients with acute biliary pancreatitis belonged to an older age group (median 69 years)
than those with pancreatitis due to nonbiliary causes (median 52 years) and only about 10%
of the latter were older than 70. Although the age of patients (70 years) is not a sensitive test
to differentiate a biliary cause from a nonbiliary cause (sensitivity 9%), it has a high specific-
ity of 90%. Various biochemical data have been suggested as valuable predictive tools for
acute biliary pancreatitis, including serum bilirubin levels [11], aspartate aminotransferase
[12], and a combination of ALP, total bilirubin, and alanine aminotransferase [13]. In our
patients the serum total bilirubin level appeared to be the most sensitive single biochemical
parameter for acute biliary pancreatitis, with positive and negative predictive values of 81
and 48%, respectively (sensitivity 84%; specificity 42%). However, because there are con-
flicting data in the literature, it appears that no biochemical parameter can currently be consi-
dered a reliable indicator of acute biliary pancreatitis. Ultrasonography has frequently been
used in patients with acute biliary pancreatitis and was found to be accurate in detecting
gallstones in 92% of cases [14].

Repeating ultrasonographic examination at a later time may be more rewarding to
improve visualization of the gallbladder. In our settings, early bedside ultrasonographic
examination was performed soon after admission for all patients. This has been an impor-
tant part of initial investigations, as prompt treatment, including emergency ERCP and ES,
could be performed without delay. In the present study, ultrasonography had a sensitivity of
94% for detecting gallstones. It has not been accurate for predicting CBD stones though, so
it cannot be relied on as the sole indicator for performing ERCP. The major difficulty with
ultrasonography to predict biliary pancreatitis was in patients with previous cholecystec-
tomy and patients with primary stones in the bile duct where gallbladder calculi could not
be detected. Stratifying patients according to the severity of pancreatitis may be helpful
when directing treatment, as those with severe disease could be selected and may benefit
from intensive emergency treatment. Several clinical scoring systems are available to pre-
dict the severity of the attack, including those adopted by Ranson and Imrie [14 and 15].
However, the multiple laboratory criteria have the disadvantage that assessment of severity
requires 48 h or longer for completion. Moreover, some of the parameters in the scoring
system could be influenced by the treatment given during the 48-h period, including ERCP
in patients with biliary pancreatitis. On the other hand, prediction of the severity of pancrea-
titis using glucose and urea levels on admission has the advantage of simplicity and ready
availability soon after admission [16]. As indicated in this study, the morbidity and mortal-
ity of patients with severe disease predicted by either the Ranson scoring system or the
glucose and urea criteria and who underwent emergency ERCP were minimal. The role and
timing of ERCP in the management of acute biliary pancreatitis has been the focus of dis-
cussion in recent literature. In the absence of convincing evidence, ERCP was performed
electively at 6 weeks or more after the acute attack to avoid aggravating the acute pancrea-
titis and introducing infection [17]. However, it has become clear that ERCP can be safely
performed without adverse consequences soon after the onset of acute pancreatitis even
within the first 12 h [18].
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Stone et al. [19] showed a reduction in mortality rate of acute biliary pancreatitis from 6
to 3% with emergency transduodenal sphincteroplasty within 73 h of admission. Emergency
ERCP with ES has a similar effect of relieving ampullary obstruction without inflicting
major surgical trauma on these sick patients. In an animal model, the severity of acute bil-
iary pancreatitis has been shown to depend on the duration of ductal obstruction, and that
decompression of the ductal system can prevent progression of the disease [20]. These find-
ings supported the contention that intervention with endoscopic removal of obstructing
stones should be performed as early as possible. The first randomized controlled trial that
clarified the role of urgent ERCP and ES came from Alexakis N. In that study, 121 patients
with acute pancreatitis thought to be due to gallstones were randomized for treatment with
urgent ERCP and ES within 72 h of presentation or for conventional treatment. Patients
with predicted severe disease treated with urgent ERCP had a significantly shorter hospital
stay (median 9.5 vs. 17.0 days) and fever complications (24 vs. 60%). However, in that
study the role of ES in patients with ampullary or persistent CBD stones was not confirmed
because they were not separately analyzed. It is also not certain if an even earlier interven-
tion is more beneficial, or if a procedure deferred until patients deteriorate is efficacious. To
evaluate the latter issues, Fan et al. [8], from Hong Kong, studied 195 consecutive patients
with early pancreatitis who were randomized to undergo ERCP with or without ES within
the first 24 h of presentation or initial conservative treatment followed by endoscopic exam-
ination if the patient’s condition deteriorated. In the group of patients with CBD or ampul-
lary stones the overall morbidity was indeed reduced (the major impaction improvement
was the reduction of biliary sepsis), but the local and systemic complications were not sig-
nificantly reduced. In the same study [8], selective ERCP was shown to be ineffective in
salvaging patients who deteriorated while on conservative treatment. Some authors argue
that early ERCP and ES result in unnecessary endoscopic intervention in some patients in
whom the CBD stones will pass spontaneously. However, biliary sepsis may occur in these
patients after admission, leading to rapid deterioration and significant morbidity and mor-
tality. Therefore, early ERCP and ES is warranted to guard against possible acute cholangi-
tis even for patients with mild pancreatitis. In the present study, no patient developed biliary
sepsis after urgent or early endoscopic intervention, although at least 16% had evidence of
acute cholangitis on admission. The procedure was found to be safe and effective. ERCP
was successful in 95% of the patients, and stone clearance was successful in all of the 52
patients in whom CBD stones were demonstrated. The policy of early or emergency endo-
scopic intervention was also associated with a favorable outcome of our patients, with an
overall morbidity of 10% and mortality of only 1%. To reduce the likelihood of recurrent
acute pancreatitis, open cholecystectomy during the initial admission after the acute mani-
festation of acute pancreatitis had subsided was recommended [21, 22]. However, LC dur-
ing the first week of admission has been shown to be associated with an increase in operative
complications, an increased rate of conversion, and a longer postoperative stay [23and 24].
In the present study, partly related to the difficulty of arranging a early operative schedule,
interval elective LC was performed within 2—12 weeks of the initial presentation. Because
all patients had been proved to be free from CBD stones and 69% of all patients had ES,
there was minimal risk of interim attacks of pancreatitis. Moreover, an interval of a few
weeks to allow the acute inflammation to subside before LC may have beneficial effects on
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the operative outcome. There is evidence that ES obviates the need for cholecystectomy in
some patients with acute biliary pancreatitis [4, 6]. In the present study, cholecystectomy
was not performed in seven patients because they were poor surgical risks. Although one of
them had recurrent CBD stones, none had recurrent pancreatitis or other hepatobiliary
problems leading to significant morbidity. However, larger patient populations and a longer
follow-up are required before any significant conclusion can be reached.

Condlusion

Acute biliary pancreatitis can be managed safely and effectively with a combined endoscopic
and laparoscopic approach. Emergency or early ERCP for all patients and ES for identifiable
CBBD stones are associated with a high success rate and low morbidity. Interval LC is a safe,
effective approach with a low conversion rate and low preoperative morbidity. Our experi-
ence suggests that early ERCP and interval LC are the preferred approach for management
of acute biliary pancreatitis.

References

1. Andersson R, Andersson B, Haraldsen P, Drewsen G, Eckerwall G. Incidence, management
and recurrence rate of acute pancreatitis. Scand J Gasteroenterol 39:891-894, 2004.

2. Kelly TR. Gallstone pancreatitis: pathophysiology. Surgery 104:488, 1976.

3. Acosta JM, Ledsesma CL. Gallstone emigration as a cause of acute pancreatitis. N Engl J Med
290:484, 1974.

4. Siegel JH, Safrany L, Ben-Zvi JS, Pullano WE, Cooperman A, Stenzel M, Ramsey WH. The
significance of duodenoscopic sphincterotomy in patients with gallbladder in situ: report of a
series of 1272 patients. Am J Gastroenterol 83:1255, 1988.

5. Hansell DT, Miller MA, Murray WR, Gray GR, Gillespie G. Endoscopic sphincterotomy for
bileduct stones in patients with intact gallbladders. Br J Surg 76:856, 1989.

6. Siegel JH, Veerappan A, Cohen SA, Kasmin FE. Endoscopic sphincterotomy for biliary pan-
creatitis: an alternative to cholecystectomy in high-risk patients. Gastrointest Endosc 40:573,
1994.

7. Alexakis N, Neoptolemos J. Algorithm for the diagnosis and treatment of acute biliary pan-
creatitis. Scand J Surg 94:124-129, 2005.

8. Fan ST, Lai ECS, Wong J. Early treatment of acute biliary pancreatitis by endoscopicpapillo-
tomy. N Engl J Med 328:228, 1993.

9. Fan ST, Choi TK, Lai ECS. Acute pancreatitis in HongKong: analysis of 226 patients. Asian
J Surg 12:27, 1989.

10. Neoptolemos JP, London N, Bailey I, Shaw D, Carr-Locke DL, Fossard DP, Moossa AR. The
role of clinico-biochemical criteria and ERCP in the urgent diagnosis of common bile duct
stones in acute pancreatitis. Surgery 100:732, 1986.

11. Mayer AD, McMahon MJ. Biochemical identification of patients with gallstones associated
with acute pancreatitis on the day of admission to the hospital. Ann Surg 201:68, 1985.

12. Davidson BR, Neoptolemos JP, Leese T, Carr-Locke DL. Biochemical prediction of gall-
stones in acute pancreatitis: a prospective study of three systems. BrJ Surg 75:213, 1988.



The Role of Endoscopic Sphincterotomy in the Management of Acute Biliary Pancreatitis 81

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24

Neoptolemos JP, Hall AW, Finlay DF, Berry JM, Carr-Locke DL, Fossard DP. The urgent diag-
nosis of gallstones in acute pancreatitis: a prospective study of three methods. BrJ Surg 71:230,
1984.

Imrie CW, Benjamin IS, Ferguson JC, McKay AJ, Blumgart LH. A single-centre double-blind
trial of Trasylol therapy in primary acute pancreatitis. Br J Surg 65:337, 1978.

Fan ST, Lai ECS, Mok FPT, Lo CM, Zhang SS, Wong J. Prediction of severity of acute pan-
creatitis. Am J Surg 166:262, 1993.

Hamilton I, Bradley P, Lintott DJ, McMahon MJ, Axon ATR. Endoscopic retrograde cholan-
giopancreatography in the investigation and management of patients after acute pancreatitis.
BrJ Surg 69:504, 1982.

. Fan ST, Choi TK, Lai CS, Wong J. Influence of age on the mortality from acute pancreatitis.

Br J Surg 75:463, 1988.

Scholmerich J, Gross V, Johannesson T, Brobmann G, Ruckauer K, Wimmer B, Gerok W,
Farthmann EH. Detection of biliary origin of acute pancreatitis: comparison of laboratory
tests, ultra-sound, computed tomography, and ERCP. Dig Dis Sci 34:830, 1989.

Stone HH, Fabian TC, Dunlop WE. Gallstone pancreatitis: biliary tract pathology in relation
to time of operation. Ann Surg 194:305, 1981.

Runzi M, Saluja A, Lerch MM, Dawra R, Nishino H, Steer ML. Early ductal decompression
prevents the progression of biliary pancreatitis: an experimental study in the opossum. Gastro-
enterology 105:157, 1993.

Kelly TR. Gallstone pancreatitis: the timing of surgery. Surgery 88:345, 1980.

Osborne DH, Imrie CW, Carter DC. Biliary surgery in the same admission for gallstone-associated
acute pancreatitis. BrJ Surg 68:758, 1981.

Tang E, Stain SC, Tang G, Froes E, Berne TV. Timing of laparoscopic surgery in gallstone
pancreatitis. Arch Surg 130:496, 1995.

Cuschieri A, Dubois F, Mouiel J, Mouret P, Becker H, Buess G, Trede M, Troidl H. The European
experience with laparoscopic cholecystectomy. Am J Surg 161:385, 1991.



Indication for Surgery in Acute Necrotizing 9
Pancreatitis

J. Werner

Introduction

The management of acute pancreatitis has been controversial for more than 100 years,
varying between a conservative medical approach on the one hand and a surgical approach
on the other. There has been great improvement in knowledge of the natural course of and
the functional changes that accompany acute pancreatitis over the past 20 years. The clini-
cal course of acute pancreatitis varies from a mild transitory form to a severe necrotizing
disease. Severe pancreatitis is associated with organ failure and/or local complications
such as necrosis, abscess formation, or pseudocysts [1].

Severe pancreatitis can be observed in 15-20% of all cases. The first 2 weeks after onset
of symptoms are characterized by the systemic inflammatory response syndrome. In paral-
lel, pancreatic necrosis develops to its full extent within the first 4 days after the onset of
symptoms, while infection of necrotic pancreatic tissue develops most frequently in the
second and third weeks [2]. Infection of necrotic pancreatic tissue is still the major risk fac-
tor of sepsis-related multiple organ failure and the main life-threatening complication in the
later phase of severe acute pancreatitis [3—5]. Pancreatic infection correlates with the dura-
tion of the disease, and up to 70% of all patients with necrotizing disease present with
infected pancreatic necrosis 4 weeks after the onset of the disease [2]. Moreover, the risk of
infection increases with the extent of intrapancreatic and extrapancreatic necrosis [2, 3].

Treatment of acute pancreatitis in its early phase is solely supportive. Since development of
infection of necrotic pancreatic tissue is the main determinant of morbidity and mortality in the
late phase of severe pancreatitis, prophylactic antibiotic treatment should be applied. Evidence
for the effectiveness of prophylactic antibiotics in the treatment of necrotizing pancreatitis has
been given by various randomized controlled trials, and also by several meta-analyses [6].

Since surgery can only be effective when a septic focus can be identified and potentially
removed, it is essential to differentiate between sterile and infected necrosis once pancreatic
necrosis has developed. Infection of necrotic pancreatic tissue is usually suspected in patients
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who develop clinical signs of sepsis [7]. These patients should undergo CT- or ultrasonography-
guided fine-needle aspiration (FNA) of necrotic pancreatic or peripancreatic tissue [5, 7].
FNA is an accurate, safe, and reliable approach to differentiate between sterile and infected
necrosis [8]. It is important to note that only those patients who present with clinical signs of
sepsis should undergo FNA, since FNA bears a potential risk of secondary infection.

Today, more patients survive the early phase of severe acute pancreatitis owing to
improvements in intensive care medicine, thus increasing the risk of later sepsis [5, 9].
While surgical interventions should be applied only in selected cases within the first 2
weeks after the onset of the disease [10], surgery and minimally invasive interventional
procedures are important in the treatment options in the later phase of the disease.

Indications for Surgery
Infected Necrosis

Proven infected necrosis as well as septic complications resulting from pancreatic infection
are well-accepted indications for surgical treatment [5, 11, 12]. The mortality rate of patients
with these indications is higher than 30%, and more than 80% of fatal outcomes in acute
pancreatitis are due to septic complications [2, 5, 13]. When patients are treated nonsurgically,
mortality rates of up to 100% have been reported for infected necrosis associated with mul-
tiple organ failure. With surgical treatment, the mortality rate for patients with infected pan-
creatic necrosis was decreased to about 10-20% in various specialized centers [5, 12—-15].

Sterile Necrosis

A conservative approach is accepted in sterile necrosis as long as the patient responds to
therapy [5, 7, 15]. However, when sterile necrosis is associated with organ failure, the role of
surgery remains controversial. Some patients with sterile necrosis do not improve despite
therapy in the intensive care unit (ICU). Thus, it is generally agreed that persistent or pro-
gressive organ complications despite maximal ICU treatment are an indication for surgery in
patients with sterile necrosis [7]. However, there is no established uniform definition of when
a patient should be considered a “nonresponder” to ICU therapy. In addition, surgery may be
indicated in the rare event of rapidly progressive multiple organ failure in the first days of
acute pancreatitis despite ICU therapy (“fulminant acute pancreatitis”) [7]. Nevertheless,
given the poor outcome with both surgical and conservative therapy and the lack of pub-
lished data, the optimal therapy for this subset of patients remains unclear.

Best Time Point of Surgery

Today, there is general agreement that surgery in severe pancreatitis should be performed as
late as possible [7]. The rationale for late surgery is the ease of identifying well-demarcated
necrotic tissue from the viable parenchyma, with the effect of limiting the extent of surgery
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to pure debridement. This approach decreases the risk of bleeding and minimizes the surgery-
related loss of vital tissue which leads to surgery-induced endocrine and exocrine pancreatic
insufficiency.

Mortality rates of up to 65% have been described with early surgery in severe pancreatitis
[2, 16], questioning the benefit of surgical intervention within the first few days after onset
of symptoms. In the only prospective and randomized clinical trial comparing early (within
48-72 h of symptoms) and late (at least 12 days after onset) debridement in patients with
severe pancreatitis, the mortality rates were 56 and 27%, respectively [16]. Although the
difference did not reach statistical significance, the trial was terminated because of the evi-
dent risk of early surgery. Therefore, only in the case of proven infected necrosis or in the
rare cases of severe complications such as massive bleeding or bowel perforation should
early surgery be performed [5, 7].

Techniques of Open Pancreatic Necrosectomy

The aim is to control the focus of sepsis. By this, complications are avoided by stopping
the progress of infection and the release of proinflammatory mediators. A generally agreed
principle of surgical management includes the organ-preserving approach which combines
debridement and postoperative removal of retroperitoneal debris and exudates. Four prin-
cipal methods have been advocated: necrosectomy combined with [1] open packing [17],
[2] planned, staged relaparotomies with repeated lavage [12], [3] closed continuous lavage
of the lesser sac and retroperitoneum [2], and [4] closed packing [15].

Necrosectomy/Debridement

Necrosectomy has traditionally been undertaken by an open route. A longitudinal midline
incision allows the assessment of the entire abdominal cavity, the irrigation of the entire
abdomen, and a diverting ileostomy for patients in whom the necrotic process involves the
retrocolic area. After the abdominal cavity has been opened, the gastrocolic and the duo-
denocolic ligaments are divided close to the greater curvature of the stomach, and the
pancreas is exposed. Once the focus of necrosis has been exposed, debridement is carried
out bluntly. This technique avoids removal of vital tissue and reduces bleeding complica-
tions. After all loose debris has been removed, the retroperitoneal cavity is irrigated with
several liters of saline solution.

While necrosectomy is performed in a more or less identical fashion, the four tech-
niques differ in the way they provide exit channels for further slough and infected debris.
In the hands of experienced surgeons, mortality rates below 15% have been described for
all four techniques: [1] open packing [17-20]; [2] repeated laparotomies [12, 14]; [3]
closed packing [15]; [4] closed continuous lavage [2, 5, 20-22] (Table 1, open packing).

The cavity is lined with a nonadherent dressing and packed. The patient is returned to the
operating room every 48 h for further debridement and repacking until no further necrosis is
evident. After several reoperations, debridement may sometimes be performed in sedation
in the ICU until healthy granulations appear. Then, the abdomen can be closed over drains,
with or without lavage of the cavity [23].
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Table1 Outcome of different techniques for open necrosectomy

Technique Patients  Patients with Mortality Relaparotomy

(n) infected necrotic (%) (n)
tissue (%)

Open packing

Bradley 1993 [1, 11] 71 100 15 1-5/patient
Branum 1998 [18] 50 84 12 2—13/patient
Bosscha 1998 [19] 28 100 39 17 mean/patient
Nieuwenhuijs 2003 [20] 38 - 47 -

Planned relaparotomies

Sarr 1991 [12] 23 75 17 2 to >5/patient
Tsiotos 1998 [14] 72 79 25 1-7/patient
Closed packing

Fernandez-del Castillo 1998 [15] 64 56 6 11 (17%)
Closed continuous lavage

Beger 1988 [21] 95 39 8 26 (27%)
Farkas 1996 [22] 123 100 -

Biichler 2000 [5] 29 93 24 6 (22%)
Nieuwenhuijs 2003 [20] 21 - 33 -

Planned, Staged Relaparotomies with Repeated Lavage

Following the primary necrosectomy, planned reoperations for repeated necrosectomies on
an every other day basis are performed until all devitalized tissue has been removed, granu-
lation tissue has started to form, and the surgeon is convinced that the necrotizing process
is under control. For ease of repetitive surgical access, some surgeons incorporated zippers
into the abdominal wall. Finally, the abdomen is closed in a delayed primary fashion over
peripancreatic drains [12].

The other two techniques, necrosectomy and subsequent closed continuous lavage of the
lesser sac [5, 22] and the closed packing [15], have implied a postoperative method to con-
tinuously remove residual necrotic pancreatic tissue.

Continuous Lavage of the Lesser Sac and Retroperitoneum

For closed postoperative local lavage, two or more double-lumen Salem Sump tubes (2024
French) and single-lumen silicone rubber tubes (28-32 French) are inserted from each
side, directed to the left and right, and placed with the tip at the tail of the pancreas, behind
the descending colon, the head of the gland, and the ascending colon. The smaller lumen
of the Salem drains is used for the inflow of the lavage and the larger lumen is used for the
outflow. In addition, evacuation of smaller parts of the necrotic debris can be evacuated
over silicone tubes. The gastrocolic and duodenocolic ligaments are reapproximated to
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create a closed retroperitoneal space for postoperative lavage. Thirty-five to 40 L of lavage
fluid (standard peritoneal dialysis fluid) is used in the first few days. Subsequently, the
lavage volume can be reduced depending on the appearance of the effluent and the clinical
course. Drains can be removed within the next 2-3 weeks [5, 21].

Closed Packing

This technique follows the same principle as the continuous postoperative lavage as it also
ensures a continuing easy egress of residual necrotic material postoperatively. After the
necrotic tissue has been removed and the cavity irrigated with saline, the residual cavity is
filled with multiple, large, gauze-filled Penrose drains as well as closed-suction drains.
This also packs the abscess cavity and by this controls minor bleedings. All drains must be
brought out laterally to ease drainage. Drains can be removed successively after a mini-
mum of 7 days of continuous drainage. At the same time, the gauze packing must be
gradually removed, which results in a slow collapse of the cavity [15].

Discussion

Although the incidence of recurrent intra-abdominal sepsis decreased significantly com-
pared with that in a single necrosectomy, the postoperative morbidity remained high with
the open packing and the planned, staged relaparotomies with repeated lavage techniques
(Tables 1, 2). Both methods have in common that they mandate several relaparotomies
before final closure of the abdomen. There is a positive correlation between repeated surgi-
cal interventions and morbidity, including gastrointestinal fistula, stomach outlet stenosis,
incisional hernia, and local bleeding. Especially the number of pancreatic and colonic fis-
tulas was significantly higher compared with the number in necrosectomy with subsequent
cleavage of the necrotic debris by closed continuous lavage or closed packing [5, 12, 15,
23] (Table 2). Thus, both techniques are particularly useful if the intervention has to be
performed early in the course of necrotizing pancreatitis before full demarcation of the
necrotic pancreatic tissue occurs. Thus, these two procedures should be considered in the
rare case when early debridement is indicated [7].

In contrast to these two techniques, both closed continuous lavage and closed packing
have implied a postoperative method to continuously remove residual necrotic pancreatic tis-
sue [7]. Consequently, relaparotomies are frequently not necessary. By this, postoperative
morbidity, especially the incidence of gastrointestinal fistulas and incisional hernias, is reduced
(Tables 1, 2). The results of these two surgical strategies with regard to morbidity, relaparoto-
mies, and mortality are comparable and thus dependent on the preference of the surgeon. At
our institution, we routinely use the continuous lavage of the lesser sac and a single surgical
approach was successful in 83% of cases. Today, necrosectomy and subsequent closed con-
tinuous lavage of the lesser sac is the most commonly applied approach [7, 10].

The differing success rates reported by groups using apparently similar approaches illustrate
the difficulties in comparing these techniques (Tables 1, 2). Most techniques are associated
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Table2 Complications of different techniques for open necrosectomy

Technique Patients () Fistulas (%) Hemorrhage (%)
Open packing

Bradley 1993 [1, 11] 71 46 7
Branum 1998 [18] 50 88 -
Bosscha 1998 [19] 28 25 50
Planned relaparotomies

Sarr 1991 [12] 23 79 26
Tsiotos 1998 [14] 72 46 18
Closed packing

Fernandez-del Castillo 1998 [15] 64 69 3
Closed continuous lavage

Farkas 1996 [22] 123 14 2
Biichler 2001 [5] 42 19 5

with an average mortality between 10 and 20%. However, the mortality in patients with estab-
lished multiple organ failure is even higher [19]. In the absence of randomized trials, it is
impossible to determine the hidden effects of factors such as referral pattern, patient selection,
comorbidity of patients, presurgical percutaneous management, and indication for surgery
within the literature.

The high mortality in patients with infected pancreatic necrosis despite surgery has led
to the development of several minimally invasive techniques, including radiological,
endoscopic, and minimally invasive surgery, as alternative procedures [10]. Proponents of
using minimally invasive technologies in this clinical setting cite a desire to minimize the
physiological insult in patients who are already critically ill [24, 25]. However, no data
exist to clearly demonstrate that minimally invasive procedures are less prone to morbidity
than open surgery. Safe retroperitoneal access and necrosectomy is possible in some but
not all patients depending on the size and localization of the infectious foci. No random-
ized studies exist comparing one management technique with the other. All reports on
minimally invasive surgery involved only small numbers of patients, involved retrospec-
tive analysis, and involved selected patients with an enormous variation of comorbidities
and disease severity. In the absence of well-designed clinical trials, we must be cautious in
the application of new technologies. Thus, today, outside of clinical trials, minimally inva-
sive surgery should be limited to specific indications and to those patients who are criti-
cally ill and otherwise unfit for conventional surgery.

Today, open surgical debridement is the “gold standard” for treatment of infected pan-
creatic and peripancreatic necrosis. Necrosectomy and subsequent closed continuous lavage
of the lesser sac is the technique with the lowest morbidity. Consequently, it is the most
commonly adopted technique to continuously remove residual necrotic pancreatic tissue
postoperatively.
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