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1. INTRODUCTION:
1.1 An overview on the pancreas:
The pancreas is considered as a gland organ in vertebrates as it
produces both hormones and enzymes.

Langerhans cells of the pancreas

produce hormones such as insulin and glucagon responsible for maintaining
glucose homeostasis, hence, it is considered as an endocrine gland. The acinar
cells of the pancreas produce digestive enzymes such as trypsin, chymotrypsin,
and elastase; therefore, it is also known as an exocrine gland.

Structure of the pancreas and lobule:

Figure.1.1: Schematic presentation of the pancreas: Pancreas along with the other organs in
the periphery of the pancreas located in the retroperitoneal space and 3-d structural
representation of lobules in the pancreas. Several acinar cells stack together to form a lobule
(Source: modified from Morgenroth 1989).

The pancreatic duct runs along the centre of the pancreas from tail to
head, and it opens into the duodenum (Figure.1.1.). The central pancreatic duct
is further divided into smaller ducts so called side branches. The lobules formed
by the collection of acinar cells, are opened into to the pancreatic duct. Prozymogens, formed in the acinar cells, are discharged into the pancreatic duct
which is then further carried into the duodenum. The head of pancreas is
attached to the duodenum and tail of the pancreas is loosely attached to the
spleen. In this picture a typical lobule is shown in the inset (Figure.1.1.). A
lobule is a structure formed by the collection of several acinar cells. The
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arrangement of acinar cells is identical in such a way that apical pole of each
acinus opens up into the duct to discharge its content. Acinar cells are attached
to each other by cell adhesion complexes.

1.2 An overview of acute pancreatitis in humans:
In 1896, Hans Chiari for the first time proposed autodigestion as a
possible cause of pancreatitis and he also suggested premature and
intracellular activation of digestive enzymes or proteases as an initiating event
for the onset of pancreatitis. Acute pancreatitis is a disease of varying severity,
which includes pathological events occurring primarily in pancreas. In severe
cases, it causes systemic damage in other organs as a secondary effect. The
mild form of acute pancreatitis, which occurs in 70%-80% of cases has nearly
no mortality rate. In the mild form of acute pancreatitis, patients suffer from
abdominal pain. But, on the other hand, the severe form of acute pancreatitis is
characterized by local damage that occurs primarily in pancreas and systemic
complications in other organs such as lungs thus leading to multiple organ
failure. The mortality rate observed in pancreatitis varies between 5%-20%.
Studies on animal models suggested that pancreatitis is a disease that
evolves in 3 phases (Steer, 1998). The initial phase is characterised by intrapancreatic protease activation and acinar cell injury. Followed by, a second
phase characterised by an intrapancreatic inflammatory reaction with variable
degree of acinar cell necrosis. Finally, the third phase is characterised by
pancreatic injury and appearance of insult to other organs can result in a
systemic immune response syndrome (SIRS) and the adult respiratory distress
syndrome (ARDS). There is an obvious and inevitable overlap of the events
among the 3 phases of pancreatitis.

1.3 Animal models of pancreatitis:
Several animal models have been in use over the last two decades to
mimic the human condition of pancreatitis that enabled us to study pancreatitis
and associated lung injury and systemic organ damage. For example,
administration of supramaximal doses of caerulein, a cholecystokinin analogue,
to rodents results in either mild (rats) or severe (mice) (Lampel and Kern, 1977).
Injection of taurocholate into pancreatic duct results in severe acute pancreatitis
over a period of time (Aho et al., 1983). Both model described above were used
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in this project. Other model includes mice supplemented with choline-deficient
diet (Lombardi et al., 1975), ligation of the common biliopancreatic duct in the
opposum or injection of bile salts into the pancreatic duct (Senninger et al.,
1986), last but not least, intraperitoneal injection of L-arginine (Hegyi et al.,
1997).

1.4 Trypsinogen secretory pathway and events in acute
pancreatitis:
Under normal condition, digestive enzymes or proteases packed in
zymogen granules that are formed from cis-golgi budding, travel to the apical
pole of the acinar cells and discharge their contents as pro-zymogens. These
pro-zymogens are inactive until they reach the duodenum where trypsinogen
gets converted into active trypsin by enterokinase. In pancreatitis or at
supramaximal CCK stimulation, the secretory enzymes can not be discharged
the contents from acinar cells due to a secretory blockage. However, zymogen
granule formation has not been halted which leads to accumulation of zymogen
granules in acinar cells. It has been hypothesized that resident cathepsin-B of
zymogen granules can activate trypsinogen in pancreatitis and thus active
trypsin destroys the zymogen granule membrane and helps to discharges the
zymogen content into the cytoplasm (Halangk et al., 2002). Under resting
conditions the acinar cells maintain a calcium gradient across the plasma
membrane with a low intracellular (nanomolar range) facing high extracellular
(millimolar range) concentration. An impaired cellular capacity to maintain the
calcium gradient across the plasma membrane has been identified as a
pathophysiological characteristic in secretagogue-induced model of acute
pancreatitis (Ward et al., 1996). Along with cathepsin-B, elevated intracellular
calcium levels are required for premature protease activation (Raraty et al.,
2000).
The importance of trypsin in acute pancreatitis is devised from the
knowledge we obtained hereditary pancreatitis, a rare condition in which
affected individuals suffer from repeated attacks of acute pancreatitis and many
subsequently develop chronic pancreatitis. The majority of patients express one
of 3 mutations (R122H, R122C or N29I) in the cationic trypsinogen gene
(PRSS1 gene) (Whitcomb et al., 1996). Less common mutation such as A16V,
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N29T, D22G, and K23R in PRSS1 gene have been reported (Howes et al.,
2004).

Figure.1.2: Trypsinogen secretory pathway under physiological and cholecystokinin (CCK)
hyperstimulation. Under physiological condition, zymogens are packed with proteases and
produced in the Golgi complex. Prozymogens, an inactive form, are discharged via the apical
pole of the acini. However, under hyperstimulated conditions with supramaximal concentration
of CCK, secretory blockage takes place and zymogen granules can no longer discharge the
content and thus proteases are activated within the acinar cell milieu what causes irreparable
damage. ER: Endoplasmic reticulum, GC: Golgi complex, Mito: Mitochondria, PreZG: Pre
Zymogen granules,

ZG: Zymogen granules, Avi: Early autophagosome,

Avd: Late

autophagosomes, LC3: Lysosomes (Adapted and modified from Czaja, Gastroenterology 2011;
140:1895-1908 and Ohmuraya and Yoshimori, Autophagy 2008: 4:8, 1060-1062).
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1.5 Trypsin acting as a trigger in activating the protease
cascade:
John. H. Northhop proposed the classical cascade of digestive protease
activation placing trypsin as prime protease in the cascade. Trypsinogen
activation produces two products, an octapeptide known as trypsinogen
activation peptide (TAP), and active trypsin (Schmidt et al., 1992). Once
trypsinogen gets converted to trypsin, it further activates the catalysis of proforms of elastase, chymotrypsin, phospholipase A2, and carboxypeptidase into
active forms (Whitcomb, 1999). Thus, trypsinogen conversion is considered to
be an early and prominent event in the protease cascade. However, recently,
chymotrypsin activation independent of trypsin was proposed (Husain et al.,
2007).

Figure.1.3: Protease cascade proposed by John.H.Northhop. Prozymogen are shown in green
and active zymogen were shown in red. Cathepsin-B can activate trypsinogen and trypsin
known to autoactivate the trypsinogen.

However, in acute pancreatitis, trypsinogen activation occurs within acinar cell
itself. The molecular mechanism behind the trypsinogen activation is complex
and incompletely understood. Two major hypotheses were proposed and
proven for trypsinogen activation.
1. Colocalization hypothesis (Steer et al., 1984) (Steer and Meldolesi,
1987) (Van Acker et al., 2006).
2. Autoactivation hypothesis (Leach et al., 1991) (Sherwood et al., 2007).
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The colocalization hypothesis is based on the finding that trypsin, a
digestive enzyme, colocalizes with cathepsin-B, a lysosomal hydrolase
(Greenbaum and Hirschowitz, 1961; Greenbaum et al., 1959). Halangk and
colleagues showed that Cathepsin-B can activate trypsinogen in the
cytoplasmic vacuoles of acinar cells.

Autoactivation concept which was

proposed by Leach et al ., relied on the finding that trypsinogen activation takes
place in a moderately acidic pH around pH 5.0 (Leach et al., 1991) (Figarella et
al., 1988) that is quite similar to the pH inside acinar cell vacuoles formed by
supramaximal cholecystokinin (CCK) stimulation (Ohkuma et al., 1982;
Yamashiro et al., 1983).
Both activation of trypsinogen by cathepsin-B, and autoactivation of
trypsinogen are likely to occur in an acidic pH. At the same time, trypsinogen
activation suppressed by vacuolar ATPase (V-ATPase) inhibitors; suggest that
a low pH compartment generated by V-ATPase regulates trypsinogen
activation.

1.6 Biphasic activity curve of trypsin:
The first phase that takes place within 12 hours from the time of insult
that causes damage within pancreas is believed to be mainly due to
intrapancreatic protease activation. In the milder form of acute pancreatitis, the
early phase of trypsin activation shows a biphasic curve with a maximum
activity observed at 1 hour, and at 8 hours (Figure 1.4.). It is believed and
postulated that trypsin activity peak at 1 hour is caused by the intra acinar cell
protease activation and second peak observed at 8 hours is proposed to be
caused by leukocyte infiltration (Gukovskaya et al., 2002) . In this project, we
are mainly interested to find the cellular aspects of the first peak of trypsinogen
activation.
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Figure 1.4: Trypsin activity in caerulein pancreatitis: Trypsin activity, measured in pmol /mg of
total protein in homogenate, was plotted against the induction of pancreatitis in hours (Halangk
et al., 2000a).

1.7 Systemic inflammatory response in acute pancreatitis:
The acinar cell damage caused by premature protease activation leads
to pancreatic inflammation with excessive recruitment of leukocytes that
determines the severity via inflammatory mediators that play a critical role in the
pathogenesis of pancreatitis as it leads to systemic immune response syndrome
(SIRS). SIRS leads to multiple organ dysfunction syndrome (MODS) which is
considered to be responsible for the majority of the morbidity and mortality
(McKay and Buter, 2003). Pro-inflammatory mediators believed to participate in
the pathogenesis of this condition include: TNF alpha, IL-1, IL-6, platelet
activating factor (PAF), ICAM-1, IL-8, growth related oncogene-alpha, monocyte
chemoattractant protein-1, substancin-p. Anti-inflammatory mediators that play
an important role in acute pancreatitis include IL-10, complement component
5a, soluble TNF receptors, IL-1 receptor antagonist (IL-1 ra) and neutral
endopeptidases. The expression of several of these mediators is regulated by
transcription factors such as NF-kB (Algul et al., 2002).

1.8 Cytoplasmic vacuoles in pancreatitis could be autophagic
in nature:
Trypsinogen activation and the formation of cytoplasmic vacuoles within
pancreatic acinar cells are the earliest detectable features in acute pancreatitis
(Watanabe et al., 1984). Although, it is known that trypsinogen activation occurs
in vacuoles formed in the course of acute pancreatitis, the origin and nature as
well as the pathological role of these vacuoles need to be elucidated. However,
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these cytoplasmic vacuoles of acute pancreatitis are suggested to be
autophagic in nature. Vacuole membrane protein (VAMP1) is a transmembrane
protein with no known homologue in yeast. VAMP1 is highly activated in acute
pancreatitis

and

triggers

autophagy

(Ropolo

et

al.,

2007).

Nascent

autophagosomes mature into degradative vacuoles in a stepwise manner. The
early autophagosomes are formed from engulfing cellular material such as
mitochondria in a crescent shaped double membrane structure that encircles
itself. The early autophagosomes (AVi) are neither acidic nor do they contain
any of the lysosomal enzymes and fuse with endosomes to form amphisomes
which are slightly acidic in nature. These amphisomes fuse with lysosomes to
form autophagolysosomes (AVd). The late autophagosomes are acidic (pH 4-5)
and with the help of lysosomal hydrolases, the content in the autophagolysomes
are degraded and recycled back to the cellular metabolism.

1.9 History and role of autophagy:
In 1963, Christian de Duve, first coined the term “autophagy” which
literally means “self eating” to describe the cellular events in which a double
membrane vesicle, autophagosome, delivers cytoplasmic content to the
lysosomes for degradation and recycling to the amino acid pool (de, 1963).
Initially, autophagy was believed to be a pro-survival mechanism that helps the
cell during growth and development (Dunn, Jr., 1994; Hutchins et al., 1999;
Klionsky and Ohsumi, 1999). However, later it was found to play a role in
diseases like Huntington’s disease (Ravikumar et al., 2004) and Alzheimer’s
disease (Hara et al., 2006; Rubinsztein et al., 2005). Therefore, it is now also
considered to be a pro-death signal. Apoptosis (Type I), Autophagy (Type II),
and NETosis (Type III) are considered as programmed cell death processes
whereas necrosis is considered as unprogrammed cell death process.
Apoptosis, a widely studied cell death mechanism was identified in single cells
usually surrounded by healthy-looking neighbours and characterized by cell
shrinkage, blebbing of the plasma membrane, maintainance of organelle
integrity, and condensation and fragmentation of DNA, followed by ordered
removal through phagocytosis (Kerr et al., 1972; Lockshin and Zakeri, 2001).
Neutrophil extracellular traps (NETs) cell death (NETosis) has been shown to
involve NADPH-oxidase mediated oxidative burst and disintegration of nuclear
envelope and most granule membranes, which together results in massive
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vacuolarization, intracellular decondensation of nuclear material eventually
leads to the formation of NETs (Brinkmann et al., 2004) (Fuchs et al., 2007)
(Steinberg and Grinstein, 2007). Due to scope of this project, autophagy is
explained in detail.

1.10 Types of autophagy:
Autophagy is generally classified into 3 types.
a. Micro-autophagy
b. Chaperon mediated autophagy
c. Macroautophagy.
Micro-autophagy and Chaperon mediated autophagy are less studied and
micro-autophagy occurs only in lower vertebrates.

1.10.1

Micro autophagy:

In 1966, Christian de Duve coined the term microautophagy for a noninducible process in mammalian cells that involves lysosomal internalization of
cellular constituents or organelles which has multiple vesicles trapped in their
lumen. It occurs by invagination or projected arm like protrusions to sequester
cytosolic constituents into vesicles in the lumen of the lysosomes. Little is
known about the mechanism, such as selection, and regulation of cargo due to
a lack of specific approaches to detect microautophagy apart from electron
microscopy.

1.10.2 Chaperon mediated autophagy:
Chaperon mediated autophagy (CMA) is a selective mechanism in which
cytosolic proteins are targeted, and translocated into the lysosomal lumen, one
at a time (Cuervo et al., 1997a; Cuervo et al., 2000; Cuervo et al., 1995; Cuervo
et al., 1994). In CMA, only soluble proteins are degraded whereas organelles
are not degraded. Proteins with the specific pentapeptide motif, LysinePhenylalanine-Glutamic acid-Arginine-Glutamine (KFERQ), must be exposed
so that it can bind to a receptor located on lysosomes.
However, unfolding of the substrate by chaperons prior to translocation is
required. In CMA, binding and translocation are considered as the rate limiting
factors (Cuervo and Dice, 1998). The Glutamine residue is always located at
the beginning or at the end of the sequence. The rest of peptide sequence
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contains a hydrophobic, a basic and an acidic residue along with a second
hydrophobic or basic amino acid in any given order. The target protein (cargo)
is identified and delivered by a chaperone complex. A molecular chaperone
complex consists of 5 different proteins which includes the heat shock protein of
70kDa (hsc70), the heat shock protein of 40kDa (hsc40), the heat shock protein
of 90kDa (hsc90), the hsc70-interacting protein (hip), the hsc70-hsc90
organizing protein (hop), and the Bcl2-associated athanogene 1 protein (bag-1)
(Agarraberes and Dice, 2001). This complex helps to deliver the cargo protein
to the lysosomes. The cargo protein along with chaperon complex binds to the
lysosomal membrane by interaction via lysosomal associated membrane
protein 2 (LAMP2). Chaperon complex unfolds the cargo protein that enables
the lysosomes to pull the cargo into the lysosomal lumen for degradation with
help of lysosomal hsc-70 (ly-hsc70) (Cuervo et al., 1997b) (Agarraberes et al.,
1997).
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Figure.1.5: Micro-autophagy (left panel) and Chaperon mediated autophagy (right panel).
(Pictures were drawn to represent but not to the relative scale of organelles).
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Macroautophagy:

Macro-autophagy is a non-selective, vesicle-mediated, and inducible process. It
degrades both targeted cargo proteins as well as organelles. Compared to
micro-autophagy and chaperon mediated autophagy, macro-autophagy is well
studied and considered as the primary goal of autophagy involved in recycling
of proteins. As it is a more prominent process out of all three different types of
autophagy, it is generally referred as autophagy. Macroautophagy is a highly
conserved process that takes place from yeast to higher mammals. Genetic
studies on yeast revealed more than 20 genes that are responsible for
autophagy and referred as autophagy related genes (ATG) which are required
in the process of autophagy formation. Macroautophagy is a complex and highly
organised process (Klionsky, 2005; Klionsky et al., 2003; Wang and Klionsky,
2003).
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Figure.1.6: Detailed scheme of Macro-autophagy: Cells in response to stimulus such as nutrient
deprivation, radiation, stress, and Cholecystokinin (CCK) leads to macroautophagy (Source:
modified from Mark J. Czaja; Gastroenterology 2011). ATG: (Autophagy Gene) are a family of
genes that play a role in autophagy.
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For general understanding purpose, autophagy is divided into general steps
which include
1. Initiation or induction
2. Vesicle nucleation or Elongation
3. Cargo recognition
4. Expansion and completion of vesicle
5. Fusion with endosomes and lysosomes
6. Autophagosome degradation
Each of the ATG gene products plays a crucial role in one of the several
steps in the process of autophagy. When a cell is starved of nutrients, irradiated
or indubated with stimulates such as cholecystokinin (CCK), the process of
autophagy is started that finally leads to degradation of protein or organelles in
the lysosomes by lysosomal hydrolases in an organised and evolutionarily
preserved process.
1.10.3.1

Induction:

Under physiological circumstances, basal autophagy is reported to be
very low; therefore cells need a stimulus to undergo autophagy. Cells under
resting conditions are prohibited to undergo autophagy by a protein known as
mammalian target of rapamycin (mTOR) which is considered to be the main
switch of autophagy. The extracellular signals for induction of autophagy are
believed to merge at mTOR, hence it has been considered as an upstream
initiating event that occurs within a cell during the process of autophagy. In
abundance of nutrient, mTOR negatively regulates Atg1, a serine threonine
kinase, also known as ULK1 (Uncoordinated-51 like kinase) in mammals
(Chang and Neufeld, 2009; Kamada et al., 2000). Tor inhibition by starvation or
treatment with rapamycin, leads to formation of the ULK1 complex consisting of
ULK1-Atg13-FIP200-Atg101 that is a part of initiating event in autophagy.
However,

under

nutrient

rich

condition,

the

mTOR

kinase

directly

phosphorylates Atg13 and hereby negatively regulates autophagy. Mammalian
ULK forms a stable complex with mammalian Atg13 (a phosphorylated protein),
FIP 200 (Focal adhesion kinase family interacting protein), and Atg 101. Each of
these proteins has been proposed to play a specific role in the complex. Under
nutrient rich condition, TORC1 (Tor complex 1) associates with the ULK 1
complex causes a blockade of autophagy. In starvation, TORC1 is inactivated,
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and dissociates from the ULK1 complex thus preventing phosphorylation of
Atg13 and a free unbound ULK1 leads to autophagy induction. The site of
starting of the complex formation of the ULK1 is the phagophore assembly site
(PAS).
1.10.3.2

Elongation:

Phosphatidylinositol 3-kinase (PtdIns3K) complex activation is an
essential step in the vesicle forming during autophagy. Higher eukaryotes have
three types of PtdIns3K (class I, II, and III); the class I and III PtdIns3K
complexes function as negative and positive regulators of autophagy
respectively (Baehrecke, 2005; Chang and Neufeld, 2010). The mammalian
class

III

PtdIns3K

complex

is

composed

of

beclin

1

(BECN1),

phosphatiodylinositol-3-kinase, also referred as Vsp34, and phosphainositol-3kinase regulatory subunit 4, also referred as Vsp15 (Yang and Klionsky, 2010).
Atg14L, an activating molecule in beclin1 regulated autophagy, UV
radiation resistance-associated gene (UVRAG) protein and Bax-interacting
factor 1 (Bif1) positively regulate autophagy (Takahashi et al., 2007). Whereas,
Bcl-2 originating from ER negatively regulates autophagy (He and Levine,
2010). Bcl-2, an anti-apoptotic protein, inhibits autophagy by binding to the BH3
domain of beclin1.
1.10.3.3 Cargo Recognition:
One of the most important functions of autophagy is the clearance of cytosolic
ubiquitinated substrates or to aggregate prone proteins that is referred as cargo.
This process is selective and mediated by a 62kDa protein known as the
mammalian protein p62/sequestrome 1 (SQSTM1). Structural and functional
analysis has revealed that, it can act as a receptor of ubiquitinated proteins, and
p62 is postulated as an Atg19 homologue of yeast. The sequestrome 1 protein
directly binds to poly and monoubiquitin via its ubiquitin-associated (UBA)
domain and to myosin associated protein-light chain 3 (MAP-LC3, hereafter
LC3), a mammalian Atg8 homologue. Thus it links the cargo to the machinery of
autophagy. Myosin associated protein- light chain 3 (MAP-LC3) is also known
as light chain 3 (LC3).
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Expansion and completion of vesicle:

Ubiquitylation is an initiating event in vesicle expansion which can be
broadly classified according to order of occurrence, as the Atg12 conjugation
system and LC3 conjugation system. Atg12 is the first ubiquitylation, which is
essential for the formation and elongation of the isolating membrane forming a
vesicle. Although dissimilar in amino acid sequence, Atg 12 does possess an
ubiquitin fold. Within the Atg12 conjugation system, Atg12 is activated by Atg7
and conjugated to Atg5 to form an Atg12-Atg5 complex that ultimately interacts
with Atg16 to form a multimeric complex (Atg12-Atg5-Atg16) (Kuma et al., 2002;
Mizushima et al., 2003; Mizushima et al., 1999). Golgi-resident proteins such as
small GTPase Rab and Rab33B interact with ATG16L and modulate
autophagosome formation (Hirota and Tanaka, 2009a; Itoh et al., 2008).
The second ubiquitin-like conjugation system is known as the LC3
conjugation system. It is a unique process as its target is a phospholipid, i.e.
Phosphatidyl Ethanolamine (PE). Hence, it is also known as LC3 lipidation
system. So far, four mammalian Atg8 homologues were identified namely LC3-II
(Light chain3), Gama-aminobutyric-acid type-A-receptor associated protein
(GABARAP), Golgi-associated ATPase enhancer of 16kDa (GATE-16), and
Atg8L. Among all of them, LC3 is best characterized and studied. Hence, LC3II is considered as best available marker for autophagy. LC3 is synthesized in a
premature form known as pro- LC3, which is cleaved by Atg4B to form LC3-I,
with an exposed glycine residue at carboxy-terminal that is essential to form a
thioester bond with Atg7 and Atg3. LC3-I is activated by Atg7, and transferred to
Atg3, before it is conjugated to PE (Tanida et al., 2002; Tanida et al., 2001).
1.10.3.5

Fusion with endosomes and lysosomes:

Autophagosomes encircle and seal themselves and then fuse with both
early

and

late

endosomes.

In

this

process

hereby

change

of

the

autophagosomal milieu into an acidic environment takesplace (Razi et al., 2009;
Tooze and Razi, 2009). Upon, encirculation, the Atg12-Atg5-Atg16 complex
dissociates from the autophagosome. This is the point where LC3-II appears to
increase in the cell which can be detected by time-course dependent western
blotting. The fused bodies of early autophagosomes and endosomes are known
as amphisomes that further fuse with lysosomes.
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Lysosomes are suicidal vesicle inside the cell containing hydrolases and
proteases that are important for the digestion of bulk proteins destined to be
recycled back to the amino acid pool. The slightly acidic (pH~5.5-6)
environment that is already achieved in the amphisomes do favour the
lysosomal fusion. The fusion event of amphisomes with lysosomes is positively
regulated by the UVRAG-Vps34-beclin1 PI3-Kinase complex and negatively
regulated by rubicon-UVRAG-Vsp34-beclin PI3-kinase complex. Following the
fusion, lysosomal hydrolases such as cathepsins, lipases, and glycolytic
enzymes degrade the content inside autophagosomes.
1.10.3.6

Autophagosome degradation:

It is known that pro-LC3 and LC3-I are predominantly cytosolic whereas
LC3-II is integrated into the autophagosomal membrane. LC3-II is considered to
be a promising marker for the autophagosomes in mammals. LC3-II on the
cytoplasmic surface of the autophagosomes is delipidated by Atg4B to be
recycled back into LC3-I form thus again re-used for autophagosome formation.
Extensive studies in yeast identified specific proteins such as Atg15, a vacuolar
lipase, and Atg22, a vacuolar membrane protein involved in autophagosome
degradation. But, so far, equivalent homologues of Atg15 and Atg22 have not
been identified in mammals.

1.11 Regulatory points of macroautophagy:
Autophagy is a complex process with various defined steps that involve
different proteins such as Target of Rapamycin (TOR), B-cell lymphoma2
(Bcl2), phosphatidyl inositol 3 (PI3) kinases that are also involved in other cell
metabolic and signaling processes. Of all the proteins involved in autophagy,
the key proteins such as TOR and PI3-kinases are well studied. Chemical
compouds described against these proteins have been proven to be effectively
regulates the rate of autophagy. Rapamycin is the best studied inducer of
autophagy, while chemicals that specifically act on PI3-kinases such as
Wortmannin, LY294002 and 3-methyladenine (3-MA) are used as inhibitors of
autophagy process. These substances have been already successfully tested in
vitro and in vivo and have already been in various stages of clinical trials.
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1.11.1 Autophagy and TOR signaling:
Mammalian target of rapamycin (mTOR) regulates the autophagy
process as most of the signaling pathways that are directed to regulate
autophagy converge at the level mTOR. Hence, it is considered as the first
upstream signaling point in the process of autophagy. Under resting conditions,
mTOR negatively regulates autophagy. It primarily regulates autophagy in two
ways, either by directly phosphorylating Atg proteins such as Atg1 and Atg13
that down-regulate autophagy (He and Klionsky, 2009) or by acting in the signal
transduction cascade that involves other proteins such as adenosine
monophosphate-activated protein kinase (AMPK) which activate autophagy.

Figure.1.7: The chemical structure of the substances used in the current thesis. Rapamycin acts
as an inducer of autophagy and 3-methyladenine (3-MA) and wortmannin act as inhibitors of
autophagy.

AMPK negatively regulates TOR by inhibiting its activity thus it in turn
activates autophagy (Gwinn et al., 2008). Protein Kinase-A (PKA) functions both
on AMPK and TOR. By phosphorylation, it inactivates AMPK, which negatively
controls TOR, and hereby indirectly activates TOR (Djouder et al., 2010). By
phosphorylation of the PRAS 40 subunit of TOR, protein kinase-A can directly
activates TOR. Rapamycin is a classical drug that targets TOR. Rapamycin
inhibits the TOR complex formation and indirectly activates autophagy.
1.11.2 Autophagy and PI3-kinase signaling:
Phosphatidyl inositol III kinase complex formation is another key step in
autophagy.

Phosphoinositides

(PIs),

phosphorylated

derivatives

of

phosphatidyl-inositol (PtdIns), are essential in eukaryotic cells. PI3 kinase
phosphorylates phosphatidylinositol and phosphoinositides at the third position
of the inositol ring. Phosphatidylinositol plays a role in several cellular metabolic
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processes such as membrane trafficking, cell skeletal dynamics, and cell
signaling. Hence, substances targeting PI3 kinases are of immense interest for
the pharmaceutical industry. The hVps34 represents the only class III PI3
Kinases in humans. Wortmannin, a fungal metabolite, is a potent inhibitor of PI3
kinase with a IC50 of ~10 nM (Woscholski et al., 1994). LY294002 is another
but less potent, (1000 times less potent than wortmannin) and more stable
inhibitor (up to 3 hours) of PI3-kinase (Vlahos et al., 1994). Recently, 3methyladenine, a compound shown to negatively regulate autophagy was found
to act on the PI3-kinase complex (Petiot et al., 2000). These chemicals were
found to block the phagophore formation by inhibiting PI3-kinase activity. PI3kinase inhibitors compete for the ATP binding site in the active site of the kinase
domain, there by inactivating the PI3-kinase.

1.12 LC3 as a marker to detect autophagy:

Figure.1.8: Detection of LC3 variants at different stages of macro-autophagy. The complex
events are simplified and main events that involve different organelles are represented in
relation with their change in LC3.

As described earlier in the macro-autophagy section (section 1.9.3.), LC3
is considered to be one of the best markers to study autophagy. Processing and
maturation of LC3 take place during the entire course of autophagy and one can
detect different forms of LC3 by western blotting at each stage of
autophagosome formation.
In the initial phase i.e. during nucleation, and initiation of the
autophagosome formation such as the phagophore formation, the cytosolic form
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of LC3 can be detected that apparently runs at 18 kDa on SDS-PAGE gels. The
band size of 18 kDa on western blotting represents early autophagosome
formation. Thereafter, encirculation of autophagosomes takes place and
meanwhile LC3 is conjugated to phosphatidylinositol (also known as lipidation)
to be incorporated into the autophagosomal membrane now running at 16 kDa
on SDS-PAGE gels. At this stage, both forms of LC3 (18 kDa; cytosolic, and 16
kDa; membranous form) can be detected. Autophagosomes are known as
amphisomes or intermediate autosomes at this point.
The key event at this stage is fusion of endosomes and amphisomes.
During later stages of autophagy, lysosomes fuse with amphisomes to degrade
the cellular content of autophagosomes. Hence, the membranous LC3 of 16
kDa is stronger than the cytosolic form of 18 kDa in western blotting. Most of
LC3 is processed and incorporated into the membrane of the autophagosomes
(Kabeya et al., 2000; Kirisako et al., 2000).

1.13 GFP-LC3 transgenic animal to monitor autophagy:
Detection of LC3 is regarded as a well-characterized marker for
autophagy and recent studies revealed that autophagy has many crucial
functions ranging from growth to cancer in mammals. It is natural and beneficial
to work with LC3 fused to green fluorescent protein (GFP) for in vivo imaging to
study the formation of autophagosome and their role in cell metabolism
(Mizushima and Kuma, 2008; Mizushima et al., 2004). The GFP-LC3 mice were
generated by integration of GFP-LC3 fragments with the CAG promoter, a
strong ubiquitous promoter, into the mice. The GFP-LC3 transgene was
inserted at the very distal region of chromosome 2 at 106 bp upstream of a
putative gene named “similar to transcriptional adaptor 3-like (LOC665264)”, a
pseudogene. Hence, the incorporation of GFP-LC3 transgene does not interfere
with the function of any other genes.

1.14 Gabexate mesilate as protease inhibitor:
To investigate whether proteases regulate autophagy formation during
the course of pancreatitis, it is important to study autophagy under the influence
of protease inhibitors. We used Gabexate mesilate (GM), a synthetic and broad
range protease inhibitor of trypsin-like serine proteases; Gabexate mesilate
inhibits reversibly the activity of a number of enzymes such as trypsin, thrombin,
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kallikrein, and plasmin. Due to crucial role of protease in initiating pancreatitis,
gabexate mesilate has been widely used in the treatment of acute pancreatitis
to inhibit pre mature trypsinogen activation (Chang et al., 2009; Iwaki et al.,
1986; Menegatti et al., 1985). Nafamostat and Gabexate are two important
protease inhibitors have been regularly used to prevent pancreatitis caused by
endoscopic retrograde cholangio pancreatography (ERCP). Gabexate mesilate
is commercially known as FOY.

Figure.1.9: Chemical structure of gabexate mesilate.

1.15 Treatment of pancreatitis with orally active elastase
inhibitor:
1.16 Clinical perspective of acute pancreatitis:
Independent to the etiology of pancreatitis, the pathogenesis of
pancreatitis follows a certain pattern that starts with intra-acinar protease
activation, if untreated at this state it can lead to multiple organ failure (Saluja
and Steer, 1999). Initial protease activation may be a triggering event; the
ultimate disease severity depends on the balance between pro- and antiinflammatory responses including production of inflammatory mediators such as
interleukins (ILs). Most patients are admitted to the hospital within 18 hours of
onset of recurrent or continuous abdominal pain which is considered as one of
key symptoms of acute pancreatitis. Treatment at this stage ameliorates the
severity of the disease and its effects on multiple organ failure. Eventhough,
serum levels of pancreatic enzyme such as amylase and lipase are used to
diagnose the absence or presence of pancreatitis in these patients, However
severity of the disease can only be determined by the inflammatory response
molecules such as C-reactive protein, procalcitonin or PMN-Elastase (Bank et
al., 2002).
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Clinical perspective of events of acute pancreatitis. Graph represents relative

occurrence of events that are of clinical importance and can be monitored by appearance of
symptoms. SIRS: Systemic immune response syndrome. Adapted from Norman J. Digestion
60: Suppl. 57-60 (Norman, 1999).

1.17 Role of elastase in pancreatitis:
Acute pancreatitis evolves in three phases. The initial phase is defined by
the activation of intrapancreatic digestive enzymes and acinar injury followed by
a second phase in which the intrapancreatic inflammatory response with
variable degree of acinar cell necrosis will takeplace. Finally, the third phase is
characterized by the appearance of extra pancreatic changes that include the
systemic immune response syndrome (SIRS) and acute respiratory distress
syndrome (ARDS). ARDS is characterized by massive infiltration of lungs by
neutrophils, wherein the neutrophils release toxic substances including the
serine proteases, elastase. Elastase is known to cause damage in both, first
and second phases of acute pancreatitis. Once they enter the pancreas, the
inflammatory reactive molecules are capable of activating the intra pancreatic
protease and the cycle repeats with further damage to the pancreas. Therefore,
scientists are in search of a therapeutic agent that can possibly reduce the
pancreatic damage by autodigestion caused by pancreatic proteases, and also
reduce the transmigration of leukocytes to the site of inflammation.
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Figure.1.11: Role of elastase in pancreatitis: Diagram represents the role of elastase in a cyclic
manner where pancreatic elastase plays a role in autodigestion of pancreatic acini and PMN
elastase plays a role in inflammation. Once inflammatory mediators reach the pancreas, they
once again activate pancreatic protease and cycle repeats until irreparable damage is caused to
the pancreas and other organs such as lung and liver.

1.18 Elastases:
Digestive elastases are the third major class of serine endopeptidases in
pancreatic juice and digest peptides at alanine, glycine, and serine residues.
Apart from being a component of digestive juice, elastases are also present in
leukocytes. Elastase 1, Elastase 2A, Elastase 3A, and Elastase 3B are
exclusively found in pancreatic juice (Appelt et al., 1988; Kawashima et al.,
1987; Rose and MacDonald, 1997; Scheele et al., 1981). On the other hand,
some members of the elastase family are also found in leukocytes such as
elastase 2 which is a serine protease expressed in neutrophils but, not in the
pancreas.

Macrophage

elastase

is

a

metalloprotease

expressed

in

macrophages but not in the pancreas. It is also known as matrix
metalloproteinase 12 (Rosenbloom, 1984).
As elastase is undigested and stable through intestinal transit, human
elastase is routinely used to diagnose exocrine insufficiency e.g. from
pancreatitis. It is considered as one of the most sensitive non-invasive method
for the diagnosis of exocrine insufficiency (Gullo et al., 1999). Elastase is also
elevated during inflammatory episodes and released into the blood stream.
Hence the quantification of pancreatic elastase in the serum could also be
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routinely used to diagnose pancreatitis (Ventrucci et al., 1989; Ventrucci et al.,
1987).
Neutrophil elastases are another important member of the elastase
family that plays a role in inflammation. Together with proteinase 3 and
cathepsin G, human neutrophil elastase (HNE) belongs to serine proteases of
the chymotrypsin family which are stored in the primary (azurophil) granules of
polymorphonuclear neutrophils (PMNs).

HNE is a 30 kDa glycoprotein

synthesized as zymogen that requires two separate amino-terminal processing
steps to become active (Pham, 2006). HNE is stored at high concentrations (5
mM) in its active form in azurophil granules of neutrophils. Azurophil granules
undergo differential exocytosis following neutrophil activation upon exposure to
different cytokines (TNFalpha, and IL8a) and chemo-attractants (phorbol-12myristate-13-acetate (PMA), Lipopolysaccharide (LPS)).
The primary role of intracellular HNE started in azurophilic granules
appears to be the proteolysis of foreign proteins (e.g. from bacteria) during
phagocytosis by neutrophils. HNE is specific to Gram-negative bacteria and
acts via catalytical proteolysis of outer wall proteins (OmpA) present on bacteria
which help to cleave the bacterial virulence. HNE is not reactive against Grampositive bacteria. Studies in mice lacking HNE showed impaired survival rates
in the presence of Gram-negative infection (Belaaouaj et al., 1998).
Furthermore HNE acts in host defense, but owing to its broad substrate
specificity, it is deleterious when produced in excess. Extracellular HNE
degrades a variety of host proteins such as extracellular macro-molecules that
include elastin, fibronectin, and proteoglycans, as well as plasma proteins, like
immunoglobulins, clotting factors, and complement factors. Thus, under normal
physiological conditions, HNE is controlled by serpins, which are endogenous
serine proteinase inhibitors that trap and distort the catalytic site of HNE. The
natural inhibitors of HNE include alpha1-anti-trypsin, elafin, and the secretory
leukocyte proteinase inhibitor (Fitch et al., 2006; Williams et al., 2006).
However, the protective role of those inhibitors against elastase is lost due to
oxidants and proteases that are released by leukocytes recruited to the site of
inflammation.
It has become clear that HNE has an important role in the local
inflammatory response. However, dysregulation resulting in its accumulation
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can be involved in the development of chronic inflammatory disease, such as
rheumatoid

arthritis,

pulmonary

emphysema,

adult

respiratory

distress

syndrome (ARDS), cystic fibrosis, asthma (Guay et al., 2006; Lee and Downey,
2001a; Ohbayashi, 2002). Patients suffering from chediak-Hagashi syndrome
are deficient in elastase and cathepsin G in neutrophils resulting in a variety of
infectious diseases (Ganz et al., 1986; Vassalli et al., 1978). Before going into
details about role of elastase in autodigestion and inflammation, a short
overview about the role of neutrophils is given in the next section.

1.19 Neutrophils:
Neutrophils, along with basophils and eosinophils, are a class of white
blood cells that belongs to polymorphonuclear cell family. The nucleus of
neutrophils is divided into several lobules (2-5). Circulating polymorphonuclear
neutrophils (PMNs) are the first cells to reach the site of inflammation, thus
providing first line defense against bacterial infection. Average lifespan of
neutrophils is 5-6 days. Neutrophils express and release cytokines, which in
turn attract other cell types to the site of inflammation.
Neutrophils exhibit defense mechanism by three methods e.g. by
phagocytosis, by the release of soluble anti-microbial proteases located in their
granules and by generation of neutrophil extracellular traps (NETs). Neutrophils
exhibit phagocytic property with the help of opsonins. If the target protein is
coated with opsonins, it is target protein is recognized by neutrophils, and
internalized into the phagosomes where reactive oxygen species and hydrolytic
enzymes degrade it. The process of production of reactive oxygen species
(ROS) is known as respiratory burst as oxygen consumption during the process
is higher compared to normal. The second defense mechanism exhibited by
neutrophils is the release of anti-microbial proteases such as neutrophil
elastase, cathepsin-G, defensins and gelatinases. A third, described line of
defense by neutrophils is to form a Neutrophil Extracellular Matrix (NETs).
These NETs comprise a web of fibers composed of chromatin and serine
proteases that trap and kill microbes extracellularly. It also serves to prevent
any further spread of pathogens. The bacteria are trapped in NETs in sepsis,
where NETs are formed within blood vessels (Brinkmann et al., 2004).
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In the following sections, the role of pancreatic elastase in autodigestion
and pancreatic acinar cell necrosis and the role of PMN elastase in
inflammation are explained in detail.

1.20 Elastase as causative agent to induce necrosis in
pancreatic acinar cells:
Pancreatic elastase, compared to trypsin, found to be more responsible
for necrosis by using substrate specific activity for elastase (R110-(CBZ-Ala4);
Ex485Em530nm) and in parallel with a trypsin substrate (CMAC-Ile-Pro-Arg;
Ex340/Em460nm) in a hyperstimulated acinar cells.

At the same time,

propidium iodide incorporation into the cells (Ex545/Em 610nm) was used to
determine the necrosis caused by protease activation during the process of
CCK stimulation. The activity of the proteases was studied in the presence of
nafamostat (10µM), which specifically inhibits trypsin but not elastase, and in
presence of pefabloc (1mM), which inhibits both proteases.
The rate of necrosis was increased by 17% in acinar cells that developed
only elastase activity and on the other hand, decreased by 18% in acinar cells
that responded only with an increase in trypsin activity. In cells incubated with
pefabloc that inhibits both proteases, the rate of necrosis was totally abolished
and was comparable to the cells without any stimulation (Personal
communication with M. Ruthenbuerger). This demonstrates a deleterious effect
of elastase in acinar cells.

1.21 Elastase helps transmigration of leukocytes to the site of
inflammation:
Transmigration of leukocytes into the epithelial tissue during the initial
phase of pancreatitis requires dissociation of cell-cell contacts at adherens
junctions. The extracellular cleavage of E-cadherin at adherens junction is
facilitated by polymorphonuclear (PMN) elastase in that way as PMN elastase
can directly influence the recruitment of leukocytes to the site of inflammation
(Mayerle et al., 2005).
Stability of the epithelial layer is very important for the maintainance of
homeostasis. Epithelial cells act as a barrier and selectively transport fluids,
ions, and small molecules. Inflammation results in injury to the epithelium of the
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organs (lungs, pancreas, and intestine), and is associated with massive
infiltration of neutrophils (Heinzelmann et al., 1999; Panes and Granger, 1994).
As the selective barrier property of epithelial cells is damaged, this in turn
results in unregulated movement of fluids across the epithelium and thus
causes edema of the organs. Epithelial cells maintain their structural and
functional characteristics by tight junctions and adherens junctions. Epithelial
adherens junctions are comprised of a cytoskeleton domain, a plaque structure
comprised of β-catenine and integral membrane components such as Ecadherin, which is a transmembrane protein, important in calcium-dependent
epithelial cell-cell interaction (Geiger and Ayalon, 1992; Kartenbeck et al.,
1991). Alteration of the epithelial cell-cell contact can be partly caused by PMN
protease especially PMN-elastase.
Hence, an inhibitor that can inhibit both; pancreatic elastase responsible
for acinar cell necrosis and, PMN elastase that helps to fasten the leukocyte
transmigration might be beneficial therapeutic option for the treatment of
pancreatitis.

1.22 ZD0892: a dual inhibitor against pancreatic elastase and
PMN elastase:
ZD0892 is a serine elastase inhibitor that is biologically effective after
oral administration. It is a peptidyl trifluoromethylketone with an N- terminal 4
(CH30) C6H4CO group (Edwards et al., 1997), which is highly selective inhibiting
human neutrophil elastase (Ki = 6.7 nM) and porcine pancreatic elastase (Ki =
200 nM), but does not inhibit other serine proteases such as trypsin and
thrombin, and metalloproteinases (Edwards et al., 1997; Veale et al., 1997).

Figure.1.12. Chemical structure of ZD0892: ZD0892 is a trifluoromethyl ketone based elastase
inhibitor.
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In this study, we reported that the ZD0892 decreased the severity of acute
pancreatitis induced in the animals. In rats induced pancreatitis with caerulein, a
mild

pancreatitis

model,

ZD0892

treatment

ameliorated

the

systemic

inflammatory reaction and local damage. Whereas, mice induced with
taurocholate pancreatitis, a severe pancreatitis model, ZD0892 treatment
increased the survival of mice.
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2. AIM OF THE PROJECT:
The work of my graduate studies is divided into 2 projects.
1) Role of autophagy in early trypsin activation in experimental pancreatitis.
2) A possible treatment of pancreatitis with an orally bioactive elastase
inhibitor.
1) Role of autophagy in early trypsin activation in experimental
pancreatitis:

The serine protease, trypsinogen, is synthesized in the

acinar cells of pancreas in an inactive form. The inactive trypsinogen is
discharged into the pancreatic duct from the apical pole of the acinar cells.
Trypsinogen activation takes place in the duodenum by hydrolysis under the
influence of enterokinase in acidic environment. In normal condition,
trypsinogen activation does not occur in the acinar cells and the activation of
trypsinogen is an important event as it can further activate other pro-zymogens
in the duodenum.
Trypsinogen activation and the formation of cytoplasmic vacuoles within
pancreatic acinar cells are considered to be the earliest detectable events in
acute pancreatitis (Watanabe et al., 1984). However, the origin of these
vacuoles is still much of a debate. Some consider them as autophagic in nature
(Ropolo et al., 2007). Trypsin activity was shown to occur in a biphasic manner
with activity peaks at 1h and 8h (Halangk et al., 2002; Halangk et al., 2000b). In
this project, we tested whether autophagy plays any role in acute pancreatitis.
We used two different animal models, namely, mice and rats. As
pathophysiology of acute pancreatitis varies between rat and mice, it is
important to test out the hypothesis in both animal models. The question need
to be answered is two-fold: if autophagy plays a role in pancreatitis, then does
autophagy contribute to trypsin activity and at which time point does autophagy
play a role in activating trypsinogen.

2) A possible treatment of pancreatitis with an orally bioactive dual
elastase inhibitor.
Acute pancreatitis is proposed to take place in three phases. The initial
phase is defined by the activation of intra pancreatic digestive enzymes and
acinar cell injury followed by a second phase which is characterized by
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intrapancreatic inflammatory response with variable degree of acinar cell
necrosis. Finally, the third phase is characterized by the appearance of extra
pancreatic changes that include the systemic immune response syndrome
(SIRS) and acute respiratory distress syndrome (ARDS). ARDS is characterized
by massive infiltration of lungs by neutrophils, wherein the neutrophils release
toxic substances including elastase.
Elastases are a diverse class of proteases that are present in the
pancreas, leukocytes and macrophages. Pancreatic elastases are responsible
for the acinar cell necrosis in the initial and later stages of acute pancreatitis
(Ruthenbuerger et al., 2003). On the other hand, polymorphonuclear (PMN)
elastases are believed to be critically involved in transmigration of leukocytes.
PMN elastase cleaves E-cadherin at adherens junction thus facilitating the
recruitment of leukocytes to the site of inflammation (Mayerle et al., 2005).
Therefore, it is important to nullify the deleterious effects of elastases in
pancreatitis to ameliorate the course of pancreatitis and to obtain a beneficial
treatment effect. Hence, in this study, we tested a dual inhibitor, ZD0892; to
inhibit the elastase activity which in turn improves the chance of survival in
animals by diminishing the deleterious effects caused by elastases.
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3. MATERIALS AND METHODS
3.1 Materials
3.1.1 Chemicals:
Chemical

Company

3-methyladenine (3-MA)

Sigma

4I, 6-Diamidino-2-Phenylindole (DAPI)

Biochemika

4-(2-hydroxyethyl)-1-piperazineethane
sulfonic acid (HEPES)

Sigma

HEPES. sodium salt

Sigma

Acetone

Fluka

Acetic acid 99% pure

Roth

Agar

Roth

Alpha-Chymotrypsin

Sigma

Ammonium acetate

Merck

Ammonium Persulphate (APS)

Roth

Aprotinin, from bovine lung

Sigma

Bovine serum albumin

PAA Laboratories

Brilliant Blue G250

Roth

Bromo phenol blue sodium salt

Merck

Caerulein

Bachem

Calcium Chloride

Sigma

Cathepsin-B, from bovine spleen

Calbiochem

Collagenase

Serva

Cholecystokinin (CCK)

Sigma

Diethyl ether

Roth

D-Glucose

Roth

DL-Dothiothreitol (DTT)

Sigma

di-Sodium hydrogen phosphate anhydrous

Merck

di-Potassium hydrogen phosphate anhydrous

Merck

Dimethyl suphoxide (DMSO)

Roth

Dulbecco’s Modified Eagle Medium

GIBCO

Enterokinase, from porcine interstine

Sigma
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Eosin

Sigma

Ethanol absolute

Chem Solute

Ethidium bromide

Roth

Ethylene diamine tetra acetic acid (EDTA)

Sigma

Formaldehyde 16% ultra pure EM grade

Polysciences

Iso-Propanol

ChemSolute

L-Glutamic acid monosodium salt hydrate

Sigma

Glycerol

Merck

Glycine

Roth

Hydrogen Peroxide

Merck

Leupeptin

Sigma

Luminol

Serva

Magnesium Chloride

Sigma

Magnesium sulfate heptahydrate

Sigma

Methanol

Roth

Methylamine Hydrochloride

Sigma

Mowiol 4.88

Roth

Naphthol AS-D Chloroacetate

Sigma

N,N-dimethyl formamide (DMF)

Sigma

PageRuler prestained protein ladder

Fermentas

Panceau S

Roth

Para-coumaric acid

Sigma

Para-formaldehyde

Sigma

Pen-Strep

GIBCO

Phenyl methyl sulphonyl fluoride (PMSF)

Sigma

Propidium Iodide (PI)

Sigma

Propyl gallate

Sigma

Potassium Chloride

Merck

Roti® Fect

Roth

Rotiphorese® Gel 30 (37.5:1)

Roth

Rapamycin, from streptomyces hygroscopicus

Sigma

Sodium acetate trihydrate

Merck

Sodium azide

Merck

Sodium borohydride

Aldrich
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Sodium butyrate

Sigma

Sodium chloride

Roth

Sodium dihydrogen phosphate

Merck

Sodium dodecyl sulphate (SDS)

USB

Sodium fumarate dibasic

Sigma

Sodium pyruvate

Sigma

Sodium fluoride

Merck

sodium citrate tribasic dihydrate

Sigma

Salmon Sperm DNA, sodium salt

Biomol

Sucrose

Sigma

Sodium orthovanadate

Sigma

TEMED

Roth

Trichloroacetic acid (TCA)

Roth

Tris, Ultra Pure

MP Biomedicals

Triton® X-100

Sigma

Trypsin-EDTS, 10x

GIBCO

Trypsin inhibitor, from soyabean

Sigma

Trypsin, TPCK treated, from bovine pancreas

Sigma

Trypsinogen, from bovine pancreas

Sigma

Tween® 40 (Polyethylene sorbitol monolaurate)

Fluka

Vinblastine sulphate salt

Sigma

Wortmannin, from Pencillium fumiculosum

Sigma

Xylene

Merck

Xylol

Roth

3.1.2 Substrates:
Boc-Glutamine-Alanine-Arginine-AMC.HCl

Bachem

Boc-Arginine-Arginine-AMC.HCl

Bachem

Rhodamine110, bis-(CBZ-L-alanyl-L-alanyl-L-alanylL-alanine amide), dihydrogen chloride

Molecular Probes

Rhodamine110, bis-(CBZ-L-isoleucyl-L-prolylL-arginine amide), dihydrogen chloride

Molecular Probes

Rhodamine110, bis-(CBZ-L-phenylalanylL-arginine amide), dihydrogen chloride
Rhodamine110, bis-(CBZ-L-alanyl-L-alanyl-L-propyl-

Molecular Probes
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Molecular Probes

3.1.3 Kits:
Kit

Supplier

Amyl-Kit

Roche-Hitachi

CBA Kit (mouse inflammation)

Bectron Dickinson

Enzcheck® Elastase assay kit

Molecular Probes

Lip-Kit

Roche-Hitachi

SuperSignal® west pico chemicoluminiscence
Substrate

Thermo Scientific

SuperSignal® west femto chemicoluminiscence
Substrate

Thermo Scientific

3.1.4 Antibodies:
Primary Antibody

Supplier

Cathepsin-B antibody, rabbit polyclonal IgG
Cat no # 06-480

Upstate

Cathepsin-B antibody, Mouse monoclonal IgG
Cat no # IM27L Clone- CA10

Calbiochem

Cathepsin L antibody, Mouse monoclonal IgG
Cat no # C2970 Clone- 33/2

Sigma

Cathepsin L antibody, Rabbit polyclonal IgG
Cat no # 219387

Calbiochem

Chymotrypsin antibody, Mouse monoclonal IgG
Cat no # 13601-13604

QED Biosciences

Green Fluorescent Protein (GFP) antibody, Mouse
Monoclonal IgG Cat no # MAB3580

Millipore

Glyceraldehyde-3-PDH antibody, Mouse
Monoclonal IgG Cat no # 86504

Meridian

Glycoprotein 2 antibody, rabbit polyclonal IgG
Cat no # LS-C 80665

Lifespan

Biosciences
Lysosomal associated membrane protein (LAMP2)
antibody, Rabbit polyclonal IgG cat no # L0668

Sigma
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Light chain-3 (LC3) B antibody, rabbit polyclonal IgG
Cat no # NB600-1384

Novus Biologicals

Light chain-3 (LC3) B antibody, rabbit polyclonal IgG
Cat no # PD014

MBL International

Trypsin antibody, Mouse monoclonal IgG
Cat no # MAB 1482

Millipore

Trypsin antibody, rabbit polyclonal IgG
Cat no # AB 1823

Chemicon

Secondary antibodies

Supplier

AlexaFluor® 647 donkey anti rabbit IgG

Invitrogen

AlexaFluor® 647 donkey anti goat IgG

Invitrogen

AlexaFluor® 647 donkey anti mouse IgG

Invitrogen

Cy-3TM conjugated affinepure goat anti rabbit IgG

Jackson Immuno

Cy-3TM conjugated affinepure goat anti mouse IgG

Jackson Immuno

Cy-3TM conjugated affinepure donkey anti goat IgG

Jackson Immuno

Cy-3TM conjugated affinepure goat anti rabbit IgG

Jackson Immuno

Fluorescein (FITC) conjugated affinepure
donkey anti rabbit IgG

Jackson Immuno

Fluorescein (FITC) conjugated affinepure
goat anti mouse IgG

Jackson Immuno

ECL anti rabbit IgG, Horse radish peroxidase
linked antibody raised in donkey

Amersham

ECL anti mouse IgG, Horse radish peroxidase
linked antibody raised in sheep

Amersham

3.1.5 Instruments:
Instruments/Equipment

Company

96 well Plates, U-Shaped

Greiner Bio one GmbH

Cast-ItTM Gel stacking stands

Peqlab Biotechnologie

Cell culture hood

Serotec

Centrifuges 5417R, 5415R

Eppendorf

Cryotome, Leica CM1900

Leica

Cryo tube, 2ml

Carl Roth

Cuvettes, Disposable Uvette® Routine pack

Eppendorf
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DNA gel dock system with Hitachi camera

Labor Technik

Douncer

Kontes Tissue Grind

Electric stove

Schott

Fluostar optima

BMG Labtech

Heating Block, Thermomixer compact

Eppendorf

Heating Block, SBH 200D13

Stuart

Heating Block

QBT

Incubator B5042E

Heraeus

Labofuge

Heraeus Christ

Magnetic Shaker, VarioMag® Mono

VarioMag

Microtome Blade A35

Feather safety Razor Co.

Ltd
Microtome Leica RM2125RT

Leica

Microscope, Axiophot

Zeiss

Microscope Invert fluorescent IX81

Olympus

Microscope, Confocal SP5

Leica

Microscope, Nikon Diaphot

Nikon

Multi ImageTM Light Cabinet

Alpha Innotech

PCR Machine

Eppendorf

PCR Machine

Peqlab

Pipette, 2.5ml, 20ml, 200ml, 1000ml

Eppendorf

Pipette, multichannel 300ml

Eppendorf

Pipette boy acu

Integra Bioscience

pH Meter 761 Calimatic

Knick

Polysine® slide Art no # J2800AMNZ

Thermo Scientific

Pressure cooker WTF-Schnell topf® Perfect

WMF Germany

Perfect BlueTM vertical doubblegel system Twin S

Peqlab Biotechnologie

Perfect BlueTM vertical doubblegel system Twin L

Peqlab Biotechnologie

PowerPac 200/ 300

Biorad

Shaker, Ika-Vibrax-VXR

Ika

Shaker, Ika-MAG

Ika

Spectra max 190

Molecular Devices

Spectra Max Gemini

Molecular Devices

Sonicator

Bandelin
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Spacer and combs

Peqlab Biotechnologie

SuperFrost ® plus

R. Langenbrinck

Syringe, BD Discardit TM 2ml, 5ml, 10ml, 20ml

Bectron Dickinson

Tissue cassette

Engelbrecht, Germany

Transfer Pipette 3.5 ml

Sarstedt AG&Co

Transblot SD semi dry transfer cell

Biorad

Test tube Rack 15ml

Thermo Scientific

Test tube Rack 50ml

Thermo Scientific

Tissue-Tek® O.C.T.TM

Sakura

Vacutainer

BD Plymoth

Water bath, small and big

GFL

Water bath with shaker

GFL

3.1.6 Buffers/Media:
Buffer

Composition

PHOSPHATE SALINE BUFFER (PBS), 10x
NaCl, 1.4 M
KCl,

27 mM

K2HPO4 (anhydrous), 1.5 mM
Na2HPO4.2H2O, 71 mM

80 g
2g
2g
14.42 g

Dissolved in 800 ml dd Water, and pH was adjusted to 7.4, there after total
volume was brought to 1000 ml and autoclaved.
NET, 10x
NaCl, 1.5 M
EDTA, 50 mM
Tris-HCl, 0.5 M
Triton X-100, 0.5%
Make it up to 1000 ml and store at room temperature.
LYSIS BUFFER 2x
HEPES, 20 mM
NaCl, 150 mM
Triton x-100, 1%
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Glycerol, 10%
EDTA, 2 mM
Make it up to 1000 ml and store at room temperature.
TRIS-GLYCINE-SDS 10x
Tris-base, 250 mM
Glycine, 1.92 M
SDS, 1%

30 g
150 g
10 g

Dissolve in 800 ml and make it up to 1000 ml and store at room temperature

3.2 Methods
3.2.1 Induction of pancreatitis in animals by caerulein model:
3.2.1.1 Induction of pancreatitis in mice:
Pancreatitis was induced in 6-8 week old GFP-LC3 and wild-type
C57BL6 mice weighing 20–24g. After overnight fasting, caerulein was
administered by intraperitoneal (i.p.) injection at a concentration of 50µg/kg of
body weight at hourly intervals up to 8 hours to elicit secretagogue induced
pancreatitis. Mice were injected with isotonic saline solution as control. Mice
were provided with uninterrupted access to water during the overnight fast.
3.2.1.2 Induction of pancreatitis in rat:
Pancreatitis was induced in male wistar rat weighing 200-250g. After
overnight fasting, caerulein was administered by intraperitoneal (i.p.) injection at
a concentration of 10µg/Kg of body weight at hourly intervals up to 8 hours to
induce pancreatitis. Rats were injected with isotonic saline solution as control.
Rats were provided with uninterrupted access to water during the overnight fast.

3.2.2 Explantation and preparation of organs:
The organs were explanted after 0h, 1h, 2h, 4h, 6h, 8h, and 12h of
injection of caerulein to induce pancreatitis. Blood samples were collected for
serum preparation while animals were under the influence of anaesthesia. Upon
blood collection into vacuotiner, the animals were sacrificed by cervical
dislocation and organs such as pancreas and lungs were rapidly removed by
dissection. The fat was trimmed off and washed in 1x PBS to remove any blood
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contamination and organs were divided into 4 parts. First part of pancreas and
lung were fixed in 4% para-formaldehyde and later on embedded in paraffin
according to the standard protocol. The paraffin sections were prepared at 2 µM
thickness. Second part of pancreas and lung were fixed in 2.5% formaldehyde
and after an hour of fixation, formaldehyde was removed from the organs with
clean tissue paper and frozed in cryomold with tissueTek® by snap freeze in
liquid N2. The cryomold were further sliced at a thickness of 5 µM to be used as
cryosections. The third part was snap frozen in liquid N2 and stored at -80°C
until further analyses. Fourth part of pancreas was used in the preparation of
sub cellular fractionation. During the entire process of fasting and induction of
pancreatitis, mice were allowed access to drinking water.

3.2.3 Preparation of tissue lysates for western blotting and
protease activity analysis:
Pancreatic tissue was recovered from -80°c store and dounced with
freshly prepared 1x lysis buffer. 200-300 µl of lysis was added in a douncer with
max 1 gram of tissue and dounced thoroughly with pestle.
Lysis Buffer (1x)

Composition

2 x Lysis buffer

5 ml

10 mM NaF

100 µl of 1M stock

5 mM Na4P2O7

500 µl of 0.1M stock

1 mM PMSF

100 µl of 0.1M stock

1 mM Orthovanadate

100 µl of 0.1 M stock

1 µg/ml Aprotinin

10 µl of 1 mg/ml of stock

1 µg/ml Trypsin Inhibitor

100 µl of 1 mg/ml of stock

1 µg/ml Leupeptin

100 µl of 1mg/ml of stock

Make up to 10 ml of protease cocktail.
Dounced tissue homogenates were rested on ice up to 10 min for lysis to
take place. The homogenates were transferred to the 1.5 ml reaction tube
(Eppendorf) and sonicated for 2 times at 50% power and 10 sec each. Tissue
homogenates were clarified by centrifugation at 14000 rpm, 4°c for 15 min. The
supernatants were transferred to another reaction tube. The protein
concentration was determined by Bradford reagent from the supernatant.
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To prepare the samples for the activity measurements, pancreatic tissue
was dounced in 1x PBS instead of lysis buffer. Sonication and clarification of
homogenates was performed as mentioned above in western blotting sample
preparation.

3.2.4 Preparation of sub cellular fractions:
Sub-cellular fractions of pancreas were prepared immediately from the
sacrificed mice. Fat was trimmed off from pancreatic tissue and dissected into
small pieces with scissors in homogenation buffer.
Homogenisation buffer
250 mM Sucrose

25.65 g

1 mM EDTA

0.5 ml of 0.5 M stock EDTA

10 mM HEPES

2.5 ml of 1 M stock HEPES

The above components were dissolved in 200 ml of dd water and pH
was adjusted to 7.4 and finally the volume of homogenation buffer was adjusted
up to 250 ml with dd water. The homogenation buffer was stored at 4°c for
short period of time; the buffer can be stored at -20°c for up to 3 months.
The tissues were dounced with one stroke each with pestle A and B in a
tissue grind douncer (Kontes, USA). The pancreatic homogenates were clarified
from nuclei and tissue debris by centrifugation at 150x g, and for 10 minutes,
and the supernatant was named as post nuclear supernatant (PNS). Zymogen
granules, and lysosomes were sedimented by centrifugation steps at 610x g for
15 minutes, 12000x g for 12 minutes respectively and remaining supernatant
fraction was considered as cytosol. All the centrifugation steps were carried at
4°c. Protein content was determined according to Bradford using the
commercially available Bradford reagent kit (Sigma).
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3.2.5 Estimation of protein concentration from lysates or sub
cellular fractions:
BSA standard stock solution (1mg/ml) was serially diluted to be used to
determine the protein concentration of unknown by plotting against the
standards. The preparation of standards was described in the following table.
Amount (µg)

0

5

10

20

40

80

160

1 mg /ml BSA (µl)

0

5

10

20

40

80

160

H2O (µl)

800 995

990

980

960

920

840

To the standard and samples, 190 µl of Bradford reagent was added into each
tube, thoroughly mixed by vortexing and incubated for 5 min at room
temperature in dark. The absorbance was measured at 595 nm using a
spectrophotometer. For the protein measurement of samples, the protein
extracts were diluted at 1:50 and then 10 µl of the diluted sample was used for
the protein assay. The protein concentrations of the samples were calculated
with the help of the standard curve obtained from the standards.
3.2.6 SDS-PAGE Gel:
The proteins are separated based on their molecular size in SDS-PAGE.
SDS is an anionic detergent (SDS) that can denature proteins. Upon
denaturation, the protein molecules become linearized and each SDS molecule
binds to 2 amino acids. Due to this, the charge to mass ratio of all the denatured
proteins in the mixture becomes constant. These protein molecules move in the
gel matrix (towards the anode) on the basis of their molecular weights only and
are separated according to the size. The gel matrix is formed of polyacrylamide
cross linked with acrylamide. The polyacrylamide chains are cross linked by N,
N-methylene

bisacrylamide

monomers.

Polymerisation

is

initiated

by

ammonium persulfate (radical source) and catalysed by TEMED (a free radical
donor and acceptor). Pancreatic homogenates equivalent to 50 µg were loaded
in each well and proteins were resolved by SDS-PAGE according to size by at
constant ampere running at 20 mA/gel. All the samples were brought to an
equal amount and boiled together with 2x SDS PAGE sample buffer containing
beta-mercaptoethanol and bromophenol blue for 5 min to be denatured and the
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samples are loaded into the wells. Gels were stopped once the dye front
reached the bottom and processed for western blot transfer.

3.2.7 Western blot analysis:
Pancreatic homogenates and sub cellular fractions were reduced in
laemmli buffer. The protein was transferred to nitrocellulose membrane running
at 100v. The non specific binding was reduced by blocking in 0.2%
NET/gelatine for 1 h. The blots were incubated overnight with primary antibody
to detect the protein of interest. The blots were washed thoroughly with 1x NET
buffer to remove any unwanted antibody binding

followed by horse redox

peroxidase (HRP) conjugated secondary antibody for 1 h at room temperature.
Washing with 1x NET is repeated for 3 times for 10 minutes under gentle
constant shaking. Blots were developed in enhanced chemiluminiscence kit
(pierson) and chemiluminiscence was captured by FluorchemTMSP image
capture

system

(Alpha

Innotech).

The

bands

were

analysed

using

AlphaEaseFC for densitometry and plotted as increase in density in arbitrary
values compared to signal obtained at 0h.

3.2.8 Immunofluorescence:
Pancreatic tissues were fixed in 4% para-formaldehyde and after
overnight fixation tissues were embedded in paraffin after overnight fixation.
The tissue slides were de-paraffinized in xylol for 30 min and rehydrated in
decreasing concentration of ethanol from 100%, 95%, 70%, before the tissue
slides were transferred to 1x phosphate buffer saline (PBS).

Antigen was

retrieved by cooking in 10 mM citrate buffer in a pressure cooker for 5 minutes.
Tissue was blocked overnight in 1x aurion BSA. Tissue slides were incubated
with primary antibodies in combination of rabbit anti trypsin (AB 1823,
Chemicon, CA, USA) with mouse anti GFP (Cat no # MAB3580, Millipore), and
rabbit anti LAMP2 (cat no #L0668, Sigma- Aldrich, St.Louis, Germany) with
mouse anti GFP for 2 h followed by corresponding secondary antibodies such
as donkey anti rabbit AlexaFluor 647 (Cat# A31573, Invitrogen, Darmstadt,
Germany) and goat anti mouse fluorescein conjugated (Cat# 515-095-062,
Jackson ImmunoReasearch, Suffolk, UK) for 1 h respectively. Nuclei were
stained with DAPI. Tissues were mounted with mowiol embedding media.
Images were taken by Leica SP5 at 400x magnification. Colocalization was
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analysed with ImageJ using JACoP plug-in.

The percentage of Trypsin or

LAMP2 positive dots were plotted against LC3 positive dots and graphically
represented as colocalized.

3.2.9 Preparation of multiple fractions:
Multiple fractions were prepared from total mouse pancreas that was
rinsed in 0,9% NaCl and homogenized with a Potter-Elvehjemin HS-buffer (250
mM sucrose/10 mM citric acid/ 0.5 mM EGTA/0.1 mM MgS04 pH 6.0). The post
nuclear supernatant (at 500x g) was loaded onto 50% (v/v) Percoll in 2x HSbuffer and centrifuged at 50,000g for 45 min at 4°C. At end of centrifugation,
tissue was resolved into a total of 46 fractions. Each fraction was obtained using
a peristaltic pump (Pharmacia, LKB Pump P-1) beginning from bottom using a
needle.
3.2.9.1 Measurement of protease activity from multiple fractions:
Trypsin and trypsinogen upon enterokinase activation from the fractions
were fluorimetrically measured in 50 mM Tris/150 mM NaCl/1 mM CaCl2
containing 100 µg/ml BSA at 37°C using 64 µM BOC-Gln-Ala-Arg-7-amido-4methylcoumarin as a substrate in a micro titre plate reader (Saphire/ Tecan).
Cathepsin-B was measured as relative fluorescent units (RFU) in 50 mM Naacetate/1 mM EDTA /1 mM DTT pH 5.5 using 10 µM Z-Phe-Arg-7-amido-4methylcoumarin.
3.2.9.2 Animal breeding and selection of GFP LC3 animals:
The GFP-LC3 transgenic mice were crossed with C57BL6 and
maintained as heterozygous for GFP-LC3 transgene. Genotyping was carried
out by PCR analysis from cDNA using the following primers
Primer 1: 5I-ATAACTTGCTGGCCTTTCCACT-3I
Primer 2: 5I-CGGGCCATTTACCGTAAGTTAT-3I
internal primer Primer 3: 5I-CAGCTCATTGCTGTTCCTCA-3I.
Mice were kept in rodent breeding boxes (Nalgene; Roskilde, Denmark)
at 12:12h dark-light cycle. Before carrying any experiments, upon arrival, the
mice were left for minimum of one week in the cage in order to adjust to the
laboratory conditions. Primers for PCR were generated to distinguish between
transgenic and non-transgenic wild-type alleles. Primer 1 and 2 amplified a 250-
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bp fragment of the transgenic allele and primer 1 and 3 amplified a 350-bp
fragment of the non –transgenic allele. Thus, in one reaction, it is possible
detect the zygosity of the GFP-LC3 mice.
GFP-LC3 animals allow monitoring of the induction of autophagy. GFPLC3 transgenic animals were crossed with wild type animals to produce
transgenic offsprings. The offsprings were selected for transgenic trait by PCR
from genomic DNA extracted from tail described in methods section (Mizushima
et al., 2004). The PCR product of transgenic animal produces two bands; a
250bp band corresponding to transgenic allele and another 350bp band
corresponding to a non-transgenic allele.

3.2.10

Measurement of serum amylase:

In acute pancreatitis, amylase levels in blood increases to 4-6 folds of
normal levels within 12 h in mice and within 8 h in humans, respectively. From
this corresponding time points in mice (12h) and human (8h), amylase levels
start to decrease. Blood was collected into vacutainer by aortic puncture from
the mice. Serum was prepared from blood by centrifugation using standard
procedures and stored at -20°C. Serum alpha-amylase activity levels were
measured in

Spectra Max190 (Molecular Devices, Germany) Elisa reader

machine (EPS method, Kruse-Jarres et al., J Clin Chem Clin Biochem 1989)
using the ethylidine protected 4,6-ethylidene-(G7)-1-4-nitrophenyl-(G1)-alpha-Dmaltoheptaoside (Roche Diagnostics, Mannheim, Germany), as substrate and
in accordance with the manufacturer's protocol.

3.2.11 Measurement of serum lipase:
Lipase is a glycoprotein of molecular weight of 47 kDa. They are defined
as triglyceride hydrolases, which catalyze fatty acids by the cleavage of
triglycerides, followed by the formation of monoglycerides. Lipase levels
increases within 4-6h in acute pancreatitis conditions. Blood was collected into
vacutainer by aortic puncture from the mice. Serum was prepared from blood
clot and centrifugation using standard procedures and stored at -20°C. Serum
lipase levels were measured using 1,2-O-Dilauryl-rac-glycero-3-glutaric acid- (6methylresorufin)-ester (DGGR assay) as substrate which releases glutaric acid
spontaneously upon cleavage and produce red colour in alkaline solution, which
is measured photometrically by Spectra Max190 (Molecular Devices, Germany)
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Elisa reader in accordance with manufacturer’s protocol (Roche Diagnostics,
Mannheim, Germany)

3.2.12 Measurement of myeloperoxidase (MPO) activity in lung
and pancreatic homogenates:
Myeloperoxidase enzyme, a 150 kDa protein, belongs to peroxidase
family and is linked to inflammation and cardiovascular diseases. This enzyme
is abundantly present in neutrophil granulocytes. Generally raised levels of
inflammatory mediators like cytokines and MPO are observed during acute
pancreatitis. Part of the pancreas or lung was taken and homogenized in
douncer S-glass homogenizer (B.Braun-Melsungen AG, Melsungen, Germany)
with 5 to 6 strokes using 500 µl of homogenization buffer (20 mM KH2PO4, pH
7.4). A small aliquot (100 µl) of the homogenate was taken aside for protein
estimation and protein was extracted by ultra sonication using 60% of energy
and 9 cycles for 10 sec, repeated twice. Then, the homogenate for protein
preparation (100 µl) and remaining (400 µl) were centrifuged at 10,000 g for 15
min at 4°C. The supernatant of the sonicated sample was taken for protein
estimation. The supernatant of remaining homogenate was aspirated by
vacuum pump and the pellet was re-suspended well in 500 ml of freshly
prepared extraction buffer containing KH2PO4 (50mM) pH 6, EDTA (5mM), SBTI
(5mM), PMSF (100µM) and hexacetyl trimethyl ammonium bromide (0.5%) and
snap frozen in liquid nitrogen. The solutions were thawed at 37°C and again
snap frozen. These freeze and thaw steps are repeated for four times and at the
end the samples were ultrasonicated as described above. Then, the samples
were centrifuged at 10,000x g for 15 min and supernatants were collected in
fresh tubes and used for MPO activity measurement. MPO activity was
measured using 0.53 mM O-dianisidine and 0.15 mM H2O2 as substrates in
measuring buffer (50 mM KH2PO4, pH 6). The increase in colour of
chromogenic product was monitored at A460 at 30°c, using a Spectra Max 190
(Molecular Devices, Germany) Elisa reader. The results are expressed as units
of MPO activity derived from standard curve, with 1 unit corresponding to
oxidation of 1 µmol H2O2 per min per mg of pancreatic or lung protein.
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of

protease

activity

in

pancreatic

homogenates:
In general protease activity levels are elevated during pancreatic damage
in pancreatitis. Among the pancreatic proteases, trypsin, chymotrypsin and
elastase are most commonly known to effectively indulge pancreatic tissue
damage. These active proteases cause the damage by preferential splicing of
amino acids present in the protein. Trypsin preferentially splices at arginine (R)
and lysine (K), elastase at alanine (A) and chymotrypsin at tryptophan (W),
phenylalanine (F) and

tyrosine

(Y). Pancreatic tissue samples

were

homogenized with a Douncer-S glass homogenizer (B.Braun-Melsungen AG,
Melsungen, Germany) in ice-cold 0.1M Tris-HCl (pH 8.0) containing 5 mM
CaCl2. Homogenised samples were centrifuged at 10,000x g for 15min at 4°C.
Protein concentrations were determined using a standard Bradford assay.
Trypsinogen activity upon enterokinase activation (0.005 U/ml, 60 min at 37°C)
as well as trypsin activity from control animals (NaCl) and pancreatitis induced
animals (caerulein) was measured using the specific fluorogenic substrate
(CBZ-Ile-Pro-Arg)2-R110 (Molecular probes, Eugene, OR) (final concentration
30µM in 0.1 M Tris-HCl, 5mM CaCl2 pH 8.0) Elastase using specific substrate
(CBZ-Ala-Ala-Ala-Ala)-R110 (Molecular probes, Eugene, OR) and chymotrypsin
using specific substrate (CBZ-Ala-Ala-Pro-Phe)-R110 (Molecular probes,
Eugene, OR). Enterokinase is a serine protease enzyme, which activates
inactive zymogen form into an active form. Hence, one can measure active
protease as well as inactive protease content that are eventually turned into the
active form. Rate of substrate hydrolysis in arbitrary fluorescence units per min
was calculated and represented as enzymatic activities.

3.2.14

Histopathology:

Formalin fixed pancreas and lung specimens were embedded in paraffin
according to standard protocols. The pancreatic sections were sliced at 2 µM
and mounted on glass slides. The sections were incubated at 37°C overnight, to
dehydrate completely. Pancreatic sections were deparaffinised using xylol for
20 min and later on hydrated with a series of decreasing concentration ethanol
(100%, 95%, and 70%) for 5 min in each solution and finally washed in 1x PBS
for 5 min. The slides were immersed in haematoxylin for 3 min and flushed with
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running tap water for 5 min. After rinsing with distilled H2O slides were placed in
eosin for 1 min and then dehydrated with increasing alcohol concentration
solutions (70%, 95%, and 100%) for 5 min in each step. After dehydration tissue
slides were dried in air and mounted with vectamount mounting media with
cover slip on top of it. The images of pancreas and lung were taken using
microscope (Olympus) with different magnifications.

3.2.15

Preparation of acinar cells and ex vivo trypsin

activity measurement:
The pancreas was dissected from overnight starved animals. The
pancreas was sliced into small pieces in a small beaker containing 6 ml of
collagenase solution (50 µl of 2 mg/100 µl in 12 ml of DMEM high glucose
media, 100 mM HEPES and 5% BSA). To provide the oxygen to the acinar
cells, Oxygen (O2) was flown through the buffer just before the experiment.
Pancreas was minced into very small pieces using scissors and incubated for
15 min at 37°C in shaking water bath. After 15 min, the fat tissue was decanted
and fresh 6 ml of collagenase solution was added and again minced into very
small pieces and incubated for 15 min at 37°C in shaking water bath. After 15
min of incubation the solution was transferred into 50 ml falcon tube. The
solution was gently aspirated for three to four times thorough the pipette tips
which were cut at opening edges so that acinar cells won’t get stressed during
pipetting process. The pipetting process has to be repeated 5 times with
descending order of width of cut at the end of the tip. There after, the cell
suspension was passed through glass wool into 15 ml falcon tube. Later on the
acinar cell suspension solution in falcon tube was centrifuged and the
supernatant was decanted. Fresh DMEM media with 100 mM HEPES and 5%
BSA were added to the cell pellet and re-suspended. The filtering step was
repeated twice as described above. After final washing, the cells were resuspended in fresh DMEM media and incubated for 30 min at 37°C and
subjected to further protease activity measurements. During equilibration, rat
acinar cells were incubated for 90 min with 200 nm rapamycin or 5 µM 3-MA or
0.1 µM wortmannin to study autophagy drug effects on trypsin activity. The
acinar cells isolated from mice were incubated with 250 µm of gabexate
mesilate for 90 min to study effect of protease inhibitors on autophagy.
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Measuring buffer 5x (pH 7.4):
Component

Final concentration volume per 1 liter

DMEM

1%

50 ml

BSA

1%

50 g

HEPES

24,5 mM

29,17 g

NaCl

96 mM

28,05 g

KCl

6 mM

2,236 g

MgCl2. 6H2O

1 mM

1,015 g

CaCl2. 2H2O

0,5 mM

0,368 g

NaH2PO4.H2O

2,5 mM

1,725 g

Glucose

11,5 mM

10,35 g

Na-Fumarate

5 mM

4,000 g

Na-Pyruvate

5 mM

4,225 g

Na- Glutamate 5 mM

2,750 g

After incubation with drug for 90 min, the acinar cells were either
hyperstimulated (10-6M) with secretagogue CCK-8 (Sigma) or left untreated
(control) for up to 60 min and incubated at 37°C in a water bath. For in vivo
trypsin activity and necrosis measurements, 1 ml of acini solution was taken
from each condition (control, CCK alone, CCK+Gabexate) at 4 different regular
time point with 20 minutes duration (i.e. 0, 20, 40, 60 min) and then washed and
resuspended in 1x measuring buffer (40 ml of 5x measuring buffer and 160 ml
of distilled water) containing 1mg/ml of propidium iodide (PI) and the synthetic
fluorescent trypsin substrate (CBZ-Ile-Pro-Arg) -R110 (30 µM/L).
To quantify substrate cleavage from live acinar cells, the cells together
with substrate and PI were transferred to 96-well microtiter plates and the ∆F/∆T
ratio was determined by cytofluorometry (Molecular devices, Spectra Max
Gemini) for 60 min at 37°C. Necrosis rate was determined by deducing the start
necrosis from end necrosis. The end necrosis was measured by complete
disruption of the cells at the end of the experiment using 3% Triton X-100.

3.2.16

Histological scoring:

Histological scoring was done according to Niederau (Niederau et al
1985). Upon Haematoxylin-Eosin (HE) staining a minimum of five pictures
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representing from different locations of pancreas were taken under microscope
and used for histological scoring. The scoring was done based on the extent of
the alterations observed such as necrosis, vacuolization, and inflammation in
the pancreas upon caerulein treatment in mice and rat. The histological grading
of necrosis and vacuolization refers to the approximate percentage of cells
involved as listed below. The grading of the inflammatory alterations refers to a
scale ranging from 0 for minimal to 4 for maximal alterations.

3.2.17

Histological score

Percentage of cells involved (%)

0

0-5

1

5-15

2

15-35

3

35-50

4

>50

Measurement of cytokines by CBA kit:

The Cytometric Bead Array (CBA) from BD Pharmingen is a flow
Cytometric based assay for the detection of human or mice cytokines from cell
supernatants or serum samples. The kit uses a set of beads that have been
coated with cytokine specific antibodies which serves to capture surface of
cytokines. For each cytokine, a specific set of beads were assigned to discrete
fluorescence intensity that can be resolved on the FL-3 channel of a flow
cytometer. The beads are incubated with the sample of interest, washed, and
then incubated with a second cytokine antibody that is PE labeled. In this
manner, a bead that is positive for a cytokine will stain both PE and FL-3
positive, while beads that are specific for cytokines that are not present in the
serum will stain only FL-3 positive. A mixture of the capture beads and PE
labeled

secondary

antibodies

allow

for

the

detection

of

multiple

cytokines/proteins from a single, small sample volume. 25 µl of serum from
inhibitor fed mice and control mice at all time points after pancreatitis induction
were taken for cytokines measurement and processed them according to the
manufacturer’s instructions and results were analyzed using BD FACS array bio
analyzer machine.
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Data presentation and statistical analysis:

Data in graphs are expressed as mean S.D. Statistical comparison of
groups was done using Mann-Whitney rank-sum test, followed by Student's ttest for independent samples using either SigmaPlot version 11 (Systat
Software, Inc., IL, USA ) and Graphpad Prism version 5 (Graphpad software
Inc, CA, USA) which were also used for data presentation. We used at least 4-5
mice in each experiment. Differences were considered significant at a level of p
< 0.05 and were denoted by asterisks.

3.2.19

Inhibitor study design in rats:

Adult male Wistar rats (250-300 g in body weight; Charles River
laboratories, Willington, Massachusetts) were used in the elastase inhibitor
(ZD0892) study. Prior to the start of the experiment, all the rats were placed at
12h-12h light-dark cycle at least for a week to get adjusted to the lab conditions.
The rats were allowed free access to food (Chow balanced diet) and clean
drinking water. Elastase inhibitor, ZD0892 was dissolved in 5% polyethylene
glycol.

Figure 3.1: Schematic representation of experimental approach to the inhibitor study: The
inhibitor (120mg/kg body weight) was introduced into rat by gavage feeding 2 times i.e. 3h and
1h before caerulein injection. Mice were sacrificed at different time interval to study the effect of
the inhibitor on the pathophysiology.

The first oral application of the ZD0892 was carried 3 hours before the
caerulein induction and subsequent second oral application was carried 1 hour
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before the caerulein injection. The rats were divided into 2 group i.e. ZD0892+
caerulein and caerulein alone. Pancreatitis was induced by intra venous
application of caerulein (10µg/kg/h). The surgical procedure of intravenous
application of caerulein was carried as follows. The rats were anesthetized with
pentobarbital (30mg/kg). A cannula was placed into the jugular vein, and the
animals were infused with supramaximal concentration of caerulein with
constant flow up to 4 hours. The rats from both groups were sacrificed by
cervical dislocation after 0 h, 4 h, and 12 h. The blood was collected into
vacutainer by retro-orbital blood collection from vein behind the eye ball,
immediately after sacrifice. The peritoneum was opened from dorsal side to
collect pancreas and lung. Inhibitor (ZD0892) study was planned and executed
according to German ethical committee.

3.2.20

Inhibitor study design in mice:

Figure.3.2: schematic representation of inhibitor study in the mice: The inhibitor (120mg/kg body
weight) was introduced into mice by gavage feeding at 12h interval starting 6hours prior to
taurocholate injection. Pancreatitis was induced by taurocholate injection into pancreatic duct by
surgical procedure and mice were sacrificed different time interval to study the effect of the
inhibitor on the pathophysiology.

Mice were allowed to be adjusted to the laboratory condition by placing at
12h-12h light-dark condition for at least a week prior to the experiment. Adult
mice (20-25g in body weight from Charles River Laboratories, Massachusetts)
were used for the inhibitor experiments. Mice were allowed free access to
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water and food. Mice were divided into 2 group; inhibitor group i.e. mice fed
with ZD0892 (120mg/kg body weight) followed by taurocholate induction and
control group i.e. without any inhibitor feeding but with taurocholate induction.
Both groups received the taurocholate injection in similar way to induce the
pancreatitis. Mice were anesthetized with Ketanest / Rompun and dorsal side of
peritoneum was opened in V-shape for better access to organs and also helps
in surgical closing of the peritoneum. The pancreatic head is located below the
liver and the duodenal. The pancreatic duct runs along the pancreatic head.
The bile duct is closed so that taurocholate enter entirely to pancreas. After the
bile duct seizure, mice were injected with 150 µl of 2% taurocholate via
pancreatic duct. The injection was carried out with gentle pressure which allows
even spreading of taurocholate. The peritoneum was closed after completion of
surgery. Mice in the inhibitor group received the inciter at 12 h interval by
gavage feeding. Mice from both groups were sacrificed after 0 h, 6 h, 12 h, 24
h, 48 h, and 72 h by cervical dislocation. The blood was collected in vacuotiner
for serum preparation. Organs such as pancreas, spleen, and lung were
collected and homogenized for protease activity measurement and fixed for
histological examination.
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4. RESULTS:
4.1 Role of autophagy for premature intracellular trypsin
activity:
4.1.1 Autophagy is up regulated in caerulein pancreatitis:
We first analysed whether autophagy is regulated during the
course of pancreatitis. Caerulein induced pancreatitis was induced in mice and
rat as described in the methods. LC3 was used as a marker to detect
autophagosomes as described in section 1.12. Intensity of LC3-II, the
membranous form of LC3, increased over the time course of pancreatitis in
mice and rats (Fig.4.1.1.A and B). A significant increase in LC3-II was observed
from 4 hours onwards.

The amount of LC3-II correlated to the extent of

autophagosome formation. At the same time, no increase in LC3-II was
observed in animal injected with saline as control.

Figure.4.1.1: Detection of LC3 in the time course of pancreatitis in mice and rat. A, and C) LC3
detection in mice caerulein induced pancreatitis, and densitometry of LC3-II respectively. B and
D) LC3 detection in mice and rat caerulein induced pancreatitis and densitometry of LC3-II
respectively. NaCl is injected as carrier and used as negative control and Vbl represents
vinblastine, a known autophagy inducer, used as positive control. Numericals represent the
number of intraperitoneal caerulein injection to induce pancreatitis. * < 0.01 and ** < 0.001.
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4.1.2 Correlation between pathological damage and extent of
autophagosome formation in mice:

Figure.4.1.2.1: Tissue damage was assessed by HE staining and autophagosomes were
stained with LC3 by immunofluorescence. Numerical represent the number of hours of
induction. From 4hours, tissue damage is visible by percentage of necrosis of the tissue and
from 8h; infiltration of leucocytes can be detected.
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4.1.3 Correlation

between

pathological

damage

and

autophagosome formation in rats:

Figure.4.1.2.2: Tissue damage was assessed by HE staining and autophagosomes were
stained by LC3 by immunofluorescence. Numerical represent hours of caerulein induction. From
4hours, tissue damage is visible by the number of vacuoles present per field. Over the time
course, the size of vacuoles enomorously increased and reached to maximum size by 12h.
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4.1.4 Comparative analysis of tissue damage and autophagy in
mice and rats:

Figure.4.1.2.3: Histoscore was assessed according to Niederau. Score represented on scale of
0 to 5, where 0 is least score i.e. <5% damage is observed and 5 is highest score i.e. >50%
damage is observed and represented on left side Y-axis. 5cmX5cm from each picture was
considered as a field and number of LC3 positive dots divided by the total number of nuclei
observed in each field is represented on the right side Y-axis. A significant increase in the LC3
positive dots were observed from 4 hours in both animal models of caerulein pancreatitis. **<
0.01 *** < 0.001.

The correlation of tissue damage and autophagosomes formation is
presented in the previous sections 4.2.1 and 4.2.2, for mice and rat
respectively. A graphical relation between the tissue damage, obtained by the
histoscore, and autophagosome formation, represented by LC3 dots, was
plotted and shown in the section 4.1.4. Although tissue damage in mice starts at
4 h by the means of necrosis, a prominent damage can only be observed at and
after 8 h with a severe leukocyte infiltration and a visible necrosis. At the same
time, LC3 positive dots are visible and a significant increase in the number of
autophagosomes can be observed at 4 h with a further increase in LC3 dots
with the number of caerulein injections.
Vacuole formation is considered as a key event in pancreatitis in rats and
vacuoles are detected by 4 h. The number and size of vacuoles represent the
extent of damage, and an increase in vacuole formation was observed with
increasing number of caerulein injections in rats. LC3 staining revealed that
significant autophagosome formation takes place at 4 h and the size and
number increases with severity of pancreatitis. Most notable LC3 staining was
predominantly located on the site of vacuoles. Interestingly, this is the same
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time point where appearance of vacuoles was observed in Haematoxylin-Eosin
(HE) staining.

4.1.5 Autophagic drug effects on trypsin activity:
To understand the effect of autophagy on trypsin activity, we used
commonly available and widely accepted substances that affect autophagy. The
details on mechanism of action of these substances are outlined in the
introduction (chapter 1.11). Rapamycin is the most widely used inducer of
autophagy and whereas 3-methyladenine (3-MA) is known to inhibit autophagy.
Acinar cells from rat pancreas were isolated and incubated with chemicals that
effect autophagy for 90 minutes. The acini were then hyperstimulated with
cholecystokinin

and

intracellular

trypsin

was

continuously

measured

fluorimetrically to establish the effect of autophagic drugs on protease activation
especially trypsin activity.
The acinar cells incubated with rapamycin prior to CCK stimulation
showed a significant increase in trypsin activity compared to CCK stimulation
alone (Figure.4.1.4 A). The cells incubated with rapamycin alone, or with DMSO
as control did not show any effect on trypsin activity. In contrast we observed a
significantly increased trypsin activity in hyperstimulated acinar cells in the
presence of rapamycin. Necrosis measured upon the CCK stimulation or
rapamycin and CCK stimulation has not show any significant difference.
To test whether inhibition of autophagy reduces trypsin activity, the
acinar cells were pre-incubated with 3-methyladenine (3-MA), a known
autophagy inhibitor, for 90 minutes prior to supramaximal stimulation with CCK.
Interestingly, even upon supramaximal stimulation with CCK, acinar cells preincubated with 3-MA, did not show any trypsin activity (Figure.4.1.4 C) and
trypsin activity was detected to the same level as in control cells.
Neither 3-MA nor DMSO incubated cells did show an increase in
intracellular trypsin activity in acinar cells as both cells showed only baseline
activity. Interestingly, cells incubated with 3-MA along with CCK did not show a
decrease in the rate of necrosis (Figure.4.1.4. D).
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Figure.4.1.4: Acinar cells were pre-incubated for 90 minutes with substances known to affect
autophagy such as rapamycin (rapa), 3-methyladenine (3-MA) and wortmannin (wort) thereafter
stimulated with cholecystokinin. Intracellular trypsin activity was measured fluorimetrically and
represented as activity observed in live cells. Necrosis was represented as propidium iodide
taken by total number of cells during the course of experiment. * <0.05

The results observed upon pre-incubation with wortmannin were
comparable to the 3-MA results. Thus in acinar cells incubated with wortmannin,
supramaximal stimulation with CCK showed a significant decrease in the trypsin
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activity compared to CCK alone (Figure.4.1.4.E). There was no significant
difference observed in the rate of necrosis between wortmannin and CCK or
CCK alone treated acinar cells.

4.1.6 Detection of GFP-LC3 mice and its advantage to monitor
autophagy:

Figure.4.1.5: GFP-LC3 transgenic animals were detected by the PCR. In this method two
bands appear for transgenic animals; one band corresponding to transgenic (Tg) and other
band corresponding to non-transgenic band. Whereas in wild type animals, only single band
corresponding to non-transgenic product appears. Appropriate controls were included i.e. water
as negative control (Neg- Negative control) and PCR product of a transgenic animal was
included as positive control. A-animal and the number represent number given to each
offspring. Green fluorescence (GFP) (Figure.4.1.5.B) was observed in GFP-LC3 mice induced
with pancreatitis, whereas controls were injected with carrier (NaCl) (Figure.4.1.5.C) and in wild
type animals (Figure.4.1.5.D and E) emission of green fluorescence was completely absent.
Bar scale 100 µm.

Initial experiments such as detection and of LC3 processing (section
4.1.1) were carried out in mice and rats. Further experiments such as colocalisation by immunofluorescence and simultaneous monitoring of trypsin
activity and autophagy induction were performed in GFP-LC3 transgenic mice.
The reason to use GFP-LC3 mice as preferred animal is explained in the
following section.
Hashimoto and co-workers have previously generated a transgenic
mouse model in which LC3 coupled with GFP is constitutively expressed
(Hashimoto et al., 2008). The generation and processing of LC3 can be
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monitored in isolated pancreatic acinar cells as well as in cryosections or
paraffin sections. Additionally antibody either directed against LC3 or GFP can
be used to colocalize autophagy with proteases by antibody detection or
zymography.

Transgenic mice aged 8-12 weeks were used to induce

pancreatitis by caerulein injection. These transgenic GFP-LC3 animals allow
monitoring of autophagy as time dependent process because LC3 is tagged to
the GFP. In caerulein induced pancreatitis in GFP-LC3 mice, we can observe
green fluorescence under microscope (Figure.4.1.5.B) whereas carrier animal
injected with NaCl do not emit any green florescence (Figure.4.1.5.C).

4.1.7 Co-localisation of autophagosomes with trypsin and
LAMP2:
Autolysosomes are acidic in nature and trypsinogen activation does
favour an acidic environment, therefore, we postulated that autophagolysomes
might serve as a possible site of early and premature trypsinogen activation. To
test this hypothesis, we carried out a series of experiments including colocalisation of GFP-LC3 with trypsin. The number and size of GFP-LC3 positive
structures were monitored over the time course of pancreatitis from 0 h to 12 h
and we detected an increase in GFP-LC3 positive dots over the period of time.
Even though, GFP-LC3 dots are scattered all over the pancreatic tissue section,
the majority of GFP dots were observed at the apical pole of the acinar cells
from 4 h onwards (Figure.4.1.6. A and B).
GFP-LC3 positive dots are co-localized with trypsin, as well as, with
LAMP2 at and after 4h (Figure.4.1.6.A and B). The co-localization experiments
in GFP-LC3 mice led us to postulate that, if at all, autophagolysosomes play a
role in the trypsinogen activation; it is not before 4 h. Interestingly, there is no
increase in GFP-LC3 dots by 1 h, but by this time, the first activity peak of
trypsin is known to occur (Halangk et al., 2000b).
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Figure.4.1.6: Initial trypsin activation at 1 h was found to be independent to autophagosomal or
autolysosomal formation: (A) Trypsin colocalization with autophagosomes starts after 4 hours,
at the same time, (B) autophagosomes and lysosomes are also observed to be co-localized.
Expression of GFP-LC3 is negligible after 1 hour whereas trypsin already appears by 1 hour.
(C) Percentage of trypsin co-localization with LC3 reveals that co-localization of trypsin with LC3
to be significant from 4 hours onwards. (D) Apparently the same phenomenon was found to be
true for LAMP2, a marker of lysosomes, co-localization with LC3, which was significantly
increased only from 4 hours onwards. Mouse anti-GFP antibody was used to detect the GFPLC3 protein in pancreatic tissue. The experiment was performed in 4 animals and 5 random
view fields per animal were used to analyse the co-localization and results are shown as bar
graphs. Percentage of co-localization shown as mender overlap coefficient value calculated
using JACoP plug-in in ImageJ. Bar 20 µM ** P<0.01.

4.1.8 Trypsin activity and LC3 detection in sub cellular fraction:
To further examine the sub-cellular redistribution of trypsinogen and
trypsin, we obtained pancreatic sub-cellular fractions according to the protocol
(Saluja et al., 1985). The protocol was optimised according to our laboratory
conditions. In this procedure, primarily three fractions were obtained from the
post nuclear supernatant (PNS) and named as zymogen enriched (Z),
lysosomes enriched (L), and cytosol (C) fractions based on their sedimentation
coefficient and density. Sub-cellular fractions were prepared from pancreas of
mice upon caerulein induction after 0, 1, 4, 8, 12 h respectively. To correlate the
autophagosome formation and trypsinogen activation, we monitored conversion
of trypsinogen to trypsin and LC3-I to LC3-II in these sub-cellular fractions (Z, L,
and C). The band corresponding to trypsinogen alone was detected
predominantly in zymogen granules at 0 h (Figure 4.1.7.A) and trypsin was not
detected in any of these fractions.
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Figure.4.1.7: Trypsin activity occurs in zymogen enriched fraction as early as 1hour whereas
autophagosome formation was found to be a late event on western blotting analysis: (A)
Detection of LC3 (left panel) and trypsinogen and trypsin (right panel) from pancreatic subcellular fractions i.e. post nuclear supernatant (PNS), zymogen granule (Z), lysosomes (L), and
cytosol (C) after 0, 1, 4, 8, and 12 hours from caerulein (50 µg/kg/h) induced pancreatitis mice.
Equal amount of protein was loaded from each sub-cellular fraction and subjected to standard
SDS-PAGE and western blotting. (B) A significant level of trypsin was detected but LC3-II was
not detected in zymogen granules after 1 hour. Membranous LC3 (LC3 II) only appeared after 4
hours in zymogen granules. Densitometry was performed using AlphaEaseFC software
provided with alpha InfoTech instrument. Trypsinogen (Tgen), trypsinogen with enterokinase
(Tgen+EK), and Trypsin (T) were used as positive control to compare conversion of trypsinogen
to trypsin. * p< 0.05 and ** p<0.01.

At the corresponding time point, LC3-I was detected in the cytosolic fraction
whereas LC3-II (a marker for turnover of autophagy), was not present in any of
these fractions at 0 h.

Our finding was consistent with the trypsin activity

measurement by fluorometry which showed no activity at 0 h in any of these
fractions (Figure.4.1.7.C).
Immunoblotting of 1 h showed bands corresponding to both trypsinogen and
trypsin in the zymogen granule enriched fraction (Z). LC3-II was not detected in
the zymogen enriched fraction but a weak LC3-II was detected in lysosomes at
1 h indicating that autophagosome formation started. LC3-I can be detected in
post nuclear supernatant (PNS) and Cytosol (C) fractions at 1 h. Activity
measurements of proteases confirmed a significant increase in trypsin activity in
the zymogen granule enriched fraction (Z) at 1 h (Figure.4.1.7.A).

LC3-II

detection started to appear in the zymogen granule enriched fraction (Z) at 4 h
(Figure.3.1.7.A). This is the time point (4 h) where we observed a significant
increase in the number GFP-LC3 dots in immunofluorescence studies. LC3
immunoblotting results from 4 h are consistent and in agreement with findings
from the co-localization experiment (Figure.4.1.7.A) and LC3 blotting from
tissue homogenates (Figure.4.1.7.A) showed a significant level of increase after
4 h. By 8 h, trypsin activity appeared in all fractions in fluorometric activity
measurements (Figure.4.1.7.C). Trypsin activity was reported to take place in a
biphasic curve with a significant increase in activity levels at 1 h and 8 h
(Halangk et al., 2000b). Our findings are in general agreement with previous
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finding by Halangk et al., that trypsin activity was reported to take place in a
biphasic curve with a significant activity levels at 1 h and 8 h. But, we further
carried on the experiment and showed sub-cellular fraction responsible for the
trypsin activity and trypsinogen content at various time points (Figure.4.1.7.C
and Figure.4.1.7.D).

4.1.9 Protease activity and detection of autophagic markers in
sub-cellular fractions with regard to density:
To confirm our results obtained from 1 h pancreatitis showing that
trypsinogen activation occurs in the zymogen granule enriched fraction (Z) and
at the same time, excluding that autophagy plays a role in early trypsin
activation, we prepared multiple fractions using a percoll gradient. The activity
measurement showed that fractions 5-7 display a maximum of trypsin activity,
alpha-amylase, as well as trypsinogen content (Figure.4.1.8.A.). Activity
measurements, detection of syncollin (a membrane marker for zymogen
granules), and Spink-3 (Figure.4.1.8.B.), an intracellular trypsin inhibitor, proved
fractions 5-7 as zymogen granules. Autophagy markers such as LC3 and
ATG16 were not detected in these fractions (5-7) (Figure.4.1.8.A.). A second
but lower activity peak was observed for trypsin, and alpha-amylase which
spread across several fractions spanning from 32-46. In these light density
fractions, ATG16 and only the cytosolic form of LC3 were detected suggesting
that autophagosome formation has not started by 1h. An activity peak for
Cathepsin-B was observed in fractions 11-13 indicating the lysosomal nature of
these fractions.
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Figure.4.1.8: Early trypsin activation after 1 hour occurs in high density fractions independent of
autophagy enrichment: (A) Multiple sub-cellular fractions were prepared from pancreatic
homogenate after 1 hour of caerulein pancreatitis. Trypsin, Trypsinogen, amylase and
Cathepsin-B activities were predominantly observed in fractions 5 to 13. (B) Western blots of
fractions 5 to 13 also contained zymogen granule markers such as SPINK3 and syncollin
represents zymogen enriched fractions. Neither the autophagy marker proteins ATG16 nor
cytosolic LC3 were detected in these fractions. (C) A peak in Cathepsin-B activity was observed
in fractions 11-13. (D) Autophagy markers such as LC3 I and ATG16 appear in fractions 34 to
46 that are lighter in density indicating that these are cytosolic fractions.

After 1 h of

pancreatitis, intracellular trypsin activation arises independent of autophagosome formation and
in sub-cellular compartments that contains secretory and lysosomal enzymes.

4.1.10

Simultaneous monitoring of LC3 and Trypsin activity

in ex vivo model:
Acinar cells were stimulated with supramaximal CCK (10 nM) in the presence of
a highly specific trypsin substrate (Boc-Glutamine-Alanine-Arginine-AMC. HCl)..
Upon cleavage, the substrate emits fluorescence at the site of active trypsin
(trypsinogen activation).

The acinar cells were prepared from an overnight

fasted animal as per a previously reported protocol (Lerch et al., 1993; Williams
et al., 1978) from GFP-LC3 mice (Mizushima and Kuma, 2008; Mizushima et
al., 2004) In these animals when LC3-I, the cytosolic form, converts into LC3-II,
the membranous form, green fluorescent (GFP) dots appear upon incorporation
into the autophagic membrane which can be easily monitored under the
microscope. Here upon supramaximal CCK stimulation by 15 minutes, we
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observed a rapid increase in AMC fluorescence that is not co-localized with
GFP-LC3 dots.

Autophagy without trypsin activity:

Trypsin activity without autophagy:
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Figure.4.1.9: Trypsin activity and autophagy are parallel and independent processes in isolated
acinar cells: Simultaneous fluorometry in individual acinar cells for trypsin activity (by cleavage
of Boc-Glutamine-Alanine-Arginine-AMC. HCl) and LC3-GFP upon CCK stimulation showed
that LC3 conversion (autophagosome formation) develops even in the absence of trypsin
activity (A and B) and trypsin activation occurs without any LC3 conversion i.e. autophagy up
regulation (C and D). Thus indicates in the early phase of pancreatitis, autophagy and
trypsinogen activation can thus develop in parallel and independent.

AMC and GFP fluorescence units observed in an individual acinar cell plotted
against time gave us interesting findings. In some acinar cells, upon stimulation
with supramaximal concentration of CCK, that are GFP is emitted while they
are, are negative for AMC (Figure.4.1.9.A and B). Vice versa, cells that are
positive for AMC are not always positive for GFP (Figure.4.1.9.C and D).
Nevertheless, some acini are positive for both fluorescence i.e. AMC and GFP,
but the earliest time point at which we observed acinar cells positive for both
AMC and GFP occurred at around 25-30 minutes (Figure.4.1.9.C.). Although
some cells were positive for both AMC and GFP fluorescence by 15 minutes
(Figure.4.1.9.F.), those never showed co-localization of both substances, which
indicates that trypsinogen activation and autophagy are entirely independent
processes at the very early time point. There was a significant colocalization of
AMC fluorescence and GFP fluorescence by 30 minutes in supramaximal CCK
stimulated acinar cells and this signal continued to co-localize thereafter
(Figure.4.1.9.G and H). Neither of the fluorescence was observed at 0 minutes
(Figure.4.1.9.E).

4.1.11

Trypsin activity and LC3 detection under the

influence of protease inhibitor:
To test whether autophagy induction and trypsinogen activation are
independent processes in isolated acinar cells stimulated with supramaximal
CCK, autophagy was monitored in the presence of a broad spectrum of
protease inhibitor. Protease activity was blocked by incubation of acinar cells
with gabexate mesilate (250 µM), a broad range protease inhibitor, for 60 min
prior to CCK stimulation. The trypsin activity was unaffected in CCK alone
treated acini.
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Figure.4.1.10: Protease inhibition does not affect basal autophagy in acinar cells: (A) Trypsin
activity was measured in the presence and in the absence of gabexate mesilate, a broad range
protease inhibitor, to test the effect of inhibition on autophagy. (B) In the presence of gabexate,
trypsin activity significantly reduced without altering necrosis, but a basal autophagy induction
was observed both in the presence (D) and in the absence (E) of gabexate upon supramaximal
CCK stimulation, compared to control (C). (F) Densitometry of LC3 II expression does not show
any significant differences compared to 0 min.

A significant decrease in the trypsin was observed in acinar cells that are
incubated with gabexate prior to CCK stimulation that was similar to that of
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control experiment (Figure.4.1.10.A). But the necrosis remained the same both
in the presence and in the absence of gabexate prior to the CCK stimulation
(Figure.4.1.10.B). No significant increase in LC3-II was detected in the
presence or absence of gabexate (Figure.4.1.10.F). Protease inhibition did not
completely abolish autophagy, as a basal level of LC3-II was detected both in
the presence and in the absence of gabexate mesilate (Figure.4.1.10.D and
Figure.4.1.10.E) comparable to control experiment (Figure.4.1.10.F). From the
above results, it can be inferred that both processes i.e. trypsinogen activation
and autophagy induction takes place independently in the isolated acinar cell
system of mice.

4.1.12

Earliest trypsin activation possibly takes place in

cis-golgi:

Figure.4.1.11: The site of trypsin activation within 15 minutes of the onset of pancreatitis
possibly occurs in cis-golgi: (A) Activated trypsin was detected by zymography using R110-IPA,
a specific fluorescent substrate for trypsin. After labelling with a specific fluorogenic substrate,
the tissue slide was used to detect p115, a cis-golgi protein, by immunofluorescence. (B) At 15
minutes, activated trypsin is largely co-localized with p115; gave us a hint about possible trypsin
activation site. ** p<0.01.
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To precisely locate the earliest trypsin activation site, we co-localized
active trypsin at 15 minutes with p115, a cis-Golgi protein using zymography
(Gawlak et al., 2009). As we know that zymogen granules are formed from the
cis-Golgi complex, this prompted us to investigate the cis-Golgi as an ideal
target for trypsin activity. By 15 minutes, active trypsin measured by the
cleavage of the fluorescent substrate, CBZ- Ile-Pro-Arg-R110 (Molecular
probes, Oregon, US) was observed to be localized with cis-Golgi. At 0 minutes,
we did not detect any active trypsin in the Golgi apparatus (Figure.4.1.11.A).
The percentage of co-localization confirmed that a significant co-localization can
be observed at 15 minutes (Figure.4.1.11.B).

4.2 Possible treatment of pancreatitis with an oral available
elastase inhibitor:
In this part of thesis, we tested the effect of an inhibitor (ZD0892) specific
against two types of elastases involved in the pathogenesis of pancreatitis:
pancreatic elastase and polymorphonuclear (PMN) elastase. We used 2
different pancreatitis models, the caerulein induced pancreatitis in rats and
taurocholate induced pancreatitis in mice. Caerulein pancreatitis is a milder
form of acute pancreatitis, whereas on the other hand, taurocholate induced
pancreatitis is considered as severe form of acute pancreatitis.

4.2.1 Determination of specificity of the inhibitor:
As an initial step, we tested the specificity of the inhibitor, ZD0892, a dual
inhibitor of pancreatic elastase and PMN elastase. Various proteases that play
a role in pancreatitis were purchased in pure form and used to test the
specificity. All proteases were preincubated with the inhibitor (ZD0892) at
different concentrations ranging from 0.1 nM (10-10M) to 1mM (10-3M). Activities
of proteases were measured using specific fluorogenic substrate. The inhibitor,
ZD0892, was shown to inhibit both PMN-elastase and pancreatic elastase in the
range of 100 µM to 1mM. It completely blocked the activity at 1mM. On the
other hand, none of the proteases tested were affected in their activity upon
incubation with ZD0892 such as amylase, trypsin, chymotrypsin, and
myeloperoxidase (Figure.4.2.1.). As it showed exclusive specificity against
elastases, we carried out further experiments (i.e. ex vivo and in vivo) using the
specific inhibitor.
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Figure 4.2.1: Activities of different pivotal proteases present in the pancreas were measured by
fluorogenic substrates in the presence of various concentration of the inhibitor to determine the
specificity and to rule out cross-reactivity of different proteases. The activity observed by the
cleavage of fluorogenic substrates was plotted against the concentration of the inhibitor,
ZD0892.

4.2.2 Inhibitor specificity against elastase in isolated acini:

Figure.4.2.2: Acini were isolated from rat pancreas. (A) Elastase activity was fluorimetrically
measured in the presence of the inhibitor.

(B) The rate of necrosis was measured using

propidium iodide.

After assessment of the inhibitor for specificity against pancreatic elastase
and PMN elastase by an in vitro assay, it was tested for the specificity in
isolated acini (ex vivo) from rat. Acinar cells were isolated from the rat pancreas
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according to the modified protocol described under methods. After isolation, the
acini were incubated with the inhibitor during the resting state for 30 minutes.
Upon supramaximal cholecystokinin (CCK) stimulation, elastase activity was
fluorimetrically measured in relative fluorescent unit released by the cleavage of
the Rhodamine110-Ala4, a specific elastase substrate. The rate of necrosis was
determined by propidium iodide incorporated into nucleus during the course of
incubation. Even though, the cells were CCK hyperstimulated, the elastase
activity was significantly reduced in the presence of inhibitor and the rate of
necrosis was significantly reduced in the presence of the inhibitor. The results
from our inhibitor experiments in vitro and in isolated acini (ex vivo; 4.2.2.)
provide evidence for the specificity and cell permeability as well as in vivo
efficacy against elastase. We further studied the effect of inhibitor in animals
(rats and mice) and possible therapeutic efficiency for the treatment of acute
pancreatitis.

4.2.3 Assessment of local pancreatic injury:
Pancreatic injury or local injury in rat was assessed by the following methods.
A) Wet to dry ratio
B) Vacuole formation
C) Myeloperoxidase activity in the pancreas
D) Serum amylase
The pancreas was explanted and embedded in paraffin as explained
under methods. The pancreas was stained with haematoxylin-eosin to assess
the degree of pathological damage to the tissue during the time course of the
disease. The pancreas at the start of experiment from both groups remained
intact without any detectable pathological damage to the tissue.

Animals

sacrificed after 4 h in the course of intravenous caerulein infusion showed large
vacuoles (Figure.4.2.3.C), while the pancreas from rats orally fed with ZD0892
appeared to be in healthy condition without any detectable vacuoles
(Figure.4.2.3.D).

After 12 h of caerulein application, the pancreas from the

caerulein alone treated rats showed further damage to the acinar cell
architecture with vacuolarization occupying the majority of the acinar cell
cytoplasm (Figure.4.2.3.E). Vacuoles considerably smaller in size started
appear after 12 h in rats fed with the inhibitor during the course of pancreatitis
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(Figure.4.2.3.F). The severity of local damage to the pancreas in rats was
assessed by edema, vacuole formation, and infiltration of neutrophils into the
pancreas. Edema was evaluated as the dry/wet ratio of the pancreas
(Figure.4.2.4.A).

Figure.4.2.3: The morphological changes of pancreas were studied by haematoxylin-eosin
staining. Pancreas was collected at 0h, 4h, and 12h from both inhibitor+caerulein induced and
caerulein induced animal (without inhibitor feeding). A minimum of 5 animals were used for
each time point. At least a minimum of 5 different fields from each time point from every animal
was used to study morphological changes. In the left panel, rats induced with pancreatitis with
caerulein and in the right panel, rats with ZD0892+ caerulein induction were represented; Bar
=100 µM.

During the course of the pancreatitis, a clear and significant reduction in the wet
to dry ratio in the case of the inhibitor fed rats denotes that less accumulation of
oedema which in turn reflects reduction in vascular leakage. The vacuoles are
considered as a hallmark of early events in acute pancreatitis. Therefore, the
vacuoles per field were quantified and represented as bar graphs to access the
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severity of pancreatitis (Figure.4.2.4.B). A significant decrease in vacuole
formation in the inhibitor group after 4 h, and 12 h can be observed thus lead us
to infer that a decrease in the severity of the disease or a delayed response to
the onset of acute pancreatitis was mediated by the inhibitor treatment..

Figure.4.2.4: Pathological damage was determined by wet to dry ratio (A) and vacuole formation
(B). A significant difference of vacuole count and wet dry ratio was observed between both
groups.

(C) Myeloperoxidase in the pancreas and (D) serum amylase was measured to

evaluate the pancreatic injury. P values were denoted by * = 0.05 and ** = 0.01.

Myeloperoxidase in the pancreas (Figure.4.2.4.C) was measured to
determine the local damage to the pancreas by infiltrated neutrophils.
Myeloperoxidase (MPO) is a peroxidase enzyme abundant in the azurophilic
granules of neutrophils. Myeloperoxidase activity was detected colorimetrically
using o-dianisidine in the presence of hydrogen peroxide. A significant decrease
in MPO activity was observed in rats treated with inhibitor after 4 h, and 12 h
indicating a decreased infiltration of neutrophils.
Amylase (alpha-amylase) is expressed in the pancreas and is
responsible for converting dietary starch into sugars in the duodenum. Under
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normal condition, amylase is detected in small amount in serum. In the course
of pancreatitis, increased levels of amylase in the serum are diagnostic and
reflect the tissue damage. An increase in the amylase was detected in the rats
infused with caerulein and at the same time, a significant decrease in the serum
amylase in rats treated with the inhibitor was observed (Figure.4.2.4.D). The
above data clearly suggests that ZD0892, a combined pancreatic elastase and
PMN elastase has an ability to reduce local damage in the couse of
pancreatitis.

4.2.4 Effect of inhibition of PMN elastase and pancreatic
elastase

on

systemic

injury

in

caerulein

induced

pancreatitis in rats:

Figure.4.2.5: Haematoxylin-Eosin staining of lung tissue in caerulein induced pancreatitis. +/ZD0892.: Myeloperoxidase (MPO) activity was measured from lung homogenate and activity
was plotted against time of caerulein treatment. P values were denoted by *. * = 0.05 and ** =
0.01.

After local injury to the pancreas was investigated, we studied the systemic
injury in the rats by examining the lung architecture by haematoxylin-eosin (HE)
staining and myeloperoxidase activity in the lung. Infiltration of neutrophils into
lungs has been considered as a secondary effect during the course of
pancreatitis indicating systemic damage. Myeloperoxidase activity in caerulein
treated rats significantly increased over the time course of pancreatitis and
indicated the systemic damage to rat lungs by 12h. A significant decrease in
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the MPO activity was observed in rats orally fed with the ZD0892 compared to
the untreated rats (Figure. 4.2.5. G). The rats fed with the inhibitor prior to
caerulein treatment showed little increase in the MPO activity suggesting that
ZD0892 helps to prevent systemic damage in rats and prevents transmigration
of neutrophils.

4.2.5 Elastolytic activity in the pancreas:

Figure.4.2.6: Elastolytic activity was determined by the emission of fluorescence from cleavage
of synthetic DQTM-elastin. A significant reduction in elastolytic activity was observed in rats
treated with inhibitor.

Elastin is an extracellular matrix protein considered to be critical in maintaining
the normal structure and function of organs. Degradation of extracellular matrix
is a prerequisite for generation of fibrosis. Elastin has been considered as an
important protein constituent that exerts elastic property which allows the
organs elastic property needed for contraction and retraction. Elastases are
proteinases capable of solubilising fibrous elastin. Therefore, the measurement
of elastolytic activity represents extent of damage caused by elastase.
Caerulein treated rats showed a significant increase in elastolytic activity
compared to the controls. On the other hand, rats treated with the ZD0892 prior
to the caerulein treatment prevented the increase in the elastolytic activity even
after 12 h. This demonstrates the ability of ZD0892 to ameliorate the organs
from damage to connective tissue.
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4.2.6 Effect of inhibitor of PMN-elastase and pancreatic
elastase on survival of mice in taurocholate induced
necrotizing pancreatitis:
In the previous section, we tested the effect of the elastase inhibitor,
ZD0892, in the caerulein induced mild acute pancreatitis model in rats.
Treatment of rats with ZD0892 clearly ameliorated the local and systemic
damage in acute pancreatitis. This led us to test the effect of inhibitor in a
severe model of acute pancreatitis in mice by taurocholate injection into the
pancreatic duct to induce severe acute pancreatitis. As an initial step, we
conducted a survival analysis in mice to test the efficacy of ZD0892 on overall
survival. The mice were divided into two groups i.e. taurocholate (2%) injected
into pancreatic duct as untreated group, and inhibitor fed by oral gavage +
taurocholate injected mice as inhibitor treated group. A significant improvement
in the survival can be observed in the group which was orally fed with the
ZD0892 with a change in median survival from 48 h to 90 h (Figure.4.2.9).
Median survival was significantly improved or nearly doubled in the mice which
received ZD0892 treatment.

Figure.4.2.7: Kaplan-Meier estimate of survival for mice treated with taurocholate and
taurocholate + ZD0892. The survival analysis of mice was carried up to 120 h. Minimum 25
mice were used in each group. The compound, ZD0892, was gavage fed at 6 h interval. The
median survival of mice fed ZD0892 was significantly higher compared to the untreated mice. *
= 0.05.

Results

79

4.2.7 Comparison

of

local

damage

to

the

pancreas

in

taurocholate induced pancreatitis in mice treated with
ZD0892:
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Figure.4.2.8. (A) Pancreatitis was induced by taurocholate injection (right panel) into the
pancreatic duct induce acute pancreatitis. Groups were either orally fed with inhibitor (left panel)
prior to taurocholate injection to test the efficacy of inhibitor. Pancreatic tissue was stained with
haematoxylin-eosin (HE) to evaluate the local damage in the pancreas. (B) A combined
pathological score was calculated according to Niederau and represented as bar graphs (C)
serum amylase was measured.

The survival analysis indicated a huge benefit to the mice from inhibiting
PMN elastase and pancreatic elastase and thus prompted us to perform a
detailed biochemical, physiological analysis at various time points (0 h, 6 h, 12
h, 24 h, 48 h, and 72 h). The pancreas of mice was stained with haematoxylineosin (HE) to ascertain the local damage over the time course of pancreatitis. A
composite score was devised by Niederau to depict overall morphological
changes such as area affected by necrosis, number of infiltrated neutrophils,
edema formation, and the number of vacuoles formed per field (Niederau et al.,
1992). Although slightly reduced pathological score was observed in mice pretreated with the inhibitor compared to mice without inhibitor, only at 6 h, the
pathological score was significant under current experimental condition
(Figure.4.2.8.B). We also measured serum amylase as it is considered as a
salient feature of acute pancreatitis representing local damage to the pancreas.
Serum amylase levels in the inhibitor group showed a significant decrease at 6
h, 12 h, and 24 h compared to the untreated group (without inhibitor). Even
though, serum amylase levels were lower in the inhibitor group compared to the
control group over the entire time course, significant decreased levels in serum
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amylase were observed at the early time point during the course of pancreatitis
at 6 h, 12 h, and 24 h (Figure.4.2.8.C).

4.2.8 Assessment of local damage:

Figure.4.2.9. (A) elastase, (B) trypsin, (C) cathepsin L, and (D) Cathepsin-B from pancreatic
lysates were detected using specific fluorescent substrates to estimate the protease activation. *
= 0.05, *** = 0.001.

An increase in the protease activity has been considered to mediate local
damage in the pancreas. Hence, we monitored the effect of the inhibitor on
protease activity to assess local damage to the pancreas and moreover to
ensure bioavailability. The explanted pancreas was homogenised as described
under methods. The activities of proteases from pancreatic homogenate were
measured using specific fluorometric substrates. A highly significant reduction
in the activity of elastase was observed in the inhibitor group during the entire
time course of the pancreatitis (Figure.4.2.9.A) showing treatment efficacy of
the compound in vivo. Elastase activity in pancreatic homogenates indicated
that the inhibitor was highly specific against both PMN elastase and pancreatic
elastase and was active for the entire time course of the experiment up to 72 h.
Trypsin, another important protease during the pancreatitis was shown to have
same activity levels in taurocholate and taurocholate + ZD0892 group
(Figure.4.2.9.B). The observation of nearly similar activity levels was consistent
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in cathepsin B and cathepsin L (Figure.4.2.9.C and D). While the inhibitor was
found to be highly specific against elastases, it did not affect any other
proteases studied. However, at 48 h, paradigm suddenly shifted in the group
with inhibitor + taurocholate showed significant increase in activity of Cathepsin
B and L. At the same time point, activity of trypsin increased.

4.2.9 Elastolytic activity in pancreas:
Elastolytic activity points to the damage of the extracellular matrix thus its
activity denotes damage to the organs elastic property. Here, we measured
elastolytic activity in pancreatic homogenates to determine the damage to the
extracellular matrix of the pancreas. The elastolytic activity was significantly
increased in mice with severe pancreatitis with an increase over time and a
maximum amount of elastolytic activity observed at 12 h and 24 h
(Figure.4.2.10). At the same time point, oral application of the inhibitor to the
mice showed a significant reduction in elastolytic activity indicating the
application of ZD0892 helps to stabilize the extracellular matrix to a certain
degree. After 48 h, the effect of the inhibitor to reduce the elastolytic activity
was nullified; there was a slight increase in the activity in the inhibitor group
compared to the taurocholate group.

Figure.4.2.10: Elastolytic activity was determined by the emission of fluorescence from cleavage
of DQ-elastin. A significant reduction in elastolytic activity was observed in mice treated at 12
hours.
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4.2.10 Oxidative burst and phagocytosis:
Bacterial transmigration occurs during the late phase of acute
pancreatitis causing considerable morbidity and mortality; hence it is important
to cross-check whether the application of the inhibitor did not compromise
important functions of the immune cells such as oxidative burst and
phagocytosis. Oxidative burst is a process of rapid release of reactive oxygen
species (ROS) from different immune cells such as neutrophils and monocytes
in order to kill bacteria. The dead bacteria and debris will be engulfed by
phagocytosis by various immune cells such as neutrophils, monocytes,
macrophages, dendritic cells, and mast cells. Our results ruled out that
administration of the elastase inhibitor, ZD0892, compromises the defensive
property of the immune cells (Figure.4.2.11.B). Nearly the same amount and
rate of activity was observed at given time points in both groups for the
generation of ROS and the activity to phagocytose (Figure.4.2.11.A).
Phagocytic property of splenocytes was measured by incubating bacteria (XL1
blue) transfected with plasmid expressing orange/cherry fluorescence protein
(OFP) for 30 minutes. During incubation, the splenocytes engulf the bacteria
with fluorescence and thus easily can be sorted by FACS analysis.

Figure.4.2.11: Oxidative burst and phagocytic property of immune cells were measured. The
oxidative burst and the phagocytic property remained unaltered among the two groups.
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5. DISCUSSION:
5.1.1 Formation of autophagosomes in acute pancreatitis:
Acute pancreatitis is an inflammatory disorder of various etiological
symptoms starting with the autodigestion of the pancreas followed by a
systemic response. It is a disease of variable severity in which most patients
experience mild, self-limited attacks while others manifest a severe state with
high mortality. In the last 20 years with help of a series of elegant experiments,
it was firmly established that trypsinogen is not only converted to trypsin upon
activation by the brush-border enzyme enterokinase in duodenum, but also in
the acinar cells and thus it can activate other digestive proteases of the
exocrine pancreas, including autoactivation of it’s own precursor zymogen,
trypsinogen (Lampel and Kern, 1977). Premature trypsinogen activation in the
acinar cells is considered as a key and an initiating event in acute pancreatitis
(Lerch et al., 1992).

Genetic studies in patients suffering from hereditary

pancreatitis established that a majority of them express mutations in the cationic
trypsinogen gene (Whitcomb et al., 1996). Both the above findings illustrate the
important role of trypsin in the process of initiation of pancreatitis. Along with
trypsinogen activation, another prominent early feature of acute pancreatitis is
the appearance of cytoplasmic vacuoles within pancreatic acinar cells
(Watanabe et al., 1984). Trypsinogen activation was reported to take place in
endocytic vesicles (Sherwood et al., 2007) and autophagic vacuoles have been
reported to be upregulated during acute pancreatitis in mice and rat (Hashimoto
et al., 2008; Mareninova et al., 2009; Ropolo et al., 2007). All the above reports
mainly studied autophagy at the later stages of the pancreatitis. Morever, the
exact cellular site or compartment where trypsinogen activation in earliest
possible time upon onset of pancreatitis is not elucidated and where and when
the trypsinogen meets autophagosomes in the pancreatitis time course has not
been studied.
To elucidate the precise role of autophagy in acute pancreatitis, we
conducted a detailed study that includes the caerulein induced pancreatitis
model in mice and rat. The pathological stimulus of caerulein in mice is causes
necrotizing pancreatitis followed by a pronounced inflammatory reaction
(Niederau et al., 1985). On the other hand, caerulein induced pancreatitis in rats
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leads to excessive vacuole formation and edema as main pathological
symptoms which represent mild pancreatitis (Lampel and Kern, 1977). As the
pathophysiology differs in both animal models, we preferred to conduct the
study in both animal stains to address the role of autophagy in acute
pancreatitis. We also studied trypsin activity under the influence of chemicals
that affect autophagy.
We showed that autophagy is initiated during the time course of acute
pancreatitis. In spite of pathophysiological differences in caerulein induced
pancreatitis in rats and mice; autophagosomes appeared and could possibly
influence the course of pancreatitis. In both animal autophagy is induced in a
time and -dose dependent manner (section 4.1.1). Caerulein induction in GFPLC3 mice showed autophagosomes formation, which is visible by appearance
of GFP-LC3 dots in the pancreas (section 4.1.5) (Hashimoto et al., 2008). Our
findings are in agreement with the previous studies in rat and mice (Fortunato et
al., 2009; Hashimoto et al., 2008; Mareninova et al., 2009). As autophagosomes
appeared in both models of pancreatitis, this led us to postulate that the
formation of autophagosomes is upregulated irrespective of the severity of
acute pancreatitis. However, we did not test whether non secretatogue
dependent models would also result in autophagic cell death.
.
5.1.2 Chemicals interfering with the signaling pathway of autophagy
influence intracellular trypsin activity:
Mareninova and colleagues showed that inhibition of autophagy by 3methyladenine (3-MA) reduces the intracellular trypsin activity in rat acinar cells
(Mareninova et al., 2009). In the same line of evidence, Atg5 conditional
knockout mouse resulted in greatly reduced trypsinogen activation after 8 h
(Hashimoto et al., 2008) but, none of the above experiments showed the effect
of autophagy on intracellular trypsin activity or overall necrosis in the acinar
cells as an indicator for the development of pancreatitis. Here, we showed the
role of both induction and inhibition of autophagy on trypsin activity (section
4.1.4.). The inhibition of autophagy by 3-methyladenine significantly reduced
trypsin activity and the induction of autophagy significantly increased trypsin
activity. The effect of inhibition of autophagy on trypsin activity is in agreement
with the previous report (Mareninova et al., 2009). Neither induction nor
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inhibition did significantly affect the rate of necrosis in acinar cells. Wotmannin
and LY294002 are two different highly potent inhibitors of PI3 kinase activity.
Under normal condition, activated PI3 kinase forms a complex with Beclin and
ATG14. These inhibitors compete for the ATP binding site in the catalytic center
of the kinase domain. This results in inactivation of the PI3 kinase via blocking
the formation of the PI3 kinase complex and hereby indirectly inhibiting
autophagy. Effects of 3-methyladenine on trypsin activity are quite similar to the
effect of wortmannin. Hence, it can be speculated that 3-methyladenine might
act in the same way as wortmannin inhibiting the autophagy by regulating
autophagosome formation through targeting hVps34 or PI3 kinase activity
(Petiot et al., 2000).
5.1.3 Autophagosomes possibly mediate fusion of zymogen granules
and lysosomes:
Two major hypotheses were proposed to be responsible for intracellular
trypsinogen activation 1) co-localisation (Steer and Meldolesi, 1987; Steer et al.,
1984; Van Acker et al., 2006) and 2) autoactivation (Leach et al., 1991;
Sherwood et al., 2007). According to the co-localisation hypothesis, digestive
enzymes become co-localised with lysosomal hydrolases, such as cathepsin-B,
and trypsinogen is activated in cytoplasmic vacuoles based on the observation
that cathepsin-B can activate trypsinogen in vitro and in pancreatic tissue in
situ; both are reported to be colocalized in the cytoplasmic vacuoles observed in
experimental

pancreatitis

(Halangk

et

al.,

2000a).

According

to

the

autoactivation mechanism, trypsinogen activation occurs optimally at pH 5.0
(Figarella et al., 1988) which corresponds to the pH inside the vacuoles formed
in the acinar cells upon caerulein induction (Ohkuma et al., 1982; Yamashiro et
al., 1983).
In the current study, we showed that the formation of autophagosome
occurs in a dose and - time dependent manner in caerulein induced pancreatitis
in mice and rats. It has been reported that in many of the lysosomal defective
diseases, autophagosomes are able to fuse with lysosomes as a result of
defective autophagy, causing accumulation of undigested cargo within the cell
(Fukuda et al., 2006; Itoh et al., 2008). Recently, zymophagy, a new selective
autophagic pathway was characterised in pancreatic acinar cells during
pancreatitis-induced vesicular transport alteration which sequesters and
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degrades potentially deleterious activated zymogen granules and demonstrated
that autophagy acts beneficiary to the acinar cells as it degrades activated
proteases (Grasso et al., 2011) . Alhough we can’t confirm a beneficial role of
autophagy in acute pancreatitis, the co-localisation results we show are
consistent with finding from Grasso et al. In our in vivo time course pancreatitis
experiment, trypsinogen/trypsin was found to be co-localised with LC3 only at
later time course of pancreatitis. We can confirm that the fusion of
autophagosome with lysosomes is a late event and only occurs after 4 h of
caerulein

induction.

The

fusion

might

possibly

mediate

trypsinogen

activation/degradation. Hence, we propose late autolysosomes are the site
where trypsinogen is co-localised with cathepsin B. It is important to note that
late autolysosomes are acidic and contain cathepsin-B. Hence, the claim made
by advocates of the co-localisation hypothesis and the autoactivation
hypothesis are in agreement with our findings.
5.1.4 Trypsinogen activation occurs in zymogen enriched fraction after 1
hour of caerulein induction:
Halangk and colleagues showed that pancreatic trypsin activity occurs in
a biphasic manner with a peak at 1 hour and 8 hours (Halangk et al., 2000b).
However, sub-cellular distribution of trypsin activity relative to autophagosome
formation has not been elucidated. In this project, the subcellular compartments
responsible for the activation of trypsinogen at 1 hour were addressed as it is
considered as the earliest hallmark event in pancreatitis. To address this
question, we prepared sub-cellular fractions by two methods 1) sucrose density
gradient, a classical fractionation method, where only three fractions
representing zymogen granules enriched, lysosomes enriched, and cytosol
enriched fractions are obtained (Saluja et al., 1987a) 2) percoll density gradient
where up to 50 multiple fractions are prepared. In the current study, we
determined that the fraction responsible for the trypsin activity at 1 hour is
distinctly different from autophagosomes. The first peak of trypsin activity was
exclusively occured in the zymogen granule enriched fraction (Figure.4.1.7.A
and B; Figure 4.1.8.A and B). The initial trypsin activity peak can be attributed to
cathepsin-B redistribution or resident cathepsin-B present in the zymogen
granules (Halangk et al., 2000b; Saluja et al., 1987b) as we observed an
overlap of trypsin and cathepsin-B activity. Interestingly, autophagy seems to
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play no role in trypsin activity at 1 hour as autophagic markers are not detected
in the heavy density fraction corresponding to zymogen granules. The initiating
markers of autophagy such as LC3-I and ATG16 (Kabeya et al., 2000; Kuma et
al., 2002; Mizushima et al., 2003) were detected only in the low density fractions
revealing that an autophagic process has just been initiated.

This clearly

denotes that in the caerulein induced pancreatitis model, autophagy does not
play a role in the initial trypsin activation peak at 1 h. After the 1 h peak, trypsin
activity in pancreatitis drops back to nearly basal level and again it starts to rise
from 4 hour onwards reaching a peak at 8 hour. Of note 4 hours is the time
point where we first observed co-localization of trypsin/ trypsinogen with LAMP2
and LC3 in immunofluorescence and appearance of membrane form of LC3 in
the zymogen granular and lysosomal fractions in the sub-cellular fractions. Two
possibilities can be asserted to this observation; either trypsinogen activation or
active trypsin degradation takes place in autolysosomes. It has been observed
and postulated that active trypsin is degraded by VMP1-USp9x-p62 mediated
autophagic pathway (Grasso et al., 2011). Hence, we postulate and conclude
from our data that the active trypsin is degraded in autophagosomes at 4 h in
the course of pancreatitis.
5.1.5

Trypsinogen

activation

and

autophagy

are

parallel

and

independent processes in cholecystokinin stimulated acinar cells:
To test the hypothesis whether trypsin and autophagy are independent
processes at the onset of pancreatitis, we carried out confocal simultaneous
imaging of trypsin activity (Kruger et al., 1998) and autophagy. We observed
autophagosome formation, represented by GFP-positive dots, and active
trypsin, represented by AMC substrate cleavage, at different loci within the acini
at 15 min (Figure.4.1.9.F) stimulated with cholecystokinin (CCK). Sherwood and
colleagues showed that trypsinogen activation occur in large endocytic vesicles
in isolated acini at early time point i.e. precisely at 28 minutes. We showed that
by 30 minutes, active trypsin started to colocalize with GFP-LC3 dots. The
current results from our study are in general agreement with Sherwood et al.,
(Sherwood et al., 2007). Therefore, we speculate that the observation made by
the Sherwood et al., to trypsinogen activation in endocytic vesicles at 28
minutes are autophagic in nature. The highest increase in substrate specific
trypsin activity measured in hyperstimulated acinar cells can be found at 20 min
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(Halangk et al., 2002). This trypsin activity is separated from the site of
autophagosome formation. We postulate that trypsin activity up to 15 min after
CCK stimulation happens in a non-autophagosomal compartment. This in turn
led us to postulate that activation of trypsin occurs in a distinct subcellular
compartment. It is hard to define an exclusive cell compartment that causes
trypsinogen activation as it is relative to the time point upon hyperstimulation
with CCK or caerulein under the given study condition. Here, we showed that
trypsinogen activation at 15min occurs in a non-autophagosomal compartment
(Figure.4.1.9.F) and at 30 min it colocalized in autophagosome (Figure.4.1.9.G)
and

at

1h

in

zymogen

granule

enriched

fraction

(section.4.1.7.A,

section.4.1.3.1.A and B and section.4.1.8.A).
We observed GFP-LC3 dots representing autophagosomes at multiple
sites spread across acinar cells. The possible reason is that in higher mammals
several assembly sites are capable of the formation of autophagosomes
compared to yeast, where autophagosome formation is found to be much
simpler. A single or very few GFP-Atg8 vesicles are observed in yeast, what is
due to a single PAS (Phagosome assembly site) while multiple green
fluorescent vesicles (GFP-vesicles) are commonly observed in mammals which
are PAS equivalents of yeast (Itakura and Mizushima, 2010). This observation
in mammals of multiple fluorescent vesicles did not come as a surprise as many
of the intracellular organelles were shown to be the source of autophagosomal
membrane. Organelles such as ER (Hirota and Tanaka, 2009b; Lynch-Day et
al., 2010), Golgi (Geng and Klionsky, 2010; Yen et al., 2010), endosomes,
mitochondria (Hailey et al., 2010; Luo et al., 2009), and the plasma membrane
(Ravikumar et al., 2010) have been shown to play a role in the formation of
autophagosomes at the phagosomes assembly sites (PAS).
We showed that autophagy has an influence on intracellular trypsin
activity in rat acinar cells under ex vivo experimental condition (section 4.1.4.),
as well as simultaneous confocal imaging experiments (section 4.1.9.) and in
zymography experiment from in vivo studies from GFP-LC3 mice (4.1.11.). By
this approach we showed that autophagy does not play a role in trypsinogen
activation during the onset of pancreatitis. The reason is twofold as trypsin
activity from isolated acinar cells of rats was pre-incubated with chemicals
interfering with autophagy pathway act via PI3 kinases. Of note remind the PI3
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inhibitor

Wortmannin,

LY294002

has

been

shown

to

reduce

intrapancreatic activation of trypsinogen (Singh et al., 2001) by inhibiting
cathepsin B redistribution, a key factor in trypsinogen activation. PI3 kinase
inhibition by 3-methyladenine prior to CCK hyperstimulation has also been
shown to inhibit trypsinogen activation (Mareninova et al., 2009). Overall our
results using chemicals known to interfere with autophagy were in agreement
with the above findings and gave evidence that via PI3 kinase inhibition is
essential for the autophagy.

PI3 kinase is a converging point for many

pathways, thus it is hard to define the exact role of autophagy by using
chemicals acting on proteins involved in multiple pathways. Hence, a more
specific approach was needed to answer the role of autophagy in trypsinogen
activation. Hence, we used simultaneous confocal imaging experiments of
acinar cells were not pre-conditioned with any autophagic regulator or
chemicals. Here we observed trypsinogen activation in autophagic independent
sites,

possibly

an

acidic

compartment

derived

independently

from

autophagosomes.
Sherwood et al, reported that benzamidine treatment did not prevent
vacuole formation indicating that trypsin activity is not required for the formation
of vacuoles (Sherwood et al., 2007). To re-instate finding of Sherwood et al.,
that vacuoles formation is independent of trypsin activation and to prove our
hypothesis that autophagy and trypsin activity are independent and parallel
processes

in

hyperstimulated

acinar

cells,

we

studied

formation

of

autophagosomes under the influence of protease inhibition. For this purpose,
we used a broad range serine protease inhibitor, gabexate mesilate, which
inhibits serine protease including trypsin (Figure.4.1.10.A). In agreement with
our hypothesis; gabexate incubation did not inhibit the basal autophagic vacuole
formation (Figure.4.1.10.D and Figure.4.1.10.E). The results from confocal
simultaneous imaging showed that autophagy occurs in hyperstimulated acinar
cells without trypsin activity (Figure.4.1.9.A and Figure.4.1.9.B) and vice versa
i.e. trypsin activity without autophagy. These results led us to postulate that
trypsin and autophagy are independent and parallel processes during the onset
of pancreatitis.

Discussion

5.1.6

91

Earliest trypsinogen activation possibly takes places in cis-Golgi
derived secretory vesicles:
It is known that cis-Golgi is responsible for the formation of zymogen

granules and lysosomes budding off from trans-Golgi. Trypsinogen activation
peptide (TAP) which is released upon trypsinogen activation and cathepsin B
were found to be cytoplasmic vesicles located primarily on the luminal side of
the nucleus. Based on their location of vacuoles, Hofbauer et al., postulated that
these vacuoles are derived from the Golgi apparatus (Hofbauer et al., 1998).
Additional study carried out by krueger et al., using electron microscopy, activity
measurements and detection of trypsin activity by using fluorescent substrates
showed that the trypsin activity, at an early time point, occurs in the low-density
pellet, which corresponds to a variety of immature cytoplasmic vesicles that
might originate from the Golgi apparatus (Kruger et al., 1998). Both findings
postulate the Golgi apparatus as a possible initial trypsinogen activation site
based on the relative location in isolated acini. However, none of the cited
publications showed trypsinogen activation co-localised with Golgi apparatus by
using Golgi markers. Hence, we addressed the question by co-localisation
experiment using a specific Golgi marker and locating trypsinogen activation by
zymography.
Zymography results showed a significant co-localization of active trypsin
with P115, a cis-Golgi protein. The results led us to deduce that, at the earliest
time point within 15 minutes of caerulein induction, trypsin activity might occur in
pre-condensing vesicles or pre-zymogen granules formed from the Golgi
complex (section 4.1.11).
For the first time, we might have resolved the site of initial trypsinogen
activation within 1 hour in isolated acinar cells and sub-cellular compartments
responsible for the trypsinogen activation over the time course of pancreatitis.
5.2.1 Inhibition of elastase improves the survival in acute pancreatitis:
It is widely accepted that protease activation in pancreatic acinar cells is
an early event in the acute pancreatitis (Hofbauer et al., 1998; Kruger et al.,
1998; Leach et al., 1991), but the disease is aggravated by the infiltration of the
leukocytes. Premature protease activation mediates acinar cell injury, causes
the release of chemokines, which in turn attract inflammatory cells further
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causing systemic damage that deteriorates the disease (Brady et al., 2002;
Frossard et al., 1999). It has been reported that pancreatic elastase mediates
necrotic cell death. On the other hand, PMN elastase is reported to be
responsible for the dissociation of cell-cell contacts and transmigration of
leukocytes to the site of inflammation (Mayerle et al., 2005) . Under normal
conditions, neutrophil elastases are rapidly inactivated by the endogenous
alpha1-proteinase inhibitor (α1Pi). Nevertheless, under pathological conditions,
α1Pi is inactivated by oxidants released from neutrophils (Janoff, 1985a; Travis
and Salvesen, 1983). Hence, it is important to nullify the detrimental effect of
elastase in inflammation by chemical treatment. Of note, PMN elastase and IL-6
concentrations in blood were shown to be useful indicators of severity and
prognosis of pancreatitis.

A significant positive correlation was reported

between the number of organs damaged and the peak concentrations of
interleukin (IL)-6, and PMN elastase (Ikei et al., 1998).
5.2.2

Neutrophil infiltration into pancreas aggravates pancreatitis:
Acinar cells express and produce the proinflammatory cytokines

/chemokines i.e. platelet-activating factor, TNFα and MCP1 (Blinman et al.,
2000; Grady et al., 1997; Gukovskaya et al., 1997). Thus, pancreatic acinar
cells express both classes of molecules regulating neutrophil activation and
recruitment suggesting that acinar cells play an active part in regulating
neutrophil transmigration into the pancreas. Neutrophils are found to adhere to
pancreatic acinar cells in vitro and this binding is fostered by caerulein via the
intercellular adhesion molecule-1 (ICAM-1). Adhesion of neutrophils to
endothelium was greatly reduced by a neutralizing ICAM-1 antibody and ICAM1 was found to be upregulated

at both mRNA and protein level in severe

pancreatitis (Kaufmann et al., 1996). The severity of caerulein pancreatitis is
ameliorated in ICAM-1 knockout mice (Frossard et al., 1999). Inhibition of Pselectin before induction of pancreatitis was found to decrease acinar cell
necrosis, haemorrhage and oedema formation and protects against pancreatic
tissue injury in experimental pancreatitis. P-selectin is a specific adhesion
molecule that mediates neutrophil rolling and recruitment in acute pancreatitis
(Hartman et al., 2012). Neutrophil depletion with antineutrophil serum (ANS)
prevented the inflammatory response caused by caerulein and decreased cell
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damage (Sandoval et al., 1996; Sendler et al., 2012). All the above reports
demonstrate that neutrophils aggravate the severity of pancreatitis.
5.2.3

Neutrophil elastase facilitates infiltration of neutrophils:
Human Neutrophil elastases (HNE) participates in tissue destruction

under several pathogenic conditions and it is associated with lung diseases
including pulmonary emphysema (Snider, 1989), acute lung injury, acute
respiratory distress syndrome (Lee and Downey, 2001b; Lee and Downey,
2001c) and chronic inflammatory airway disease (Fischer and Voynow, 2002).
HNE has been shown to degrade most of the components of the pulmonary
extracellular matrix (ECM), including elastin, type I-IV collagens, proteoglycans,
fibronectins, laminin and intercellular adhesion molecule (ICAM) thus playing a
key role during the recruitment and activation of leukocytes at the site of
inflammation. HNE also shown to interact with the cytokine network including
(1) the release of active cytokines from their inactive precursor forms, (2)
proteolytic cleavage to inactivate the active cytokine, (3) proteolysis of cell
surface-bound cytokine receptors, (4) proteolysis of the cytokine binding
proteins, and (5) the activation of specific cell surface receptors hereby
aggravating inflammation. It can be concluded from those data that an inhibitor
that can act against both pancreatic elastase and PMN elastase might be
beneficial. In this study, we analysed the efficacy of ZD0892, an orally active
dual elastase inhibitor, in two experimental pancreatitis models.
The inhibitor pre-treatment in rats was shown to ameliorate local and
systemic damage in the course of pancreatitis. Our findings are in agreement
with previous reports showing that inhibition of elastase activity leads to a
decreased rate of necrosis. Pre-incubation with an elastase inhibitor reduced
the rate of necrosis in isolated rat acinar cells of rat (ex vivo) in our study.
Hence, we used the inhibitor in animal experiments to test its efficacy in vivo for
the treatment of pancreatitis. HE staining of the pancreas during the course of
pancreatitis revealed that inhibitor treated rats developed a lesser number of
vacuoles, even the size of the vacuoles were found to be smaller compared to
untreated rats. A significant reduction in the wet-dry ratio in the inhibitor group
representing a decrease in edema in the pancreas was observed. A reduced
elastolytic activity in the pancreatic homogenate representing lesser damage to
the extracellular matrix was observed. Several studies have used different
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inhibitors such as recombinant guamerin (Jo et al., 2008; Song et al., 1999),
ONO-5046 (Imamura et al., 1998), glutaryl-trialanini-ethylamide (Fric et al.,
1992) to successfully inhibit elastase and have shown to be beneficial in
pancreatitis. In the same line of evidence, study by Yamano and colleagues
showed that a neutrophil inhibitor with PAF antagonist ameriolates systemic
damage. Prophylactic and therapeutic treatment of rats with a neutrophil
elastase

inhibitor,

2-(3-methylsulfonylamino-2-oxo-6-phenyl-1,

2-dihydro-1-

pyridyl)-N-(3, 3, 3-trifluoro-1-isopropyl-2-oxopropyl) acetamide (compound 1),
along with platelet activating factor receptor antagonist, YM264 showed
significantly higher 24h survival rate compared to untreated rats, i.p. injection in
mouse in which caerulein plus lipopolysaccharide (LPS) was used to induce
acute pancreatitis with multiple organ failure (MOF). In the same study,
prophylactic treatment with YM264 and compound 1 ameliorated organ
dysfunction in rat with MOF (Yamano et al., 1998b). The studies indicate the
importance of inhibiting elastase in pancreatitis.
5.2.4

ZD0892 treatment helps to stabilize the integrity of the connective
tissue:
Elastase hydrolyses elastin, which is the amorphous component of the

elastin fibers found in the extracellular matrix, an important constituent
maintaining the integrity of the connective tissue structure. Degradation of
extracellular matrix is a pre-requisite for fibrosis. Excessive degradation of
elastin in the lung has been suggested to play an important role in the
pathogenesis of emphysema (Janoff, 1985b; Snider, 1981). As elastin
fragments are chemoattractants for neutrophils, elastin degradation can further
aggravate the injury by recruiting more leukocytes to the site of injury (Senior et
al., 1980) . From previous findings, it is known that PMN elastase cleaves Ecadherin thus in turn dissociates cell-cell contacts and permits inflammatory
cells to enter the pancreatic tissue (Mayerle et al., 2005).

Hence, we

investigated the effect of the inhibitor on elastolytic activity. It is interesting to
note that in both models tested; caerulein induced pancreatitis in rats, and
taurocholate induced pancreatitis in mice, the elastolytic activity was measured
lower in the inhibitor group. Elastolytic activity is significantly reduced in
caerulein pancreatitis in rat (section 4.2.5) compared to taurocholate model in
mice (secton 4.2.9) as caerulein model of rats induces milder form of
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pancreatitis. Inhibition of PMN elastase is thus believed to stabilize the
extracellular matrix and to reduce the recruitment of inflammatory cells into the
pancreas (Senior et al., 1980; Weiss et al., 1986). In line, we observed a lower
myeloperoxidase activity in the pancreas as a result of a decrease in the
infiltrated neutrophils to the site of inflammation (section 4.2.3). On the other
hand, a higher myeloperoxidase (MPO) activity, a constituent of azurophilic
granules of neutrophils, was observed in the control group as a result of the
dissociation of cell-cell contacts. The extracellular matrix is comparatively intact
in the inhibitor group, which means that the extravasation of fluids was limited
resulting in less edematamous tissue in the inhibitor group (section 4.2.3). It has
been previously reported that pancreatic elastase is partially responsible for
pancreatic edema and haemorrhage (Yamano et al., 1998a). Local damage to
the pancreas was reduced upon treatment within the inhibitor group due to
inhibition of pancreatic elastase and PMN elastase that is believed to increase
the rate of necrosis and recruitment of leukocytes, respectively. It is necessary
to study acute lung injury as it is considered as one the early systemic
complications of pancreatits (Bhatia et al., 1998; Bhatia et al., 2005; Steer,
2001). The presence of a large number of neutrophils is an early sign of lung
infection observed in many diseases that develop into adult repiratory distress
syndrome (Frossard et al., 1999; Tate and Repine, 1983; Weiland et al., 1986).
ZD0892 was shown reduce inflammation and fibrosis and preserves cardiac
function after experimentally-induced murine myocarditis (Lee et al., 1998). Oral
administration of ZD0892 has been shown to reverse advanced pulmonary
vascular disease produced in rat by injecting monocrotaline, an endothelial toxin
(Cowan et al., 2000). The above reports gave us a hint regarding the possible
beneficial effect of ZD0892 in pancreatitis model. As a part of systemic damage
assessment, we measured the MPO activity in lung homogenates to assess the
infiltrated neutrophils. Based on previous studies using various elastase
inhibitors such as guamerine (Jo et al., 2008; Song et al., 1999), ONO-5046
(Imamura et al., 1998), glutaryl-trialanine-ethylamide (Fric et al., 1992) in
pancreatitis models and effectiveness of ZD0892, another elastase inhibitor, in
myocarditis and pulmonary vascular disease, we tested the efficacy of the
inhibitor in pancreatitis. We observed a reduced MPO activity level in the
inhibitor group. From the above results, it is clear that the inhibitor ameliorates
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both local and systemic damage in rat pancreatitis induced by caerulein
infusion. The result of rat inhibitor experimets are consistent with the previous
finding using glutaryl-alanin-ethylamide as pancreatic elastase inhibitor (Fric et
al., 1992).
The promising results from caerulein induced pancreatitis in rat led us to
cross check the efficiency of the inhibitor in a more severe form of pancreatitis
model and a different rodent. We used the taurocholate model in mice to verify
the role of the inhibitor. The inhibitor was shown to reduce the detrimental effect
caused to the organs during pancreatitis. The inhibitor group showed a
significant improvement in survival compared to the control group. Although the
pathological score (comprising percentage of necrosis, infiltration of neutrophils,
and vacuoles) observed was less in the inhibitor group compared to control
group during the entire time course, a significant difference was only observed
at the early time points i.e. 6h and 12h in the current study. Serum amylase
levels were significantly lower at initial time points of pancreatitis i.e. at 6h, 12h,
and 24h whereas during later time points i.e. at 48h, and 72h, amylase levels
were not significantly reduced. We observed a completly diminished elastase
activity in pancreatic homogenates during the entire time course representing
the efficiency of the inhibitor over the period of time. On the other hand, Activity
of other key proteases such as trypsin, cathepsin-B and cathepsin-L were
unaltered between inhibitor and control group. Elastolytic activity from
pancreatic homogenate, as an indicator of damage to extracellular matrix, was
significant lower up to 24h.
Taking into account the possible side effects of impairing innate immune
response in pancreatitis, we ruled out that inhibitor treatment does not impede
with the defensive property such as phagocytosis and oxidative burst of
neutrophils. In the current study, we found unaltered phagocytic property of
neutrophils isolated from the inhibitor group by co-incubation of fluorescent
bacteria compared to the control group. Huang and colleagues have reported
that isolated human neutrophils treated with the inhibitor do not impair
neutrophil defensive property in vitro (Huang et al., 1998) but did not study to
the in vivo situation. We found a beneficial effect of inhibitor feeding to mice
without altering the defensive property of neutrophils in vivo. The Inhibitor,
ZD0892, was found to be resistant towards superoxide, hypochlorous acid,
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hydrogen peroxide, hydroxyl radical, and peroxynitrite mediated degradation
and did not have an effect on the formation of these oxidants by activated
neutrophils. Free oxygen radicals are abundantly produced in nuetrophils. The
formation of superoxide is considered a pre requisite for oxidative burst and
phagocytosis (Forman and Torres, 2002). As the inhibitor was neither affected
by superoxide nor effect the superoxide formation; therefore, inhibitor treatment
does not impede the defensive property of neutrophils.
Protease inhibitors are routinely used across the world to treat patients with
pancreatitis. One such approach is to use broad range inhibitors such as
Gabexate and Nafamostate, which routinely are used as prophylaxis in ERCP
(Endoscopic retro colangio-pancreatography) induced pancreatitis mainly in
Italy and Japan (Buchler et al., 1993; Pederzoli et al., 1993; Valderrama et al.,
1992). Furthermore, gabexate is still widely used to treat pancreatitis patients in
Italy and (Messori et al., 1995) and in Japan (Ino et al., 2008). A different
treatment approach is the use of an inhibitor against a specific protease such as
neutrophil elastase. Eventhough neutrophil elastase is primarily released to kill
bacteria, it is also an elastolytic proteinase with a broad range that includes
most excellular matrix proteins (e.g. collagen, elastin, fibrin, and fibronectin)
(Lee and Downey, 2001b). Hence, it is important to use elastase inhibitor under
critical inflammatory conditions. Sivelestat, a neutrophil elastase inhibitor has
been shown to reduce mortality rate of critically infected patients in Japan
(Hoshi et al., 2005). In conclusion, in this study, we used a highly specific
inhibitor against pancreatic and neutrophil elastase. This is the first report, to
our knowledge, to provide evidence of beneficial effects of oral application of
dual elastase inhibition by ZD0892 in two animal pancreatitis models. We
demonstrated that oral administration of the selective dual inhibitor (ZD0892)
against elastases reduced the detrimental effect caused by pancreatic elastase
and as well as poly morpho nuclear (PMN) elastase.

Zusammenfassung
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ZUSAMMENFASSUNG:

1) Die akute Pankreatitis ist eine Entzündung der Bauchspeicheldrüse, die in
der Mehrzahl der Fälle einen milden, selbst-limitierenden Verlauf, in selteneren
Fällen jedoch eine schwere Verlaufsform mit hoher Mortalität nehmen kann. Die
häufigsten Ursachen der akuten Pankreatitis sind Gallensteine, die zur
Obstruktion der Gallenwege führen, sowie ein exzessiver Alkoholkonsum.
Klinische

und

laborchemische

Charakteristika

dieser

Erkrankung

sind

Oberbauchschmerzen sowie eine Erhöhung der pankreatischen Serumenzyme
Lipase bzw. Amylase (auf das über dreifache der oberen Norm).
Mittlerweile

ist

gut

belegt,

dass

die

frühesten

pathophysiologischen

Veränderungen der Pankreatitis in der Azinuszelle beginnen, wobei die
vorzeitige Aktivierung von Trypsinogen eine Schlüsselrolle einnimmt. Die
Trypsin-Aktivierung wiederum bewirkt eine kaskadenartige Aktivierung weiterer
Proteasen, die schließlich zum zellulären Schaden und Untergang des
Gewebes führen. Ein weiteres Charakteristikum ist die intrazelluläre Formation
zytoplasmatischer Vakuolen.
In Mausmodellen, in welchen durch repetitive Caerulein-Injektionen eine
Pankreatitis induziert wurde, konnte gezeigt werden, dass aktives Trypsin in
den ersten 24 Stunden nach Beginn der Pankreatitis erhöht ist und einen
biphasischen Verlauf mit maximalen Werten nach 1 und 8 Stunden aufweist.
Außerdem fanden sich Hinweise, dass die intrazellulären Vakuolen Folge einer
gesteigerten Autophagie der Azinuszelle sind. Unter Autophagie wird ein
hochkonservativer Prozess bezeichnet, der durch Degradation zelleigener
Proteine die Zell-Homöostase aufrechterhält. Welche Rolle die Autophagie im
Krankheitverlauf und der vorzeitigen Trypsinaktivierung spielt, ist bis jetzt noch
nicht geklärt.
Wir untersuchten daher, ob zwischen der Bildung von Autophagosomen und
der Trypsinogenaktivierung ein Zusammenhang besteht. Wir konnten feststellen
,dass eine Co-Lokalisierung von Autophagosomen mit Trypsin in-vivo
stattfindet, allerdings nicht in der Frühphase der Erkrankung, sondern erst zu
späteren Zeitpunkten (nach etwa 4 Stunden). Western Blot Analysen sowie
fluorometrische Messungen mit einem Trypsin-spezifischen Substrat in
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subzellulären Fraktionen zeigten, dass sich aktives Trypsin bereits nach einer
Stunde in der Zymogen-Fraktion befand. Gleichzeitig wurde mittels konfokaler
Mikroskopie

in

Azinuszellen

aus

GFP-LC3-exprimierenden

Mäusen

nachgewiesen, dass die Trypsinaktivierung und Autophagosom-Formation
örtlich voneinander getrennt stattfinden und somit offensichtlich unabhängig
sind. Gabexat-Mesilate, ein Proteasen-Inhibitor, führte zu keiner unterdrükung
der Autophagosomen-Bildung, so dass die Vakolenbildung unabhängig von der
Trypsinogen-Aktivierung abläuft. In in-vitro Versuchen konnten wir zeigen, dass
nach 30 Minuten aktives Trypsin und Autophagosomen co-lokalisieren, jedoch
wurde Trypsin bereits früher aktiviert. Diese erste Trypsinaktivierung ließ sich
im Cis-Golgi nachweisen. Diese Beobachtungen lassen vermuten, dass
möglicherweise der Golgi-Apparat mit den Vorstufen der Zymogengranula den
Ort der frühesten Trypsinogenaktivierung darstellt.
2) Neben der vorzeitigen intrazellulären Proteasenaktivierung spielt die Invasion
von Leukozyten eine wichtige Rolle bei der Entstehung der akuten Pankreatitis.
Der durch aktivierte Proteasen induzierte zelluläre Schaden fördert die
Freisetzung

von

Chemokinen,

die

wiederum

die

Transmigration

inflammatorischer Zellen fördern. Die Folge ist eine systemische entzündungs
reaktion. Es ist mittlerweile bekannt, dass die Polymorpho-nukleäre Elastase
(PMN-Elastase),

ein

Bestandteil

der

azurophilen

Granula

neutrophiler

Granulozyten, während der Pankreatitis Zell-Zell-Kontakt Moleküle degradiert,
indem es E-Cadherin extrazellulär spaltet und dadurch die Infiltration von
Leukozyten in das Gewebe fördert. Ferner ist bekannt, dass auch die
pankreatische Elastase zum azinären Schaden beiträgt, indem es die Nekrose
dieser Zellen steigert.
Wir untersuchten daher die Eigenschaft eines sowohl gegen die PMN- als auch
pankreatische Elastase gerichteten oral bioverfügbaren Inhibitors, ZD0892,
hinsichtlich
reduzieren.

seiner

Eigenschaft,

den

Schweregrad

der

Pankreatitis zu

Mäuse, in denen eine schwere Pankreatitis induziert wurde

(Taurocholat-Modell) und mit ZD0892 gefüttert wurden, zeigten einen deutlich
milderen Krankheitsverlauf als die Kontrolltiere, der sich insbesondere innerhalb
der ersten 24 Stunden manifestierte. Ausgescholessen wurde ein negativer
effekt des inhibitorer auf Phagozytosekapazität der Leukozyten. Ein milderer
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Verlauf der Pankreatitis konnte auch in einem Rattenmodell beobachtet werden,
in denen eine milde Pankreatitis (Caerulein-Modell) induziert wurde. Der
geringere pankreatische Schaden ließ sich sowohl serologisch anhand
verminderter Lipase- und Amylasespiegel, als auch histologisch durch eine
verringerte Ödembildung nachweisen. Die Myeloperoxidase, ein spezifisches
Enzyme neutrophiler Granulozyten, war sowohl im Pankreas als auch in der
Lunge vermindert, was auch auf einen verminderten systemischen Schaden
hinweist. Ebenso fand sich eine geringere elastolytische Aktivität, ein Marker für
den Schaden der extrazellulären Matrix, in den Tieren, die mit dem Inhibitor
behandelt wurden.
Diese Daten deuten daher darauf hin, dass eine Therapie mit dem dualen
Elastase-Inhibitor eine mögliche kausale Therapie bei der akuten Pankreatitis
darstellen kann.

Summary
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SUMMARY:
1) Acute pancreatitis is a common clinical inflammatory disease with

variable severity from mild, self-limiting attacks to a severe lethal attack with a
high mortality. In most of the cases, acute pancreatitis is either caused by
gallstone obstruction or excessive alcohol consumption. Clinical symptoms
include elevated levels (minimum 3 times than normal) of pancreatic enzymes
such as amylase or lipase in serum. It is generally believed that earliest event in
acute pancreatitis occur in acinar cells which includes premature protease
activation and cytoplasmic vacuole formation. Premature trypsinogen activation
has been considered as chief culprit as it can activate other proteases in a
cascade like manner in acinar cells. Trypsin activity takes place in a biphasic
curve with elevated levels at 1 h and 8 h in the initial stages up to 24 h in
caerulein induced pancreatitis in mice. It has been shown that cytoplasmic
vacuoles observed in pancreatitis are of autophagic nature. The role of
autophagy for the disease onset and its role in trypsinogen is much of a debate.
Hence, we studied the relation between autophagosome formation and
trypsinogen activation in first 12h of pancreatitis. Although autophagosomes
were found to be co-localised with trypsin in vivo, this was found to be a late
event occuring only by 4 h. Substrate specific trypsin activity and western
blotting from both sub-cellular fractions over the time course of pancreatitis and
multiple fractions prepared from 1 h caerulein induced pancreatic tissue
revealed that trypsin activity observed at 1 h occured in a zymogen enriched
fraction. In line simultaneous confocal imaging of trypsin activity and
autophagosome formation in hyperstimulated acini isolated from GFP-LC3 mice
showed that both processes are independent and take place in parallel.
Furthermore, protease inhibition by gabexate mesilate did not prevent
autophagosome formation indicating that trypsinogen activation is not a
prerequisite for vacuole formation. Even though, autophagosomes and active
trypsin were found to be co-localised around 30 minutes to some degree upon
cholecystokinin hyperstimulation, the earliest trypsin activation started to appear
by 15 minutes and was independent of autophagosomes. The earliest active
trypsin was found to be co-localised along with the cis-Golgi complex
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suggesting that the Golgi apparatus and its pre-condensed zymogen granules
are the compartment responsible for the trypsinogen activation.
2) Protease activation in pancreatic acinar cells considered as the early
hallmark event in the acute pancreatitis. However, the disease is aggravated by
the infiltration of the leukocytes. Activated proteases mediate acinar cell injury
and hereby cause the release of chemokines, which in turn attract inflammatory
cells.

Transmigrated

inflammatory

cells

cause

systemic

damage

that

deteriorates the condition of the disease. Neutrophil elastase has been reported
to be involved in the dissociation of cell-cell contact at adherens junctions by the
extracellular cleavage of E-cadherin. This subsequently leads to transmigration
of leukocytes into the epithelial tissue during the initial phase of experimental
pancreatitis and aggravates the disease condition. On the other hand,
pancreatic elastase substantially contributes to acinar cell necrosis. In this
study, ZD0892, an orally bioavailable dual inhibitor against both elastases was
tested for its efficacy to ameliorate severity in acute pancreatitis. ZD0892 orally
fed mice showed increased survival compared to the control group in the
taurocholate model of severe pancreatitis. In the initial stages of pancreatitis up
to 24 h, the severity markers were found to be significantly lower in the inhibitor
treated group. Treatment of mice with ZD0892 did not impede the defensive
property of the leukocytes such as phagocytosis or oxidative burst. In caerulein
induced pancreatitis, a mild form of acute pancreatitis, in rats, the local damage
measured as serum amylase and lipase, wet dry ratio, and pancreatic
myeloperoxidase levels were significantly lower in the inhibitor group. Systemic
inflammatory parameters such as myeloperoxidase activity in lung was found to
be significantly lower in the inhibitor fed rats. Inhibitor feeding resulted in lesser
elastolytic activity compared to control group indicating that extracellular matrix
was less damaged. Prophylactic treatment of pancreatitis with an orally
available inhibitor with a dual specificity against pancreatic elastase and PMNelastase was shown to ameliorate both local and systemic damage. Hence, in
overall, ZD0892 treatment is proved to be beneficial to the mice and rats in
experimental pancreatitis and should be considered for treatment in humans as
the substance has been already studied in phase I and II trails for other
indications.
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