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Abstract

Abstract

Acute pancreatitis is a serious and often lethal inflammatory disease. Its
causes are diverse and incompletely understood; however, gallstones and
alcohol abuse are the principal triggers. Oxidative stress has been proposed
as a determinant of acute pancreatitis (AP) severity, and has been the
subject of recent clinical trials. The major AP precipitants, alcohol, alcohol
metabolites and bile salts, were investigated for their potential role in the
production of reactive oxygen species (ROS), and their effects upon cell fate.

Application of the bile salt taurolithocholic acid sulphate (TLC-S) to isolated
human and murine pancreatic acinar cells generated significant Ca?'-
dependent mitochondrial ROS which were inhibited with the antioxidant N-
acetyl-L-cysteine (NAC), and promoted with dimethoxy-2-methylnaphthalene
(DMN), an inhibitor of the antioxidant enzyme NAD(P)H quinone
oxidoreductase (NQO1). Elevations of ROS mediated by bile salts were
crucial in the determination of cell fate, producing apoptosis rather than

necrosis.

In contrast, ethanol and its metabolites, both oxidative (acetaldehyde) and
non-oxidative (fatty acid ethyl esters: FAEES), were shown to produce no
significant ROS in similar circumstances. Assessment of ethanol and its
metabolites revealed that ethanol and acetaldehyde showed little effect on
cell fate. Low concentrations of ethanol with fatty acid, however, induced
toxic elevations of [Ca*']c, mitochondrial dysfunction and necrosis when
oxidative metabolism was compromised. This effect was reversed by
inhibition of FAEE synthase, suggesting important deleterious actions of non-

oxidative alcohol metabolism in the pancreas.
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Introduction

1.1 The Pancreas

The pancreas is a small (<100g) organ located adjacent to the spleen in a
retroperitoneal location within the abdomen. The name pancreas derives
from the Greek words “pan” and “kreas” meaning “all meat”; a description
owing to the fleshy nature of the organ. Anatomically the pancreas is divided
into 4 regions termed “head”, “neck”, “body” and “tail”. The head is the
largest portion, in closely associated with the duodenum, with the remainder
of the organ diminishing in size toward the tail. The pancreas is supplied with
blood via the coeliac and superior mesenteric arteries that branch from the
aorta. Venous drainage is principally via the hepatic portal vein from the
splenic and superior mesenteric veins. The pancreas is innervated by both
the sympathetic and parasympathetic branches of the autonomic nervous
system, with the parasympathetic pathway being partially responsible for
secretory control. Hormonal stimulation of secretion is mediated by
cholecystokinin (CCK) (Murphy et al., 2008). The pancreas features an
extensive lymphatic drainage system which is relatively inactive under
physiological conditions but becomes more active in the diseased pancreas
(Bockman et al., 1973). The principal functions of the pancreas are twofold:
the production and effective secretion of pancreatic juice containing the
digestive enzymes, biocarbonate and fluid by the cells of the exocrine
pancreas, and the production of the hormones insulin and glucagon, the
hormones responsible for glucose homeostasis, by the endocrine pancreas.
This thesis is concerned with the physiology and pathophysiology of the

exocrine pancreas.
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Introduction

1.2.1 Structure of the exocrine pancreas

One of the functional units of the exocrine pancreas is the acinus, a latin
word meaning “berry” which is in reference to the appearance of the acini
and ductal structure. Acini are composed of numerous exocrine pancreatic
acinar cells arranged around a common lumen. The ductal structure consists
of intralobular and interlobular ducts. The intralobular ducts are situated
within lobules and drain pancreatic juice from the lumen of the acini. The
interlobular ducts connect the individual lobules connecting eventually to the
main pancreatic duct. The intralobular ducts are composed of smooth, flat
cuboidal cells termed centroacinar cells which also penetrate into the lumen
of the acinar unit (Kern, 1993). The cuboidal epithelium is without features
such as microvilli and the clear structural polarity possessed by acinar cells.
The function of the epithelial cells is the transport of fluid and ions into the
lumen to facilitate transport of the secreted digestive (pro)enzymes (Kern,
1993). The intralobular ducts converge to form larger interlobular ducts
which are associated with extensive connective tissue and are lined with
pyramidal epithelium (Kern, 1993). These larger ductal structures form
organisational foci along which blood vessels and neurons are found (Figure
1.1). The pancreatic duct is the final, largest structure into which the
interlobular ducts drain, the secretory products of the interlobular ductal
epithelia remain to be fully characterised, but they are known to contain
muco-proteins (Kern, 1993). Pancreatic juice is controlled in terms of pH to
between 7.6 and 8.2 in order to partially neutralise the acidic chyme received

into the small intestine from the stomach (Williams, 1980).
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1.2.2 The pancreatic ductal dell

The ductal cell is central to the physiological function of the pancreas. The
ductal cells both constitute the intrapancreatic plumbing and are responsible
for the secretion of a bicarbonate-rich fuid which has multiple roles. The fluid
component effectively transports acinar-derrived enzymes to the duodenum,
where the bicarbonate component aids neutralization of the acidic chime
(argent, 2006). The secretion of bicarbonate and electrolyte-rich fluid acts as
a component in a coordinated system, as demonstrated by the effects of the
mutated cystic fibrosis transmembrane conductance regulator protein
(CFTR). Loss of CFTR fuction compromises fluid secretion and leads to

rapid destruction of the entire organ (Nousia-Arvanitakis, 1999).

1.2.3 Structure of the pancreatic acinar cell

The acinar cell is structurally and functionally polarised (Petersen, 1992,
Petersen et al.,, 1999). The basolateral and perinuclear region of the cell
interior is densely packed with membranous rough endoplasmic reticulum
(ER) (Petersen et al., 1999). The plasma membrane polarity is defined by
the presence of tight junctions. These structures extend from the luminal
side of the lateral membrane in three discrete structures; occluding junctions,
belt desmosomes and spot desmosomes (Kern, 1993). The apical portion of
the cell is packed with mature dense-core vesicles, or zymogen granules.
These are sufficiently dense to be clearly visible in both light and electron
microscopy. Immediately adjacent to the granules the golgi apparatus is
located. This consists of a five-stack structure (Kern, 1993). Surrounding the
golgi are numerous coated vesicles approximately 60nm in diameter which

12
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bud from the apical (trans) face of the golgi, in addition to condensing

vacuoles which go on to form mature zymogen granules.

The maturation process of condensing vesicles into zymogen granules is
characterized by increasing electron density as measured by electron
microscopy (Palade, 1975b). Mature zymogen granules forming exocytotic
structures with the apical membrane have been captured by electron
microscopy (Jamieson and Palade, 1971b, Jamieson and Palade, 1971a).
Exocytosis occurs in a compound manner requiring an external signal,
intracellular calcium release and a clathrin coated structure (Nemoto et al.,

2004).

In addition to the golgi, the zymogen granules are delineated by a “buffer-
barrier” of peri-granular mitochondria which serve to polarize and partially
contain release of calcium in the apical pole, attenuating it (Tinel et al., 1999).
Mitochondria also surround the nucleus and form a belt immediately adjacent

to the plasma membrane.

Acinar cells are electrically connected via pore-like structures termed gap
junctions. These are composed of connexin proteins (Frossard et al., 2003),
which have been shown to form a pore structure complementary to that in a
juxtaposed cell, forming an open channel between two cells. The channel
formed is approximately 16-20A, large enough for the passage of ions,
metabolites, nucleotides and small peptide such as glutathione but not
sufficient in size to allow the passage of macromolecules such as proteins
and DNA. Intercellular communication via these channels allows electrical

connection, which was demonstrated by the depolarization of one cell
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causing an equivalent loss of polarity in neighbouring cells (Petersen, 1975).
The extensive nature of interconnected cells (>100) was demonstrated by the
free movement of injected non-membrane permeable dyes such as
fluorescein, Lucifer Yellow and Procion Yellow (Findlay and Petersen, 1983,
Iwatsuki and Petersen, 1979). The role of inter-cell communication may be in
part to allow coordination of signalling events by allowing the passage of
second messengers such as inositol 1,3,5-trisphosphate (IPs), Ca** and
CAMP (Saez et al., 1989, Sandberg et al., 1992). This coordination has been
observed in diverse cell types such as epithelial (Boitano et al., 1992) and
between neurones and astrocytes (Nedergaard, 1994). In the rat pancreatic
acinar cell, transmission of calcium waves between cells has been
demonstrated and is possibly mediated via intercellular transmission of 1P3,
as Ca*" alone was not sufficient to propagate the wave (Yule et al., 1996)
Possibly due to the buffering capacity invested in the cytosolic compartment
by calcium-binding proteins (Allbritton et al., 1992). The same study (Yule et
al., 1996) highlighted the loss of intercellular communication at supramaximal
levels of agonist stimulation. Perhaps the most physiologically significant
role for intercellular communication is as a possible explanation for the more
efficient rate of secretion seen from group, rather than individual cells

(Stauffer et al., 1993).

1.2.4 Secretory function

Secretion of enzymes is activated by the gut hormone cholecystokinin (CCK),

and the neurotransmitters acetyl choline (ACh) and vasoactive intestinal
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polypeptide (VIP). The binding of agonists such as these, occurs at their
specific receptors in the basal membrane, stimulating secretion from the
apical pole exclusively across the luminal membrane (Palade, 1975a). The
interaction of ligands and receptors leads to the mobilization of secondary
intracellular messengers such as inositol 1,4,5 trisphosphate (Berridge,
1981). The messenger then initiates a series of reactions culminating in
exocytosis and the release of enzymes from the zymogen granules into the
lumen. This sequence is termed stimulus-secretion coupling. The ingestion
of food triggers the release of the various agonists: ACh from cholinergic
nerves, VIP from pancreatic nerves following vagus nerve stimulation, CCK
and secretin from the intestinal mucosa. Secretin and VIP are known to
stimulate both the cells of the ducts and acinar cells with regard to secretion
of the fluid and electrolyte components of the pancreatic juice (Chey et al.,
1979). These agonists activate secretion by elevating the intracellular
concentration of cyclic adenosine 3,5 monophosphate (cCAMP) (Mangos et
al., 1973). ACh and CCK are able to activate both enzyme secretion and
simultaneous fluid secretion. Fluid secretion in the pancreatic acinar cell is
thought to be driven by a rise in [Ca®]., which triggers the opening of Ca?*-
activated K* channels in the basolateral membrane resulting in K™ efflux
(Petersen and Maruyama, 1984). Subsequent influx of + ions back through
the membrane via the Na*/2CI/K"* co-transporter causing uptake of Na* and
CI ions (Petersen and Maruyama, 1984). In the lumen, the Ca**-activated
CI" channels initiate CI" efflux into the luminal space. Na* ions are pumped

out of the cell via the Na"K* exchanger and enter the lumen via a para-
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cellular route. The overall net secretion of Na*Cl forces osmotic movement

of water in to the lumen (Petersen, 1994).

Secretion of enzymes is achieved by exocytosis and is also an entirely Ca?*-
dependent process, whereby stimulation of the cell e.g. with CCK, causes
fusion of membrane-bound zymogen granules to the apical membrane. This
releases the enzyme contents into the luminal space, which is continuous
with the pancreatic duct. Local increases in Ca** are necessary for this to
occur, local increases which also couple stimulus of the cell to metabolism

via actions exerted upon the mitochondria (Voronina et al., 2002b).
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From stomach

— Bile duct
Duodenum

Main pancreatic duct

To irﬁestine

Intralobular duct

Acinus Acinar cell
Interlobular duct
Duct cells
Microvilli

Tight junction Zymogen granules

Gap junction Mitochondria

Figure 1.1 Structure of the exocrine pancreas. The pancreas is subdivided into
four discrete regions, head, neck,body and tail. All sections produce pancreatic juice,
an enzyme-rich fluid which moves through the ductal system into the main pancreatic
duct and onward into the duodenum. The exocrine unit is the acini (B) which are
composed of cells arranged around the central lumen. The pancreatic acinar cell (C) is
defined by its polarity, the zymogen granules are located in the apical pole whereas
the ER and nucleus are located in the basolateral region; the mitochondrial belt
delineates the two regions.
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1.3 Ca** signalling

The central role of Ca?* in cell biology began as early as 1883, when Sidney
Ringer discovered that Ca®* was required for the contractile behaviour of the
heart. Since then, Ca?* has been placed at the centre of diverse signalling
events. Ca*" is indispensible for cell movement, growth and division
(reviewed in (Clapham, 2007)). Ca?' is vital to the control of subcellular
processes also; examples include secretion (Petersen, 1992), gene
transcription (Berridge et al., 2003) and muscle contraction (Berridge et al.,
2003, Clapham, 2007). The role of Ca®* as the master second messenger,
owing to its ubiquitous presence in cellular processes, cannot be ignored.
The universality of Ca®* as an intracellular messenger leads us to question
as to why cells have adapted to use Ca®" over any other water soluble
cation? One possibility is the tendency of Ca** to precipitate phosphate
(Clapham, 1995). Cells use phosphate, bound and inorganic, as the
currency in their internal energy economy. As such cells are obligated to
maintain a sufficiently low concentration of Ca®" in the compartment
populated with phosphate; the cytosol. To achieve this, given the high Ca®*
external environment, cells have adopted a number of strategies for
managing the concentrations of Ca®*. To achieve this cells bind Ca*" to
Ca?*-binding proteins and sequester Ca®" into intracellular stores. These
actions create Ca®'-gradients, allowing the cell to rapidly change the
concentration of Ca®* in the cytosol (Berridge, 2001). The versatility of Ca**
as a signalling molecule evolved as cells themselves evolved new and
different ways to interact with and alter the spatio-temporal patterns of Ca**

signalling, and Ca?‘interacting molecules.
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The life of a Ca*" signal falls broadly into three categories; initiation,
propagation and termination. The signalling events, messengers, channels,
pumps and organelles pertinent to this work will be discussed in the

subsequent sections.

1.3.1 Initiation of the Ca** signal

Release of Ca®" from one of the many Ca*" stores requires the interaction of
a Ca**-releasing second messenger and a receptor/channel. The second
messengers include IP3 cADP ribose, NAADP and Ca? itself. 1P3 is formed
by the phospholipase C (PLC) cleavage of Pl 4,5 P,, yielding IP3; and
diacylglycerol (DAG). These molecules stimulate divergent signalling
pathways. The production of cADP ribose and NAADP are mediated by ADP
ribosyl cyclise/CD38, their regulation is still incompletely understood
(Cancela et al., 1999) however recent evidence strongly implicates the ecto-

enzyme CD38 in pancreatic acinar cells (Cosker et al., 2010).

Each second messenger stimulates its own receptor, of which several
isoforms exist and are expressed in the pancreatic acinar cell. The acinar
cell expresses IP3 receptors of type 1,2&3 (Lur et al., 2009, Wojcikiewicz et
al., 1999) concentrated in the apical pole (Lur et al., 2009, Ashby and
Tepikin, 2002). Importantly, a combination of type 2 and 3 IP3; receptors
(IPsR) appears to be essential for Ca** signal generation linked to exocrine
secretion in pancreatic acinar cells, since Ca®'-signals and secretory
responses to CCK and ACh were absent in double knockout mice, but not in

single knockouts for each individual IP3R subtype (Futatsugi et al., 2005).
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The second messenger cADP ribose acts on ryanodine receptors, of which
type 2 is expressed in the pancreatic acinar cell (Leite et al.,, 1999). The
actions of NAADP are not well understood in terms of molecular targets
(Aarhus et al., 1996) although strong evidence is emerging implicating the
recently discovered and characterised two-pore channel (TPC) (Ruas et al.,

2010, Tugba Durlu-Kandilci et al., 2010).

Physiological stimulation with acetylcholine (ACh) via muscarinic receptors
yields IP3, CCK stimulation yields cADP ribose and NAADP and the bile acid
receptor GPBAR1 may vield cAMP, but certainly releases Ca** from IP;
sensitive stores (Perides et al., 2010, Voronina et al.,, 2002a). IP3; and
Ryanodyne receptors respond to the binding of second messengers by
dramatically increasing their open probability, releasing ER Ca?* through the
channel. All three second messengers evoke Ca®* release from the apical
pole (Thorn et al., 1993, Kasai et al., 1993, Thorn et al., 1994, Cancela et al.,
2002, Ashhy et al., 2002), as these messengers are freely diffusible from

their origin to the apical region of the cell.

1.3.2 Propagation of the Ca®* signal

The propagation of Ca®" signals in the acinar cell is of tremendous
physiological significance, and differing concentrations reached during spikes
have been demonstrated to elicit discrete actions within the acinar cell (Ito et
al., 1997). The principal mechanism of propagation in the acinar cell is Ca**-
induced Ca*-release (CICR) (Wakui et al., 1990). This requires the

coordination of one or more types of Ca®*-release channels (Ashby et al.,
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2002), allowing messengers produced in the basal area of the cell to elicit
coordinated Ca** release from receptors in the apical pole of the cell, where

all physiological Ca®* signals originate (Thorn et al., 1993).

1.3.4 Termination of the Ca®" signal

The termination of a Ca®" signalling event relies upon two factors: 1: a
change in the biophysical properties of Ca*'-release channels, i.e. a
significant decrease in their open probability. 2: removal of free Ca®" by
active sequestration or extrusion. Ca** release channels regulate their own
open probability by having a bell-shaped Ca** response curve
(Bezprozvanny et al., 1991). Initial stimulation of Ca®" release by Ca*' is

replaced by negative-feedback inhibition at higher concentrations.

1.3.5 Ca* influx

Apart from release of Ca?* from intracellular stores, the main source of Ca?*
in the cytosol is Ca*" entry from the exterior of the cell. This is not only
important for replenishing intracellular stores but is essential for maintaining
sustained Ca®" elevations such as those seen in hyperstimulation events
triggered by supramaximal agonist stimulation (Putney, 1976a, Putney,
1976b, Putney, 1977) . Stimulation of Ca2+ entry follows depletion of the
intracellular stores. The state of store depletion is sensed by the recently
discovered Ca?*-sensing Stromal interacting molecule (STIM) (Roos et al.,
2005) and its mammalian homologue STIM1 (Liou et al., 2005). Stiml is
homogenously distributed throughout the ER membrane in resting cells, upon
store depletion it rapidly translocates to punctate structures that include the
protein Orail. Orail is the functional, pore-forming subunit of store operated
Ca’*-entry (SOCE) (Prakriya et al., 2006, Feske et al., 2006), Once STIM1
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oligomerises and co-localises with Orail, its c-terminal domain couples with
Orail and stimulates channel opening, allowing Ca2+ entry down he large
electrochemical gradient (10,000 fold) between the extracellular environment

and the cytosol (Putney, 1986, Park et al., 2009).

1.3.6 Ca*" efflux

The plasma membrane of the pancreatic acinar cell is has been
demonstrated to contain a Ca** sensitive Mg®*-dependent ATPase which
operates as the principal Ca**-extrusion mechanism in the pancreatic acinar
cell (Tepikin et al., 1992). This pump is termed the plasma membrane Ca?*-
ATPase (PMCA) and belongs to the P-type family of ATPases along with the
functionally similar sarco-endoplasmic ATPase (SERCA) pump. The two
pumps share a similar mechanism of action, (Carafoli and Brini, 2000). Its
mechanism is well defined and involves the transfer of a y-phosphate from
ATP to a specific aspartate residue within the pump (Knauf et al., 1974).
This is followed by a Mg**-sensitive conformational change and Ca?'-
extrusion (reviewed in (Strehler and Treiman, 2004)). In many cell types,
Ca?" extrusion is mediated via Na'/Ca®" exchange pumps, however these
appear to be of little functional importance in the pancreatic acinar cell

(Muallem et al., 1988) and may even be absent.

1.4 Acute Pancreatitis

The principal disease of the exocrine pancreas is Acute Pancreatitis (AP), a
devastating and sometimes fatal disease. It currently affects in excess of 50
per 100,000 people annually, and is predominantly caused by gallstones or
alcohol excess. Diverse agents may also induce the disease, including viral
infection, hypercalcaemia, hyperlipidaemia, ductal tumour, autoimmunity, and
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surgical techniques such as endoscopic retrograde
cholangiopancreatography (ERCP) (Pandol et al., 2007, Saluja et al., 2007,
Swaroop et al.,, 2004). Importantly, the incidence of AP is increasing, a
phenomenon which is likely to be at least partly due to increased alcohol
consumption. Approximately 20% of patients with AP develop a severe form
of the disease, characterised by pancreatic necrosis and multiple organ
failure, which carries substantial morbidity and mortality. Although overall
pancreatitis has a mortality rate of approximately 5% (Banks and Freeman,
2006), the presence of necrosis raises this to 17% (Pandol et al., 2007).
Complications such as infected necrosis may further raise the risk of
mortality. Despite the considerable social and economic burden associated
with the disease, there remains no specific therapy for AP. This highlights
the fundamental need for detailed research into the pathogenesis of

pancreatitis to identify potential drug targets.

23



Introduction

Bile duct
7

Duodenum

Pancreatic duct

Gall stone

A

Figure 1.2 The “common duct” theory of gall stone-induced pancreatitis. A
schematic representation of a theory proposed by Opie in 1901 to explain the
development of acute pancreatitis. The gall stone (green) is impacted at the ampulla
of Vater blocking the exit of both the pancreatic and bile ducts to the lumen of the
duodenum. The bile duct and pancreatic duct are linked allowing reflux of bile (red)
from the gall bladder into the pancreatic duct.
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1.4.1 Bile Acids and Pancreatitis

Bile is produced in the liver and contains numerous excretory products,
pigments from the breakdown of haemoglobin and cytochromes, bile acids,
cholesterol and bicarbonate. The neutralising and detergent effects of bile
are vital to breakdown and absorption of fats and fat soluble vitamins
(reviewed in (Strange, 1984)). The concentration of bile acids in mammalian
bile varies from 2-45mM with 10mM being an approximate figure for humans.
The proximal bile acid; cholic acid is a 24-carbon compound from which all
other bile acids are derived. Commonly occurring bile acids differ in the
number of free hydroxyl groups: cholate, chenodeoxycholate, and
lithocholate having 3, 2 and 1 respectively. The free hydroxyl groups affect
the level of solubility in aqueous media, cholate being more soluble than
lithocholate. Conjugation of lithocholate to the amino acids glycine or taurine
increases the solubility. The pool of bile salts varies enormously between
species and individuals, but the most abundant is glycine-conjugated cholate
with chenodeoxycholate representing ~40% and ~35% of the pool
respectively (Hillman et al., 1986). Bile salts are secreted into the small
intestine and eventually 90-99% are reabsorbed, returning to the liver via the
portal vein. (Strange, 1984, Johnson, 1994) The systemic circulating
concentration of bile acids in the serum is 4.8uM (Lindblad et al., 1977),
where they are purported to exert control over systemic metabolic rate

(Watanabe et al., 2006).

Bile salts are produced and secreted from hepatocytes into the biliary ductal
system which drains to the gall bladder, this drains into the cystic duct,
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followed by the common bile duct before entering the duodenum at the
ampulla of Vater. The common bile duct and pancreatic may (although not
always) join a short distance from the duodenum. The make-up of bile is a
critical factor; an imbalance of constituents in favour of cholesterol over bile
acids can lead to precipitation. Migration of these precipitates into the
common duct may cause obstruction at the ampulla of Vater (see Figure 1.2).
This constitutes the “common duct theory” proposed by Eugene Opie in 1901
(Opie, 1901). The theory proposes that an obstruction of the common duct at
the ampulla of Vater increases pressure and allows reflux of bile into the
pancreas. In support of this theory, studies by Kohut et al. examined the bile
from patients with acute pancreatitis throughout the disease course. The
density of microcrystalline precipitates was greatest on the first day following
disease onset and a progressive decrease in density with time (Kohut et al.,
2002). The common duct theory is not without controversy in the field. A
recent editorial by Lerch and Aghdassi examined the current theories and
evidence supporting them (Lerch and Aghdassi, 2010). Evidence suggests
that in many patients the common duct is either insufficient in length or
completely absent (Sterling, 1954). In addition experiments in the opossum
demonstrated that obstruction of the pancreatic duct alone was sufficient to
cause pancreatitis (Lerch et al.,, 1992). The species differences between
human, opossum and mouse are great, and opossum experiments also
demonstrated increased severity of pancreatitis from ligation of the bile duct,
possibly suggesting a role for increased circulating bile acids (Senninger et
al., 1986) which would be free to act via the G-protein coupled bile acid

receptor (Perides et al., 2010).
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1.4.2 Abnormal Ca®* signalling

Disruption of normal Ca*-signalling was postulated as a trigger for
pancreatitis over a decade ago (Ward et al., 1995). Hyperstimulation of
acinar cells with CCK-8 caused large sustained cytosolic Ca** elevations,
premature intracellular digestive enzyme activation and necrosis (Raraty et
al., 2000). Subsequently, it transpired that other precipitants of acute
pancreatitis, including bile salts (Voronina et al., 2002a, Kim et al., 2002) and
non-oxidative metabolites of ethanol (Criddle et al., 2006b, Criddle et al.,

2004), also generate toxic elevations of Ca®".

Ca”* release from internal stores in response to these precipitants was found
to be dependent on IP3R opening (Voronina et al.,, 2002a, Criddle et al.,
2006b, Gerasimenko et al., 2009). However, sustained Ca®" entry triggered
by ER store depletion was required to raise cytosolic Ca®** to detrimental
levels; abrogation of the cytosolic Ca®* rise with intracellular Ca®* chelators
prevented deleterious changes such as trypsinogen activation, vacuolisation
and necrosis (Raraty et al., 2000, Kim et al., 2002, Criddle et al., 2006c). In
ductal epithelial cells, higher doses of bile acids caused inhibition of the
coordinated Ca®*-dependent secretion seen with lower doses (Venglovecz et
al., 2008). The inhibition of bicarbonate and therefore fluid secretion could
serve to promote pancreatic damage by preventing washout of both inactive
and activated enzymes, and crucially shares the feature of mitochondrial
inhibition (Maleth et al., 2010). The mechanism of cellular necrosis was
investigated in further detail with respect to non-oxidative ethanol
metabolites, which produced a Ca?*-dependant inhibition of mitochondrial
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function, resulting in loss of membrane potential, NAD(P)H and ATP
production (Criddle et al.,, 2006c). Recent experiments using mitochondria-
targeted luciferase in pancreatic acinar cells have demonstrated that bile
acids and non-oxidative ethanol metabolites cause profound decreases of
mitochondrial ATP levels, in addition to cytosolic reductions (Voronina et al.,
2010, Criddle et al., 2006c). The effect of Ca®* overload of the acinar cell
would thus appear to be a dramatic cessation of mitochondrial energy
production which leads to a change in IP3R function (Betzenhauser et al.,
2008) and inhibition of ATP-requiring Ca®** pumps, namely the PMCA and
SERCA, thereby impeding clearance of elevated cytosolic Ca* from the cell
(Petersen et al.,, 2006). Supply of intracellular ATP via a patch pipette
abrogated the development of sustained Ca®" elevations and necrosis in
response to non-oxidative ethanol metabolites (Criddle et al.,, 2006c)
highlighting the fundamental importance of the maintenance of mitochondrial
function for Ca** homeostasis and cell integrity under conditions of

pancreatic insult (Mukherjee et al., 2008).

1.4.3 Bile acids and Ca* signalling

Physiological Ca**-signals are restricted to the apical pole because of a
“buffer barrier” composed of peri-granular mitochondria that temporarily take
up Ca®" released from the ER, thereby up-regulating ATP production, and
preventing global waves from permeating to the basolateral area (Tinel et al.,
1999, Voronina et al., 2002b). However, when stimulation reaches sufficient
intensity, or when mitochondria are inhibited e.g. by carbonyl cyanide m-
chlorophenylhydrazone (CCCP) in the presence of the Ca®*-releasing
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messenger IPs, this barrier may be overcome and local repetitive Ca®*
responses in the granular area are transformed into global Ca®*-waves that
propagate from the apical to basal pole. Multiple 2" messengers may
combine to generate calcium-induced calcium release (CICR) under
physiological conditions, via opening of both IP3R and ryanodine receptors
(RyR), which may enable stimulation of ATP production in mitochondria
distant from the apical pole and regulation of multiple signalling cascades

(Williams, 2001).

In order that the acinar cell remains viable, it is paramount that homeostatic
mechanisms are recruited to prevent sustained global elevations of Ca?* and
to preserve mitochondrial function. Thus, Ca®" must be cleared from the
cytosol in order to restore the resting state. To this end, Ca®" is returned to
the ER stores by the sarco-endoplasmic Ca?* ATPase (SERCA) pump or
extruded from the cell by the plasma membrane ATPase (PMCA), both
processes consume ATP and are therefore dependant on viable
mitochondria. These two pumps also function to clear Ca?" that is
continuously leaked from the ER and resting Ca®*-concentration is dictated
by a balance between extrusion/reuptake mechanisms and Ca*" entry. Ca®*
must periodically be allowed into the cell to refill intracellular stores via store-
operated Ca*" entry (SOCE) which has recently been shown to occur by the
interaction of the ER sensor protein Stiml and the plasma membrane
channel Orail which form a complex at ribosome-free ER PM junctions in
acinar cells (Lur et al., 2009). Control of fluid secretion from the pancreas,
principally mediated via bicarbonate secretion from the ductal epithelial cells,

is also mediated via Ca*'-signalling. Bile acids principally un-conjugated
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variants such as chenodeoxycholate trigger bicarbonate and fluid secretion at
low doses (Venglovecz et al., 2008). Secretion was abolished by chelation of
intracellular Ca®*, demonstrating a coordinated response. However, higher
doses of bile acids may reach the ductal system and cause significant
dysregulation of acid base balance via inhibition of basolateral Na*/H" and
Na’/HCOs; exchangers and luminal CI/HCOs; co-transporters which
[produces significant falls in ion and consequent fluid secretion. The effects
of bile acids on these transported is insensitive to the effects of intracellular
Ca®" chelation, perhaps due to the non ATP-dependent nature of these
transporters (Venglovecz et al., 2008). Direct damage to the ductal system,
and inhibition of its function prevents the ducal tissue acting as an effective

barrier against toxic bile acids and enzymes (Maleth et al., 2010).

1.5 Reactive oxygen species

Reactive oxygen species (ROS) are chemically active oxygen containing
molecules. They can be organic and inorganic in nature. The term ROS
often refers to species generated by the incomplete reduction of molecular
oxygen, such as the radicals superoxide (O, .) and the hydroxyl radical (OH-)
and the non-radical hydrogen peroxide (H.0,), and their downstream
products, such as reactive nitrogen species (RNS). ROS are thought to
mediate the toxic effects of oxygen because of the more favourable nature of
their reaction with susceptible molecules. ROS may also act as signalling
molecules, a phenomenon widely documented in the literature, but which still
attracts controversy. The controversy may originate from the apparent
disparity in specificity between non-covalently bound ligand-receptor

macromolecular complexes and the covalent relationship between ROS and
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their targets (Nathan, 2003). However, ROS do achieve specificity (reviewed
in (D'Autreaux and Toledano, 2007)) and the sequestration,
compartmentalization, deactivation and changing rates of production are both

analogous to and influenced by Ca*".

1.5.1 ROS generation

Before discussion of the potential involvement of ROS in cellular toxicity, it is
pertinent to highlight where and how ROS occur. ROS are generated under
physiological conditions as a necessary part of the ATP-producing machinery
of the cell. Growing evidence suggests that the balance between ROS
producing and ROS scavenging systems underpins the proper functioning of

the cell.

Mitochondria account for 90% of the total oxygen consumption and are the
principal source of ROS under physiological conditions (Herst et al., 2004). It
has been estimated that approximately 1-2% of all O, consumed is linked to
production of radicals. In order to generate ATP mitochondria oxidize NADH
and FADH,, produced by the TCA cycle or via B-oxidation of fatty acids, in a
series of reactions catalysed by enzyme complexes I-IV located on the inner
mitochondrial membrane that form the electron transport chain (ETC). These
complexes generate ROS as a by-product (Chen et al., 2003, Nicholls and
Budd, 2000, Turrens, 2003). It is thought that 10 or more components of
mitochondria produce ROS (Adam-Vizi and Chinopoulos, 2006), however,

the main sources of superoxide (O¢) are complexes | and Il (Figure 1.3).
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During the course of AP there is significant recruitment of immune cells to the
organ. ROS induce both activation and proliferation of immune cells
(Sundaresan et al., 1995, Irani et al., 1997, Suh et al., 1999). Moreover, the
recruited cells generate copious ROS production via the NOX family of
NAD(P)H oxidases (Bedard and Krause, 2007). Upon activation, NAD(P)H
oxidase assembles in the plasma membrane and reduces molecular oxygen
to superoxide. Phagocytes have been shown to employ NAD(P)H oxidase 2
to destroy pathogens within the phagosomal space (Nauseef, 2007). Within
neutrophils, hydrogen peroxide, formed from superoxide, is further converted
to hypochlorous acid by myeloperoxidase (Winterbourn et al., 2006), a
common marker of pancreatitis severity (Bhatia et al., 2005). The activity of
NAD(P)H oxidase and myeloperoxidase is vital for immune cells to mount
effective host defence, but should these oxidants be directed against host
tissue, inflammatory diseases such as pancreatitis may result (Pullar et al.,
2000). ROS production is enhanced in neutrophils obtained from patients
with AP (Tsuji et al., 1994) and ROS derived from neutrophil NADPH
oxidase may be key to implementing damage in experimental AP
(Gukovskaya et al., 2002b). However, it is unlikely that NADPH oxidase is
important for ROS production in pancreatic acinar cells since ROS
generation induced by menadione was unaffected by the enzyme inhibitor
diphenyliodonium chloride (DPI) (Criddle et al., 2006a). Furthermore, its
presence could not be confirmed by immunohistochemistry and may even be

absent in pancreatic acinar cells (Gukovskaya et al., 2002b).
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NAD(P)H Succinate
Matrix

Figure 1.3 The production of reactive oxygen species by mitochondria. A
schematic representation of mitochondrial oxidative phosphorylation. Electrons (black)
donated by NAD(P)H and other substrates such as succinate are used to reduce
molecular oxygen at complex IV. The electron flux drives proton transport (red) from
the matrix (light blue) to the intermembrane space (blue). Some of the electron flux
may become diverted at complexes I,1l and Ill producing superoxide (O,*). Ejected
protons flow back to the matrix driving ATP synthesis via ATP synthase.
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1.5.2 ROS defence mechanisms

In order to regulate the concentration and localisation of ROS, numerous
antioxidant strategies have been developed by the cell. The principal ROS
generated within mitochondria is the superoxide anion (O2*), which at neutral
pH is a moderately stable radical generally confined within mitochondria,
provided the organelle membrane is intact. Toxicity is reliant upon onward
generation of further reactive species which may react directly with bio-
molecules such as proteins lipids and DNA (Palmieri et al., 2007, Letko et al.,
1991, Kadlubar et al., 1998). In general, the deleterious effects of ROS
formed within the mitochondria are prevented by numerous antioxidant
systems. O, is converted to H,O, by a family of metaloenzymes; the
superoxide dismutases (Fridovich, 1995). While O, dismutates to H,O,
spontaneously, the rate is slow and O,* may either reduce transition metals
(particularly Fe?*) which in turn react with H,O, to produce fiercely reactive
OHe- or peroxynitrite. Therefore it is important that the cell maintains O,*" at
the lowest concentration possible. The majority of O, is produced and
released into the matrix that contains a specific form of SOD with manganese
at its active site (MnSOD) which eliminates O+ formed by the components of
the ETC (Fridovich, 1995). Expression of MNnSOD can be upregulated by

activation of pro-survival NF-kB, thus limiting further ROS production.

The oxidation of GSH to glutathione disulphide (GSSG) is an important step
in the control of potentially harmful radicals (Winterbourn, 2008). GSH is
synthesised from the precursor N-acetyl-L-cysteine (NAC) and consists of 3
amino-acid residues, glutamate, cysteine and glycine, in which the central

thiol group accounts for the reducing activity of the molecule. The pancreas
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contains high levels of GSH, approximately 2umol/g tissue, which represents
the fourth highest among the visceral organs (Neuschwander-Tetri et al.,
1997, Githens, 1991). Furthermore, the rate of metabolic GSH turnover is
high in the pancreas, with only the liver and kidneys possessing higher
activities (Githens, 1991), the pancreas therefore appears well adapted to
deal with ROS. The actions of glutathione are dependent upon the turnover
between reduced (GSH) and oxidised (GSSG) forms; GSSG is created and
can be shuttled back to GSH via GSH reductase. Crucially this requires the
donation of an electron from NAD(P)H primarily generated within the TCA
cycle. However, although glutathione is present in millimolar (mM)
concentrations the rate constant for reaction with H,O, is negligible and
therefore intracellular diffusion of H,O, per se would not be markedly affected
by GSH (Winterbourn and Metodiewa, 1999). It is the presence of the
selenium-containing enzyme GSH peroxidise (GPx), which catalyses the
reduction of peroxides to water (or related alcohols) and the concomitant

oxidation of GSH, that makes this a favourable reaction.

There are various enzyme systems that perform important antioxidant
defence roles. For example, NAD(P)H quinone oxidoreductase 1 (NQO1/DT
diaphorase) is an FAD-containing (flavoprotein) obligate 2-electron reductase
that functions as an endogenous cellular detoxifying mechanism (Dinkova-
Kostova and Talalay, 2000, Robertson et al.,, 1992). It is ubiquitously
expressed in all tissues and its expression is upregulated in both AP and
pancreatic adenocarcinoma (Lind et al., 1990, Lyn-Cook et al., 2006,
Hammons et al.,, 1995). NQOL1 also uses NAD(P)H derived from the TCA

cycle as a reducing cofactor in multiple reactions such as the production of

35



Introduction

relatively stable hydroquinones from endogenously generated quinone
species e.g. the tocopherol quinone and coenzyme Qi (Siegel et al., 1997,
Beyer et al., 1996). The near universal expression pattern of NQO1 implies a
generalized function, including direct scavenging of superoxide (Siegel et al.,
2004) and stabilization of p53 (Asher et al., 2002) which controls the
transcription of multiple genes involved in oxidative stress. In addition, it may
also directly scavenge superoxide (Siegel et al., 2004). Recent work from our
lab has highlighted the role of NQOL1 in the pancreatic acinar cell as an
important detoxifying mechanism. Inhibition of this enzyme with the inhibitor
2,4-dimethoxy-2-methylnaphthalene (DMN) dramatically increased the
generation of reactive oxygen species (Criddle et al., 2006a), because 1-
electron reduction directly to the relatively stable hydroquinone was
prevented, leaving 2-electron reductive pathways to generate unstable
semiquinone intermediates within redox cycles (Figure 1.4). The increased
levels of NQOL1 in pancreatic disease strongly suggest a function to limit

oxidative stress under pathophysiological stimulation.
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Figure 1.4. Schematic representation for the proposed mechanism of action of
DMN. One-electron (le/H") reduction of menadione generates the unstable
semiquinone radical prone to further reduction to the stable hydroquinone.
Backoxidation generates ROS (D'z) when in the presence of molecular oxygen.
Menadione may also be metabolized by a one-step two-electron (2e/2H") reductive
process, e.g. NQO1, directly to the hydroquinone with no ROS production. All
reductive processes utilize NAD(P)H as cofactor. Inhibition of NQO1 by DMN blocks
two-electron reduction of menadione and promotes one-electron reductive processes
leading to enhanced ROS generation.
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1.5.3 Influence of ROS on Ca** signalling

Given the importance of restricting cytosolic Ca** levels within physiological
limits and defined micro domains, the cell must finely coordinate Ca** entry,
release and exit mechanisms to ensure that pathological changes do not
ensue. Although thorough research is still lacking in pancreatic acinar cells,
studies in diverse cell types suggest that many of these homeostatic
processes are sensitive to, and are modulated by, ROS. For example, both
IP;R and RyR contain reactive cysteine residues that may be modified by
ROS, changing their activity (Eu et al., 2000, Sun et al., 2001, Meissner,
2002) thereby modulating intracellular Ca** release events which have
already been shown to be responsible for deleterious trypsinogen activation
(Husain et al.,, 2005). Furthermore, thiol oxidation prevents negative
regulation of the IP3R by calmodulin by inhibiting its binding to the receptor
(Hamilton and Reid, 2000, Zissimopoulos and Lai, 2006, Foskett et al.,
2007). Although not specifically investigated in the acinar cell, the general
effect of oxidation of the RyR is to increase channel activity, a process which
enhances subunit assembly and inhibits calmodulin binding, a negative
regulator of the receptor (Hamilton and Reid, 2000). The situation with
respect to the IP3R is more complex. ROS sensitize the IP3R to activation by
IP3s, but inhibit channel function (Joseph et al., 1995, Joseph et al., 2006).
Thiol oxidizing agents may sensitize the channel in a manner sufficient to
produce cytosolic oscillations in the absence of stimulation (Missiaen et al.,
1991, Bootman et al., 1992) and may preserve the IPsR-linked Ca®'

oscillations necessary for exocrine secretory function (Camello-Almaraz et
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al., 2006). In a wider context, exogenously applied ROS enhanced the
release of Ca®" in vascular smooth muscle cells. However, when non-
hydrolysable analogues of IP; were used, no difference was detected,

suggesting a role for ROS in the breakdown of IP3; (Suzuki and Ford, 1992)

Recent progress has been made with respect to elucidation of the vital Ca®*
entry mechanism in pancreatic acinar cells, which is now thought to involve
formation of a STIM1-Orai complex (Lur et al., 2009). Under conditions of
store depletion STIM1 senses Ca®" changes within the ER and translocates
to the plasma membrane forming a functional complex with Orail (Mercer et
al., 2006). Interestingly, the Ca*" release (IPsR) and Ca®" entry (STIM1-
activated channels) mechanisms appear to be spatially distinct in the acinar
cell, with ribosome-free portions of ER forming close associations with the
plasma membrane (Lur et al., 2009). Recently, differential redox regulation of
the Orai channels has been reported in T-cells that may function to tune
cellular Ca** signalling (Bogeski et al., 2010). Whether ROS sensitivity plays
a role in Orai-mediated Ca®" entry in acinar cells is likely but as yet

undetermined.

Ca’* pumping mechanisms that control cytosolic Ca®** are sensitive to the
redox environment. For example, H,O, applied to pancreatic acinar cells
altered the normal pattern of CCK or ACh-evoked Ca®" signals, resulting in
more global, sustained responses as the concentration of H,O, increased
(Bruce and Elliott, 2007). More recently, H,O, induced PMCA inhibition has
been demonstrated, thereby decreasing Ca®" clearance from the cytosol
through the plasma membrane (Baggaley et al., 2008). The SERCA pumps
are also subject to oxidative modification, as they possess redox-sensitive
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cysteine residues which exhibit varied effects upon oxidation (Sharov et al.,
2006). Current data suggest that mild oxidative conditions oxidize Cys674, up
regulating activity (Adachi et al., 2004), whereas prolonged exposure to
oxidative stress can cause suphonylation of the same residue and oxidation
of other residues, eliciting irreversible SERCA inhibition (Adachi et al., 2004,
Grover and Samson, 1988, Suzuki et al.,, 1992). Such divergent effects
highlight the complexity of the partially understood relationships between
Ca’*-signalling and ROS, suggesting fine-tuning in the levels of localised,

subcellular ROS may affect Ca®* homeostasis positively or negatively.

1.5.4 Ca**, ROS and cell death

The severity and/or duration of stress applied to pancreatic acinar cells are
likely to be crucial in the control of cell death modality (Criddle et al., 2007).
Apoptosis and necrosis represent distinct ends of a wide cell death spectrum
(Melino et al., 2005). Apoptosis is genetically controlled and occurs via
caspase-dependent or caspase-independent mechanisms (Orrenius et al.,
2007), whilst necrosis is considered the unregulated default mechanism of
cell death, although this view has been questioned (Golstein and Kroemer,
2007). Recently, autophagy has become of interest within
pancreatology. Autophagy is classically viewed as an intracellular
degradation mechanism for both long-lived proteins and whole
organelles. It primarily operates under stress conditions to promote
survival under starvation conditions or cell death when apoptosis is
inhibited (Yu et al., 2004). The degradation within autolysosomes is
catalysed by hydrolases, specifically cathepsins such as L and B
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(Bohley and Seglen, 1992), and functions to recycle vital nutrients
such as amino acids (Mizushima et al., 2008). Although currently the
role and significance of autophagy in disease states is incompletely
understood, recent pioneering work has shed light upon this process in
pancreatitis (Hashimoto et al., 2008). The study showed that mice
deficient in Atg5, a protein central to autophagy, exhibited reduced
trypsinogen activation and almost no acute pancreatitis. Subsequent
work has reported that impaired autophagic flux mediates
vacuolization and trypsinogen activation in rodent models of acute
pancreatitis, possibly due to an imbalance between cathepsins L & B

(Mareninova et al., 2009).

The principal mechanism of pancreatic acinar cell death is necrosis (Kloppel
and Maillet, 1993), which determines the severity and outcome of the
disease, characterised by markers such as mitochondrial swelling,
vacuolization, loss of plasma membrane integrity and crucially, leakage of the
intracellular contents. However, apoptosis, unlike necrosis, involves a
regulated cascade of signalling events which result in the “clean” removal of
the dead cell from the tissue, as opposed to the “dirty” process of necrosis,
which is characterised by loss of membrane integrity and leakage of
intracellular components, eliciting inflammation (Melino et al.,, 2005). The
major forms of cell death, apoptosis and necrosis, co-exist to differing extents
in established models of pancreatitis induced by caerulein, bile acids
(taurolithocholic acid sulphate, TLC-S), choline deficient, ethionine
supplemented (CDE) diet and pancreatic ductal obstruction (Esrefoglu et al.,

2006, Kaiser et al., 1995, Perides et al., 2010). Studies have indicated that
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induction of apoptosis reduces severity of caerulein-induced pancreatitis
(Bhatia et al., 1998), while inhibition of caspase activity (and therefore
apoptosis) leads to severe necrotising pancreatitis (Mareninova et al., 2006).
The control of apoptosis in the pancreatic acinar cell remains to be fully
elucidated; however, considerable progress into the subject was made by
elucidating the link between intracellular ROS generation and apoptosis
(Criddle et al., 2006a). This work demonstrated that redox cycling by the
oxidant menadione produced large increase in intracellular ROS, in a manner
completely abolished by the antioxidant NAC. ROS was promoted by
inhibition of NQO1 by DMN and apoptosis was preferentially increased in
cells where ROS generation was highest. This led to proposal that ROS
production in the pancreatic acinar cell led to apoptosis and not to necrosis.
Thus the balance of cell death between apoptosis and necrosis may be
critical for the outcome of the disease, and ROS may be central to the control

of this, a hypothesis that requires thorough testing.

1.5.5 Clinical experience with antioxidants and ROS

Antioxidants contribute to the removal of free radicals and are grouped into
agents that are either free radical scavenging enzymes (e.g. SOD), enzyme
cofactors (e.g. selenium), enzyme substrates (e.g. Vitamins A,C & E) or non-
enzymatic antioxidants (e.g. Ebselen, CV-3611). The rationale for the use of
such therapy for the treatment of AP is essentially two-fold. Firstly, an
increase in oxidative stress is implicated in the pathogenesis of many
systemic phenomena such as systemic inflammatory response syndrome
(SIRS) and sequelae, such as acute respiratory distress syndrome (ARDS)
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and multiple organ dysfunction syndrome (MODS), all of which are major
features of AP. Greater oxidative stress has been observed in patients with
severe and mild AP compared to healthy volunteers. (Tsai et al., 1998) In
remote organ injury, oxidative damage to plasma constituents such as
proteins and lipids is a mortality predictor in patients with established ARDS
(Quinlan et al., 1996, Quinlan et al., 1994a, Quinlan et al., 1994b, Quinlan et
al.,, 1997). Secondly, a decrease in anti-oxidant levels has been
demonstrated in a variety of AP animal models, including those induced by
caerulein, CDE diet and Na-taurocholate (Schoenberg et al.,, 1994,

Dabrowski et al., 1988, Nonaka et al., 1989c, Nonaka et al., 1989b)

Unfortunately, the theoretical promise of antioxidant therapy has not been
borne out by animal experimental pancreatitis studies and human trials,
which have produced conflicting findings. There may be a number of reasons
for these different results and indeed the conflicting findings with other anti-
oxidants, including differences between combinations of agents, doses or
physiological differences between species and types of model. Importantly
though, antioxidant treatments have frequently been given simultaneously, or
prior to, AP induction in animal models which is incompatible with the human
clinical situation. The main focus of animal studies has tended towards
proving the involvement of oxidative stress and not the standardised testing

of the efficacy of specific antioxidant therapies.

Human trials have generally concentrated on scavenging free radicals via the
glutathione pathway, selenium, a non-metal cofactor required for glutathione
peroxidase function, and N-acetyl- L-cysteine (NAC), have been used
extensively. Other studies have used vitamins A, C (ascorbate) and E, to
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augment the antioxidant defence. Unlike animal studies, enzymes have not
been directly administered and also studies frequently use combinations of
antioxidants, making it difficult to isolate the effects of individual compounds.
A combination of antioxidants, featuring NAC and selenium, was assessed
using an observational study on patients (Virlos et al., 2003) showing that the
antioxidants were safe, with no reported side effects, and restored
antioxidant levels towards normal, though only vitamin C and selenium were
significantly improved. However, the authors could not demonstrate a
significant impact on mortality in severe AP. A further prospective study
assessed efficacy of high dose vitamin C treatment in patients with AP (Du et
al., 2003). The high dose group demonstrated greater levels of plasma
antioxidants, and reduced levels of lipid peroxidation and recovery from
clinical symptoms was significantly quicker. This study demonstrated
promising results, however, the fate of the patients with severe AP was not
documented adequately and this must be a crucial endpoint for any potential
treatment. A further major criticism of these trials and others is a lack of
randomisation and blinding, impeding accurate conclusions about the

potential benefits of anti-oxidant therapy.

A recent single-centre study in the UK addressed the criticism of lack of
randomisation in prior investigations, being the first reported randomised
controlled trial of anti-oxidant therapy in AP (Siriwardena et al., 2007). This
was a relatively small trial (43 patients) which evaluated the effects of
administration of a combination of NAC, selenium and vitamin C to AP
patients over 3 years. The authors found that relative serum levels of

antioxidants rose while markers of oxidative stress fell in the active treatment
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group during the course of the trial. However, at 7 days, there was no
statistically significant difference in the primary end point, organ dysfunction,
between test and control groups (antioxidant vs. placebo: 32% vs. 17%,
p = 0.33) or for any secondary end-point of organ dysfunction or patient
outcome. Furthermore, this study highlighted a trend towards a more
deleterious outcome in patients given antioxidant therapy and the potential to

manipulate ROS in the treatment of AP remains far from clear at present.

1.6 Ethanol and pancreatitis

Alcohol abuse is the main cause of pancreatitis (Petersen and Sutton, 2006).
Its incidence is directly related to the level of alcohol consumption. However,
it is only a small minority of heavy drinkers who suffer from the disease (Apte
et al., 2008). With regards to the pancreatic acinar cell, even extremely high
concentrations of ethanol (up to 850mM), only produce small changes in
cytosolic calcium and have no major effect on oscillations generated by
agonists such as acetylcholine (ACh). Cells do not lose the ability to control
their calcium homeostasis (Criddle et al., 2004). The findings highlighted
that ethanol alone does not consistently cause deleterious effects in the
pancreatic acinar cells. Experimentally, ethanol alone is unable to produce
pancreatitis (Apte et al., 2006, Petersen and Sutton, 2006), neither high
ethanol diets or even continuous intragastric infusion of ethanol is able to
induce pancreatitis(Deng et al., 2005). Alcohol is principally linked with the
pathology of the liver, where the oxidative metabolite of ethanol,

acetaldehyde, is implicated in the development of alcoholic liver disease
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(Hoek et al.,, 2002). When acetaldehyde was applied to pancreatic acinar
cells, the effects of calcium homeostasis were minimal (Criddle et al., 2004).
The apparent paradox of alcohol and pancreatic pathophysiology, may relate
to convincing evidence that the mediators of damage to the pancreas are
non-oxidative ethanol metabolites formed from the esterification of ethanol

and free fatty acids.

1.6.1 Ethanol metabolism

Ethanol may be absorbed in an unmodified way along the entire length of the
alimentary canal. Absorption takes place rapidly from the stomach (20%)
and most rapidly from the small intestine (80%). Absorption from the gut into
the bloodstream quickly equilibrates ethanol concentrations throughout total
body water. Ethanol is subsequently metabolised at a steady rate (reviewed
in (Pawan, 1972)). Ethanol metabolism in man and other mammals is
principally achieved via the oxidative pathway. Oxidative ethanol metabolism
may occur in one of three ways: Alcohol dehydrogenase, Cytochrome
P4502E1 (CYP2E1L) and catalase, which are apportioned into the cytosol,
microsomes and peroxisomes respectively. Alcohol dehydrogenase (ADH) is
an intensely studied enzyme and there is considerable literature concerning
its structure and function (reviewed in (Hawkins and Kalant, 1972)). The

reaction catalysed by ADH can be represented by the following equation:

CH3CH,OH + NAD" & NADH + H" + CH3CHO

Following absorption, it is this reaction which is considered the rate limiting

step in the full and complete degradation of ethanol. Human ADH displays
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maximum activity at 170mM but is remarkably non-specific and will readily
oxidize poisonous methanol and ethylene glycol, to even more deleterious
intermediates, and often treated with the ADH inhibitors such as pyrazole

derivatives or even ethanol (reviewed in (Hawkins and Kalant, 1972)).

Catalase was one of the first proteins to be crystallized, this was achieved by
Sumner and Dounce in 1937, since then structures have been solved

representing a variety of states of binding and oxidation.

The action of catalase on ethanol can be represented by the following

equation:
CH3CH,0OH + H,O0, - CH3CHO + 2H,0

Like ADH, catalase is not specific for ethanol and methanol is also well
catalyzed. It is interesting to note that the forward progression of this
reaction removes the ROS H,0,. The role of catalase in the metabolism of
ethanol in vivo may, however, be limited. If catalase activity is significantly
inhibited (>90%) with 3-amino-1,2,4-triazole, no effect upon hepatic ethanol
oxidation is noted whether in vitro or in vivo (Smith, 1961). This is perhaps
because of the limited availability of H,O, to act as a co-factor in the
peroxidation of ethanol (Goodman and Tephly, 1968). As such, in
physiological conditions, catalase may play only a very small part in ethanol
metabolism. However, in pathological conditions there is considerable scope

for dramatic increases in H,O, production.

Due consideration should be given to the 3™ component of the oxidative
ethanol degradation pathway, that catalyzed in the NADPH-dependent

microsomal acetaldehyde-oxidising system (MAOS). The MAOS is an
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inducible system. Isolated rat hepatic microsomes display up to 24-fold
increase in ethanol oxidising ability following ethanol administration to rats
(Kunitoh et al., 1997). While the MAOS contains numerous cytochrome
p450, inactivation of CYP2E1 by antibody reduced total activity by
90%.(Kunitoh et al., 1997). Importantly, CYP2E1 is both present and active
within the pancreas, and furthermore is induced by chronic administration of

ethanol (Norton et al., 1998).

The ability of cells of the pancreas to process ethanol via the oxidative
pathway has been assessed by Haber et al. (Haber et al., 1998), with direct
comparison to cultured hepatocytes. 14C-labelled ethanol was used to
evaluate the production of 14C-labelled acetate, a downstream metabolite.
The rate of pancreatic oxidative metabolism of ethanol was judged to be
comparable to that of the hepatocytes exposed to the same conditions. This
work was corroborated in isolated rat acini, where interestingly 4-
methylpyrazole, a classical inhibitor of the isoforms ADHI and ADHII, was

found to have no effect (Gukovskaya et al., 2002a).

The contribution of the MAOS in pancreas has not been fully explored,
although it was initially found not to provide a significant contribution to
overall ethanol metabolism (Haber et al., 1998). However, studies detailing
the contribution of CYP2E1l following induction of the enzyme are
conspicuous by their absence, although it should be noted that in hepatocyte
models, over expression of CYP2E1 was not able to rescue cells from ADH-
deficiency, suggesting ADH as the dominant factor in ethanol metabolism

(Bhopale et al., 2006, Wu et al., 2006).
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1.6.2 Non-oxidative ethanol metabolism

The alternative pathway of ethanol metabolism is the non-oxidative pathway.
Non-oxidative ethanol metabolism involves the formation of fatty acid ethyl
esters (FAEE). FAEE are the products of esterified ethanol and fatty acids
(Laposata, 1999) which were observed in vitro (Newsome and Rattray, 1965)
and in vivo (Goodman and Deykin, 1963) as early as 1965 and 1963
respectively. However twenty years were needed for the significance of
FAEE to become apparent. In 1983, Lange and Sobel observed that
although alcohol was known to affect the heart, there was only very low level
production of acetaldehyde, a metabolite demonstrated to be involved in
pathogenesis of the liver for example. Their work led to the discovery of
FAEE in isolated perfused rabbit hearts following administration of
physiologically relevant concentrations of fatty acids and ethanol (Lange and
Sobel, 1983). The same study subsequently found that FAEE were present
at up to 115uM in the hearts of cadavers that had died while acutely
intoxicated. Furthermore, the study highlighted the role of mitochondrial
dysfunction in alcohol mediated heart damage, and proposed a model
whereby FAEE could act to shuttle fatty acids to the mitochondria. Therefore
resulting in a build-up of free fatty acids within the mitochondria and

uncoupling oxidative phosphorylation (Lange and Sobel, 1983).

A landmark study by Laposata and Lange in 1986 demonstrated that it was
the organs most frequently damaged by alcohol, the brain, liver, pancreas
and heart, which possessed the highest concentrations of FAEE following
alcohol intake that led to the death of the individuals (Laposata and Lange,
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1986). Furthermore the study demonstrated that it was these same organs
that possessed the greatest ability for de novo synthesis of these
metabolites. Considerable time passed until the toxicity of FAEE was
assessed. Exposure of HepG2 cells to LDL packaged, physiologically
relevant concentrations of FAEE showed markers of toxicity, such as
decreased proliferation and protein synthesis (Szczepiorkowski et al., 1995).
Toxicity was also demonstrated in whole animal in vivo studies (Werner et
al., 1997) where pancreatic, injury was specifically highlighted by increases in

trypsinogen activation peptide.

The source of FAEE is still unclear, initially at least, it was assumed that
FAEE accumulation in the pancreas may occur following production in distant
sources and transported (or even synthesised in) the blood itself (Doyle et
al., 1994). The liver was a natural candidate for production given its high
level of FAEE synthase activity (Werner et al., 2001), however subsequent
work demonstrated the presence of FAEE synthase activity in the pancreas
(Gukovskaya et al.,, 2002a, Werner et al, 2001), showing that FAEE
accumulation in the pancreas is likely due to synthesis within the gland itself.
This is strongly supported by reports of FAEE synthase activity being 3.5-10-
fold higher than in similar hepatocyte preparations (Gukovskaya et al.,

2002a, Werner et al., 2001).

1.6.3 Oxidative vs. Non-oxidative metabolism

In light of the significant evidence that the pancreatic acinar cell is able to
metabolise ethanol via both the oxidative and non-oxidative pathways, it was
a natural progression to establish the relative contributions of either pathway
to the sum of pancreatic ethanol metabolism. Experiments with radio
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labelled ethanol have demonstrated that the oxidative pathway consistently
forms a larger part of total metabolism than the non-oxidative pathway
(Gukovskaya et al., 2002a). This does not detract from the effect of the non-
oxidative metabolites, as levels of synthesis are adequate to produce
pancreatic injury (Haber et al., 1993). Crucially the balance between
oxidative and non-oxidative ethanol metabolism is linked. Experiments with
rat pancreatic homogenates demonstrated that inhibition of oxidative
metabolism with the ADH-inhibitor 4-methylpyrazole caused an increase in
the generation of non-oxidative metabolites (Werner et al.,, 2001). This
concept was expanded with in vivo work where 4-methylpyrazole was infused
with ethanol into rats, leading to an accumulation of pancreatic FAEE
(Werner et al.,, 1997). These data provided a conceptually important link
between the two forms of metabolism, whereby non-oxidative metabolism
can be greatly increased by inhibition of the oxidative pathways. This leads
to the synthesis and accumulation of FAEE, and their subsequent
accumulation in mitochondria and inhibition of mitochondrial function (Lange

and Sobel, 1983).

1.6.4 Role of non-oxidative metabolites in acinar cell injury

The role of non-oxidative ethanol metabolites in pancreatic injury has
become generally accepted in the literature (Pandol et al., 2007). A
significant step was experimental data that linked the actions of exogenously
applied FAEE to the abnormal Ca?*-activity that is central to acinar cell
pathology. Direct application of the FAEE palmitoleic acid ethyl ester
(POAEE) to isolated murine pancreatic acinar cells caused large increase in
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intracellular calcium ([Ca*']) (Criddle et al., 2004). These effects were not
limited to POAEE since a variety of other FAEE produced similar results.
Crucially the effects were completely dissimilar to the effects of ethanol
alone, which was largely without effect (Criddle et al., 2004). Application of
palmitoleic acid (POA) non-esterified free fatty acid (FA) was also able to
produce concentration-dependent rises in [Ca®']; which like the FAEE were
acutely dependent upon the presence of extracellular calcium.  Further
investigation demonstrated that the non-oxidative metabolites were able to
cause release of Ca®* from the ER, demonstrated by the absence of further
effect by the ER specific SERCA pump inhibitor thapsigargin (Criddle et al.,
2006b). The mechanism by which Ca®" release from the ER was shown to
be, at least in part ,dependent upon functional IP3; receptors, as low-level
POAEE elicited spiking was inhibited by use of caffeine as an IP3R
antagonist (Criddle et al., 2006b). The effects of POA were completely
unaffected by caffeine demonstrating at least two separate mechanisms
behind FAEE/FA induced Ca®" elevation. The proposed generation of FA
from FAEE involves the cleavage of the ester bond by intracellular esterase
activity. Inhibition of this activity with bis-(4-nitrophenyl) phosphate (BNPP)

2+]i

converted POAEE-evoked sustained rises in [Ca“’]; to short lasting transient

events (Criddle et al., 2006b). This clearly highlighted the role of free fatty
acid formation in the toxicity of FAEE. The nature of the [Ca®'], rise,
principally the insensitivity to IP3R inhibition and slow progressive onset of
the sustained [Ca®']i increase suggested inhibited Ca?* clearance by the
Ca?*-dependent ATPases present on the ER and plasma membrane. Given

the ATP-dependent nature of the Ca?'-clearance machinery, depletion of
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cellular ATP was a prime candidate for the inhibitory effect on these pumps.
Experiments with fluorescent indicators and later genetically encoded
mitochondrial luciferase probes demonstrated that inhibition of mitochondrial
ATP production was a feature of both POA and POAEE (Criddle et al.,
2006b, Voronina et al., 2010). This model was effectively tested by
supplementing acinar cells with exogenous ATP introduced into the cell via
whole cell patch pipette. In this case POA was completely unable to produce

the slow sustained rises in [Ca®];

that characterised the response in the
absence of ATP (Criddle et al., 2006c). The large sustained [Ca®']; rises
caused by high levels of POAEE were converted to the transient spikes seen
with lower levels in the presence of supplementary ATP. These data give
rise to the plausible explanation of a double effect as caused by non-
oxidative ethanol metabolites. FAEE are both generated and accumulate in
the pancreas, where, within acinar cells they are able to open Ca®' release
channels such as the IP3R. Subsequent hydrolysis yields free fatty acids
which induce the mitochondrial dysfunction first postulated by Lange and
Sobel (Lange and Sobel, 1983). This induces dysfunction of the
mitochondria and renders them unable to produce sufficient ATP (Voronina
et al., 2010, Criddle et al., 2006b). Falling intracellular ATP levels do not

] load induced by IP;R-mediated Ca?**-release,

allow the cell to clear the [Ca
because the ATPase pumps mounted on the ER and plasma membrane lack
sufficient ATP substrate leading to Ca®*-dependent necrosis. Alternative
mechanisms for removing Ca?* such as the Na'/Ca®" antiporter have very

little activity in pancreatic acinar cells and may even be absent (Muallem et

al., 1988). When ER stores become depleted store operated Ca?*-entry
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occurs, further exacerbating the Ca®" overload (Lur et al., 2009). Excessive
[Ca®"]; leads to enzyme activation, and eventually cellular necrosis (Raraty et

al., 2000, Criddle et al., 2006b).

The increased understanding of lipids and lipid-derivatives has shed
considerable light on the pathogenesis of acute pancreatitis. In common with
other protagonists such as caerulein and bile acids, the role of Ca?* is again
pivotal. The development of a rational therapy against alcohol induced
pancreatitis may prove difficult. Previous work indicates that the Ca*-
handling machinery may be an attractive target. Blockade or partial inhibition
of Ca**-release may prove an option. This is supported by the small but
significant protective effect that coffee drinking has on the severity of
alcoholic pancreatitis (Morton et al., 2004). Coffee is known to contain many
compounds including caffeine, which may be exerting an effect on IP3R-
mediated Ca?*-release. Prevention of initial FAEE-formation is an attractive
target as this would prevent abnormal Ca**-release events and subsequent
shuttling of free fatty acids to the mitochondria. To prevent formation of
FAEE, the identity of the enzyme forming the molecules is extremely useful
information. There are currently several candidates. The association of a
gene polymorphism in the locus responsible for carboxyl ester lipase (CEL)
with increased risk of alcohol-induced pancreatitis has been demonstrated
(Miyasaka et al., 2005). While this is fascinating, there has been no data with
regard to the functional significance of the mutation. Perhaps the most
interesting is the variously titted FAEE synthase (Cholesterol
esterasel/triacylglycerol lipase/bile salt activated lipase). This membrane-

bound and cytosolic enzyme is released into the circulation of patients with
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pancreatitis (Aleryani et al., 1996) and can be found abundantly in
mammalian liver and pancreas. The enzyme has been specifically purified
from rat pancreata and characterised to be triacylglycerol lipase and
Cholesterol esterase (ChE) (Riley et al., 1990, Kaphalia and Ansari, 2003).
Crucially the enzyme was found to be structurally and functionally distinct
from the enzyme found abundantly in the liver (Kaphalia et al.,, 1997,
Kaphalia and Ansari, 2001). Recent work has highlighted the role of this
particular enzyme with studies in rat AR42J cells. Most exciting was the use
of 3-benzyl-6-chloro-2-pyrone (3-BCP), a purported FAEE synthase inhibitor.
Addition of this compound prevented both FAEE synthesis and caspase-3
dependent apoptosis (Wu et al., 2008). This compound represents an
interesting candidate as a possible therapeutic agent. However, as yet it has
not been investigated in murine primary pancreatic acinar cells or human
acinar cells. Crucially, AR42J cells appear to undergo apoptosis in response
to FAEE exposure, as demonstrated by caspase-3 inhibition (Wu et al.,
2008), whereas freshly isolated acinar cells tend to undergo necrosis, and

different mechanisms of cell death may belie different modes of action.

1.7 Aims and objectives

e To establish the properties of common precipitants of acute
pancreatitis as generators of reactive oxygen species

e To explore the mechanism of ROS generation

e Evaluate the effects of ROS generation on the fate of pancreatic
acinar cells

e To establish the effects of oxidative and non-oxidative alcohol
metabolism on pancreatic acinar cell calcium homeostasis and
mitochondrial function
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e To assess the effects of alcohol metabolism on pancreatic acinar cell
fate.
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Chapter 2

Materials and methods
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2.1 Pancreatic acinar cell isolation

Male CD-1 or C57B6 mice were stunned and then Kkilled by cervical
dislocation, in accordance with the Animal (Scientific Procedures) Act
(A(SP)A) 1986. The animal was laid on its right side before a section of the
flank was washed in 100% ethanol to wet the fur and prevent contamination.
A large incision was made through the skin to reveal the abdominal wall.
This was further incised to allow access to the peritoneal cavity. The
pancreas is located underneath and delicately attached to the spleen, clearly
visible owing to its dark colouration and thin rounded shape. Using
dissection scissors and forceps the pancreas was carefully dissociated from
the spleen before being removed from the proximity of the duodenum. The
excised pancreas was placed in 4-5 ml of NaHEPES buffered salt solution,
containing in mM: NaCl 140, KCI 4.7, MgCl, 1.13, HEPES 10, glucose 10,
CaCl; 1, pH 7.3. This was used to remove any excess blood and other fluids
and non-pancreatic cells. The wash is repeated if needed. The pancreas
was then transferred, along with minimal excess solution, to a second dish
where 1ml of warm collagenase (220 units/ml, Worthington Biochemical
Corporation, Lakewood, NJ) solution was injected into the pancreas at
multiple points to introduce collagenase solution into the ductal structure.
The pancreas was incubated at 36.5 °C for between 13 and 18mins

depending upon batch variations in collagenase.
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After collagenase incubation the pancreas was placed in a 15 ml
polycarbonate tube (Sarstedt, Leicester UK) with 3 ml of NaHEPES solution.
The pancreatic tissue was dissociated by triturating with micropipette tips of
progressively decreasing diameter. A cloudy supernatant is formed by cells
suspending in the solution. The supernatant was removed to an additional
identical tube, and replaced with fresh NaHEPES solution. This process was
continued until cloudy solution was no longer obtained. The second tube
was then centrifuged at 260 G for 1 minute to form a pellet. This pellet was
then re-suspended in NaHEPES solution for loading with fluorescent

indicators.

2.2 Human pancreatic tissue sample retrieval

During surgery (pancreatic resection), a small piece (~1 cm® of pancreas
was cut from the transection margin of the remaining pancreas with a new
scalpel blade to limit gross macroscopic cell damage. Efforts were made by
the surgeon to minimise the time period in which the sample was both
ischemic and warm. The sample was immediately washed in cold
extracellular solution to remove debris and blood products. The sample was
immediately taken to the laboratory in the extracellular solution described
above, on ice with care to ensure that the ice was not below 0 °C. The time
from sample collection to the start of cell isolation was less than 10 minutes
in all cases.

2.3 Human pancreatic acinar cell isolation

Single acinar cells and small acinar cell clusters were isolated by a method
adapted and modified from the rodent work outlined above (2.1). Small

sections of pancreatic tissue were manually dissected using fine forceps into
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sections of approximately 100 mg wet weight. Care was taken to remove all
non-acinar tissue, adipose tissue was a common contaminant and if the
tissue floated, it was further dissected to remove excess fat. The sample was
then injected at several points with collagenase (220 U/ml) (Worthington,
Lakewood, NJ). During the injection, fat droplets were often released and
became visible on the surface of the collagenase solution; fresh collagenase
solution was substituted to prevent onward transfer of fat. Unlike murine
pancreas, uniform delivery of collagenase to every portion of the pancreatic
sample was impossible, as there usually was no intact pancreatic ductal
system following the initial surgical resection of the sample. In an attempt to
overcome this, the sample was partially sliced with a fresh surgical blade
(size 23) to increase the surface area exposed to the collagenase, repeated
washes were performed to remove damaged cellular material. The sample
was then incubated in an agitating water bath for 15 — 30 mins at 36°C.
Following digestion, the pancreas was placed into a 15 ml polycarbonate
tube (Sarstedt; Leicester UK) containing around 4 — 5 ml standard
extracellular solution. Trituration through micropipette tips of progressively
diminishing diameter produced the final population of pancreatic acinar cells,
which were re-suspended twice in an extracellular solution buffer following a
period of 1 minute centrifugation at 260 G in each case. Tubes were
exchanged 2-3 times to remove fat adhering to the walls. The final cell pellet
was resuspended in 2 ml extracellular solution. All experiments were
performed at room temperature and cells used within three hours of isolation,

and cells were stored at 4 °C.
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2.4 Pancreatic acinar cell culture

Long term (<48 hr) culture of pancreatic acinar cells was achieved by
modification of the standard extracellular solution. The standard NaHEPES
based extracellular solution was supplemented with MEM amino acids, 292
pg/ml L-glutamine, 100 units/ml penicillin, 100 units/ml streptomycin,
(GIBCO/Invitrogen, Paisley, UK), 2 pM cholecystokinin and 1 mg/ml soybean
trypsin inhibitor (CCK, Sigma, Gillingham UK). pH was adjusted to either
pH7.3 or 7.5 to compensate for acidification when used in 5% CO2 incubator.
The solution was sterile filtered (0.2 um) and stored in sterile conditions.
Cells derived from several murine pancreata were dispersed and seeded
onto poly-D-lysine coated glass-bottom culture dishes (MatTek; Ashland, MA)
and allowed to attach for ~1 hr. Media was changed frequently, ~12 hrs, to

prevent build-up of dangerous cell degradation products.

2.5 Confocal microscopy

Confocal imaging was performed on a Zeiss LSM510 confocal microscope
(Carl Zeiss; Jena, Germany). Excitation laser lines and emission collection
parameters were selected to obtain maximum signal to noise ratio with the
indicators used according to the manufacturer’s instructions. In all cases
cells were visualized with either a C-Apochromat 63X water immersion
objective, numerical aperture 1.2, or a Plan-Apochromat 40X oil immersion
objective, numerical aperture 0.8. The pinhole was set according to the
needs of the experiment; for whole-cell imaging of Fluo4 or DCFDA the
maximum light intensity is required. As such, the microscope was set with

the pinhole at maximum; 18.21 Airy units representing an optical slice of 141
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MM. For imaging of organelles, such as the mitochondria, the pinhole was
set at an intermediate level of 2.5 Airy units representing an optical slice of
20 uM. Cells fixed for immunofluorescence were imaged with the pinhole set

to 1 Airy unit (8.9 uM) for maximum resolution.

2.6 Use of fluorescent indicators

Cytosolic Ca** was imaged with the Fluo3-derived calcium indicator Fluo4
(Invitrogen; Paisly, UK). This is loaded in cell permeable aceto-methoxyester
(AM) form. This allowed free passage across cell membranes before the AM
group is cleaved by non-specific intracellular esterase activity. The affinity of
Fluo4 for calcium is 345 nM, which was ideal for the range of Ca®'
concentrations encountered in the cytosolic compartment (50 nM-5 uM
(Ward et al., 1995)). Fluo4 is prepared by first creating a 20 mM solution in
high-grade di-methyl sulphoxide (DMSO; Sigma, Gillingham UK). This is
added to the cell preparation by calculating the volume of stock required to
create a 3 UM loading concentration. The exact volume is then pipetted into
a fresh tube, NaHEPES extracellular solution was then used to dilute this
before being added to the cell preparation to reduce osmotic shock
associated with DMSO. DMSO concentrations were kept below 0.01% at all
times. Fluo4 was loaded in the dark at room temperature (21-23 °C) on a cell
shaker at 100 RPM for 30 minutes. Once complete the cells were washed in
NaHEPES extracellular solution and re-suspended. Fluo4 was excited with a
488nm laser line and emission collected between 505-530 nm.

Mitochondrial Ca®* was imaged with the calcium-sensitive rhodamine-derived

indicator Rhod-2 (Invitrogen; paisley, UK). Like Fluo4, Rhod-2 was loaded in
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cell permeable AM form; however intracellular cleavage of the AM group
yields a cationic moiety which preferentially partitions to the mitochondrial
compartment. Rhod-2 was loaded at 2.5 pM for 30 mins at room
temperature in the same manner as Fluo4. Excitation was with a 543 nm
laser line and emission collected from 560-650 nm. Rhod-2 exhibited
extremely low fluorescence in the resting state, but upon stimulation
increases in fluorescence >10 fold, and so care must be taken to avoid

saturation of the optical equipment.

Several fluorescent indicators were used throughout this project to measure
intracellular reactive oxygen species; [ROS];, cytosolic calcium; [Ca®'].,

mitochondrial calcium [Ca®']n, and mitochondrial membrane potential [W].

Dynamic changes in [ROS]; were visualized with the fluorescien-derived 5-
(and 6-)carboxy-2',7'-dichlorofluorescein diacetate, CM-DCFDA, this dye
becomes fluorescent upon oxidation within the cell interior. This was loaded
at 2.5 puM for 30 mins at room temperature in the same manner as Fluo4,
with special attention given to prevent unnecessary exposure to light. DCFDA
was excited with a 488 nm laser line and emission collected from 505-550
nm. Extreme caution was taken to avoid unnecessary exposure to light
throughout the experimental series. Cells were stored at 4 °C in the dark
prior to experiments, in order to slow the normal physiological generation of
[ROS]i and prevent unintentional photo activation of the indicator. Confocal

microscopy of DCFDA loaded cells was also adapted to minimise the
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exposure of cells to laser light. Detector and amplifier gain were maximized

and resolution (x,y and t) and laser intensity minimised.

Mitochondria were specifically stained with tetra methyl rhodamine methyl
ester (TMRM). TMRM, at low concentrations, selectively and reversibly
accumulates in the mitochondrial matrix acting as a sensor for the changes in
the mitochondrial membrane potential (AW). TMRM was loaded at 37.5 nM
for 30 mins at room temperature before the cells were washed and re-
suspended in standard extracellular solution. TMRM was visualised with 543
nm excitation and emission collected at 560-650 nm. If fluorescence at the
beginning of the experiment displayed the correct mitochondrial distribution,
but insufficient intensity, an additional on-stage loading was performed (50
nM, ~3mins) and their metabolism assessed by NAD(P)H autofluorescence

(excitation 363 nm, emission 390-450 nm).

The LSM510 confocal microscope is able to resolve and separate multiple
loaded indicators in addition to NAD(P)H autofluorescence. NAD(P)H is a
vital intracellular reducing equivalent which displays autofluorescence which
was visualized with 351 nm excitation and 390-450 nm emission. As with
DCFDA, every caution was exercised to ensure the minimum UV illumination

was used to record experimental data.

2.7 Immunofluorescence
Cells were isolated as described above before being seeded onto poly-L-
lysine coated cover slips in a 6 well plate and allowed to adhere for 30 mins

at room temperature in the dark. Cells were then fixed in either ice-cold 4%
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paraformaldehyde or methanol at -20°C for 15 min. Once fixed cells were
washed once in phosphate buffer (PB) and once in phosphate buffered saline
(PBS). The washed cells were then permeabilized PBS containing 0.1%
Triton X-100 for 5 min. Once permeabilized, non-specific protein-protein
interactions were blocked with a PBS solution containing 5% goat serum and
1% acetylated bovine serum albumin (BSA, Ambion; Austin, TX) and non-
specific binding blocked with 10% goat serum and 1% bovine serum albumen
in phosphate buffered saline for 60 min. The cells were then incubated with
blocking solution containing monoclonal primary antibodies against NQO1
(Cell Signalling Technologies, Beverly, MA; 1:100 dilution) and [B-actin
(Sigma; 1:100). Nuclei were stained with Hoechst 33342 (10 uM) for 20 min.
Cells were then washed three times in PBS before incubation in blocking
containing the corresponding secondary antibody(s). Alexa 488 (1:1000), 594
(1:500), 647 (1:500) or phalloidin-633 (F-actin), conjugated secondary
antibodies (Invitrogen, Paisley, UK) for 20 mins at room temperature. Cells
were then washed a further three times in PBS and cover slips were then
mounted on slides with ProlongGold (Invitrogen, Paisley, UK) anti-fade

medium before being allowed to air-dry overnight at 4 °C in the dark.

2.8 Determination of cell death in pancreatic acinar cell death

For detection of apoptosis and necrosis two separate methods were used,
early apoptosis was detected with a Rhodamine110-linked general caspase
substrate (Invitrogen; Paisley, UK) while the nuclear condensation was
visualised by the nuclear aggregation of acridine orange (Sigma; Gillingham,

UK). In both assays, necrosis was visualised by nuclear staining with

65



Materials and methods

propidium iodide or ethidium bromide respectively (Sigma) and all nuclei
visualised with Hoechst 33342 (Invitrogen). For early apoptosis Cells were
isolated as described earlier, with the last wash and re-suspension performed
with Ca?* omitted from the solution. 500 pl of cell suspension was added to
500 pl pre-prepared blinded solutions containing in: Ca®*-free NaHEPES
extracellular solution, EGTA (2 mM), general caspase substrate 20 uM and
the test substance/vehicle control. Cells were then incubated for 30 mins in
the dark at room temperature (21-23 °C) on a cell shaker at 100RPM for 30
minutes. Once complete the cells were washed in Ca®'-free NaHEPES
extracellular solution and re-suspended. Propidium iodide (PI, 1 uM) and the
cell permeable nuclear Hoechst 33342 (50 pg/ml) were added and the cells
taken immediately to the microscope for assessment. Thirty separate fields
of view were recorded for each condition with the lowest (closest to cover
slip) feasible field used in every case. A plan-apochromat 40X oil-immersion
objective was used to record 512x512 pixel images. Cells were counted off-
line at a later time point to save time and prevent operator influence.
Hoechst 33342 (excitation 364 nm, emission 405-450 nm) stained the
nucleus of all cells. Non membrane permeable Propidium iodide becomes
visibly fluorescent (excitation 488 nm, emission 630-693 nm) when bound to
DNA, therefore a nucleus stained with both Hoechst 33342 and Pl was
counted as a necrotic cell. Apoptosis was defined by generalised cytosolic
distribution of R110-linked general caspase substrate (excitation 488 nm,
emission 505-550) exceeding a pre-selected threshold value. Experiments
were repeated, a minimum of three mice per condition were used. Each

experiment consisted of a minimum of 15 separate fields per condition. All
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visualisation and counting was blinded with the code revealed after data
processing was complete.

For determination of late-stage apoptosis an adapted acridine orange
ethidium bromide protocol (Galluzzi et al.,, 2009) was used. Cells were
isolated in the manner described above. Following isolation the cells were
seeded on poly-L-lysine coated 35 mm glass bottom dishes (MatTek;
Ashland, MA) and allowed to attach for 30 mins at room temperature in the
dark. The media was exchanged to remove unattached cells and to
introduce the long term culture media described previously. Cells were
exposed to TLC-S or DMN or NAC or Rapamycin (RAP, to stimulate
autophagy (Mareninova et al., 2009)) or 3MA or combinations of these for 3 h
before further incubation for 10 h at 35 °C, in the presence of a humidified
5% CO, atmosphere. Cells were then stained with acridine orange (AO, 2
pug/ml; excitation 488 nm, emission 505-530 nm) to detect chromatin
condensation and ethidium bromide (EB, 2 pg/ml; excitation 488 nm,
emission >650 nm) to detect plasma membrane rupture. Hoechst 33342
(excitation 364 nm, emission 405-450 nm, 5 pg/ml) was used to count total
cells. The cells were visualised with a 40x Plan-Apochromat oil-immersion
objective, 15 maximal intensity projections from 15 to 20 confocal slices 3 um
thick. Experiments were repeated in triplicate and all visualisation and
counting was blinded with the code revealed after data processing was

complete.

2.9 Image analysis
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Image analysis was carried out using the Zeiss LSM510 image analysis
software (Version 4.2), Zen 2009 image analysis software (Carl Zeiss; Jena,

Germany), or ImageJ V1.43.
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Chapter 3

Results: The role and source of bile salt
iInduced reactive oxygen species in the isolated
pancreatic acinar cell
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3.1 Calcium-dependent pancreatic acinar cell death induced by bile
acids: a protective role for reactive oxygen species

The aim of the work contained within this chapter was to use real-time
confocal microscopy of freshly dispersed pancreatic acinar cells to assess
the effects of TLC-S on the generation of sustained elevations of cytosolic
and mitochondrial Ca®* ([Ca®']c and [Ca®']w respectively). Furthermore, to
assess the level of ROS generation, ([ROS], and [ROS]v), generated via
prolonged rises in [Ca*"]c and of the mitochondrial Ca** concentration
([Ca**lv). The role of TLC-S and its resultant ROS on the fate of the acinar
cell, will also be assessed for potential roles of ROS elevations in the
promotion/inhibition of apoptosis or necrosis. The oxidant scavenging
enzyme NAD(P)H quinone oxidoreductase (NQO1), has a proven role in the
control of both the intracellular redox environment of the acinar cell and the
determination of apoptosis and as such its role with respect to TLC-S will be

assessed.

3.2 TLC-S induces concentration-dependent elevation of cytosolic
calcium

At the lower concentration of 200 pM, TLC-S predominantly induced
prolonged, global, oscillatory [Ca®]c increases. 80% (n = 16 of 20 cells)
showed oscillatory changes of [Ca®*]c, (Figure 1A). In the majority of cases
the cytosolic calcium level returned to baseline, consistent with similar
observations of the same bile salt (Voronina et al., 2002a). In some cases

(31%; 5/16 cells) the oscillatory cells exhibited a sustained component whilst
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20 % (4/20) cells exhibited a sustained increase only. No indicated
oscillatory component or return to baseline [Ca?']c was seen. Furthermore
oscillatory rises of [Ca®']c, induced by 200uM TLC-S produced co-incident,
synchronised oscillations in NAD(P)H autofluorescence indicative of
stimulus-metabolism coupling previously demonstrated in this cell type
(Voronina et al., 2002a, Criddle et al., 2006b) .

In contrast to the predominantly oscillatory responses seen with 200 uM
TLC-S, 500 pM TLC-S induced elevations in [Ca®']c that were prolonged,
global and sustained in all cases (20/20 cells, Figure 1B). In all cases these
consisted of a larger initial release component coupled to a sustained
elevated plateau of [Ca®"]c as previously described (Voronina et al., 2002a).
NAD(P)H autofluorescence was initially stimulated (Figure 3.1B; 120-200 s)
by 500 uM TLC-S but was followed by pronounced, sustained falls of

NAD(P)H levels (Figure 1B; 200-800 s).

71



Chapter 3: Bile salt induced ROS

e 200iMTLC-S ~ f32
i .
| | FIF,
2] " 2.4
f NAD(P)H§
' L 1.6
0.8
. [Ca”], 0.8
0 200 400 600 800
Time(s)
B
1.2,
500uM TLC-S
FIF 3.2
0
Lo FIF,
24
0.81 ‘
‘ 1.6
] [Ca*],
0.6- : : 0.8

0 200 400 600 800
Time(s)

Figure 3.1. TLC-S induced concentration-dependent increases of cytosolic Ca*".
Representative traces showing the different effects of 200 uM and 500 uM taurolithocholic
acid sulphate (TLC-S) on cytosolic calcium ([Ca2+]c, blue), and NAD(P)H levels (red) in
pancreatic acinar cells. (A) At the lower concentration of TLC-S, an oscillatory pattern of
[Ca“]c elevation was seen in a majority of cases (16 of 20 cells). (B) At the higher
concentration of TLC-S, sustained, non-oscillatory signals were consistently obtained (20
of 20 cells). Oscillatory increases of NAD(P)H occurred in tandem immediately following
rises of [Ca2+]c induced by 200 pM TLC-S, (A) whereas a small initial rise followed by a
sustained fall of NAD(P)H levels occurred as a result of the sustained elevation of [Ca“']c
induced by 500 uM TLC-S (B). Data are shown as normalized changes from basal (pre-
stimulation) fluorescence levels (F/Fy).
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Figure 3.2. TLC-S induced concentration-dependent increases of cytosolic Ca”" in
acutely isolated human pancreatic acinar cells. Representative traces showing the
different effects of 200 uM and 500 puM taurolithocholic acid sulphate (TLC-S) on cytosolic
calcium ([Ca2+]c, blue), and NAD(P)H levels (red) in isolated human pancreatic acinar
cells. (A) At the lower concentration of TLC-S, an oscillatory pattern of [Ca2+]c elevation
was seen in a majority of cases (26 of 26 cells). (B) At the higher concentration of TLC-S,
sustained, non-oscillatory signals were consistently obtained (4 of 4 cells). Oscillatory
increases of NAD(P)H occurred in tandem immediately following rises of [Ca2+]c induced
by 200 uM TLC-S, (A) whereas a small initial rise followed by a sustained fall of NAD(P)H
levels occurred as a result of the sustained elevation of [Ca®"]c induced by 500 pM TLC-S
(B). Data are shown as normalized changes from basal (pre-stimulation) fluorescence
levels (F/Fy).

73



Chapter 3: Bile salt induced ROS

Further to experiments in isolated murine pancreatic cells, samples of normal
pancreatic tissue were taken from adult patients undergoing surgery for left-
sided or small pancreatic tumours which were not causing duct obstruction,
as described (Voronina et al., 2002a, Murphy et al., 2008). Cells were freshly
isolated, loaded with cell permeant Fluo4, and imaged in the same manner
as murine cells (Figure 3.1 A and B). Representative traces show prolonged,
global, predominantly oscillatory rises in [Ca®*']c, (Figure 3.2 A ; 26 of 26
cells) in a manner similar to isolated murine cells (Figure 3.1 A). NAD(P)H
autofluorescence also followed an oscillatory pattern in all experiments.
Stronger stimulation of isolated human acinar cells with 500uM TLC-S
(Figure 3.2 B) produced global sustained rises in [Ca®']c, initial increases in
NAD(P)H autofluorescence (Figure 3.2 B; 200-300 s) followed by a

pronounced decrease.

In this group of experiments sufficient data is presented to draw close
parallels between the responses of freshly isolated, murine pancreatic acinar
cells, and cells isolated from surgical samples of normal human pancreatic
tissue. When exposed to a 200uM concentration of the bile salt TLC-S, both
murine and human acinar cells respond with large, global but primarily
oscillatory rises in [Ca?]c. NAD(P)H autofluorescence also follows a
synchronised oscillatory pattern characteristic of stimulus-metabolism
coupling. The greater dose; 500 uM TLC-S produced large sustained

increases in [Ca®*]c and depression of NAD(P)H.

3.3 TLC-S Causes NAC-sensitive elevation of intracellular ROS
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In isolated murine pancreatic acinar cells, loaded with the ROS-sensitive
indicator DCFDA, loaded in carboxy-methoxyester (CM) form, application of
500 uM TLC-S produced a small but significant, generalised and sustained
elevation of [ROS], (n = 14), (Figure 3.3 A, B and inset). The redox cycling
quinone, menadione (30 uM), caused typical pronounced elevation of [ROS],
identified by a marked rise of DCFDA fluorescence that was generalised
throughout the cells, but sparing the granular area (Figures 3A and 3B). In
contrast, application of 200 uM TLC-S produced no detectable increase of
[ROS], (n = 11, see Figure 3.3 B and inset) although the cells were still
capable of producing a pronounced generalized increase in [ROS]; in

response to menadione, as described previously (Criddle et al., 2006a).
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Figure 3.3. Increases in the intracellular concentration of reactive oxygen species
([ROS])) induced by TLC-S in isolated murine pancreatic acinar cells. (A) Transmitted
light and CM-H,DCFDA fluorescence (green) images of a triplet of murine acinar cells
showing changes in [ROS], induced by 500 uM TLC-S; changes in [ROS], induced by
menadione (MEN: 30 pM) are shown at the end as a positive control. (B) Mean data from
experiments on murine cells demonstrating that [ROS], was not increased by 200 uM
TLC-S (n = 11), whereas 500 uM TLC-S produced a sustained elevation of [ROS], above
basal levels (n = 14, see inset for sample trace). Data are shown as normalized changes
from basal (pre-stimulation) fluorescence levels (F/Fo).
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The application of 200uM TLC-S to isolated human acinar cells produced
moderate generalised sustained elevations of [ROS],, (Figure 3.4 A; 16 of 19
cells). NAD(P)H autofluorescence displayed peak immediately following
application of TLC-S (Figure 3.4 A; 120-250 s) followed by a plateau (Figure
3.4 A 250-720 s). Application of 500 uM TLC-S to human cells produced a
very large, sustained, generalised increase in [ROS], (Figure 3.4 B; 16 of 16
cells). NAD(P)H autofluorescence displayed a profile similar to that

previously demonstrated (Figure 3.4 A).

The increase in [ROS], generated by 500 uM TLC-S was prevented in all
cases when TLC-S application was preceded by application of the
antioxidant scavenger N-acetyl-L-cysteine (NAC, 10 mM). Murine cells were
without overall change in the rate of [ROS], generation when NAC and TLC-S
were applied (Figure 3.5 A and B, 18 of 18 cells). NAD(P)H
autofluorescence remained diminished following TLC-S application. The
much larger rise in [ROS], generation seen in human cells was also

effectively blocked by NAC (Figure 3.6 A and B; 10 of 10 cells).

Following each experiment in this series, the oxidant quinone menadione (30
uM) was used at the end of the experiment to illustrate the capacity of the
cells to produce [ROS], and confirm the presence of loaded DCFDA. In
experiments where NAC was applied, NAC was not included in menadione
perfusion solutions as even the pronounced generation of ROS by

menadione was effectively scavenged by NAC (Criddle et al., 2006a).
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Figure 3.4. Increases in the intracellular concentration of reactive oxygen species ([ROS])
induced by TLC-S in isolated human pancreatic acinar cells. (A) CM-H,DCFDA fluorescence
(green) images of a doublet of human acinar cells showing changes in [ROS], induced by 200 uM
TLC-S; increases of [ROS], induced by menadione (MEN: 30 uM) are shown at the end as a positive
control. (B) Representative traces from experiments on isolated human pancreatic acinar cells
demonstrating an changes in [ROS], in response to 200 uM TLC-S, changes in NAD(P)H (red)
occurred in tandem immediately following rises of [ROS], induced by 200 uM TLC-S, (n = 16 of 19
cells). (C) CM-H,DCFDA fluorescence (green) images of a group of seven human acinar cells
showing increases of [ROS], induced by 500 uM TLC-S; increases of [ROS], induced by menadione
(MEN: 30 uM) are shown at the end as a positive control. (D) Representative traces from experiments
on isolated human pancreatic acinar cells demonstrating changes in [ROS], in response to 500 pM
TLC-S, increases of NAD(P)H (red) occurred in tandem immediately following rises of [ROS], induced
by 500 uM TLC-S, (n = 16 of 16 cells). Data are shown as normalized changes from basal (pre-
stimulation) fluorescence levels (F/F). 78
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Figure 3.5. Antioxidant scavenging of the intracellular reactive oxygen species
([ROS]) induced by TLC-S in isolated murine pancreatic acinar cells. (A)
Transmitted light and CM-H,DCFDA fluorescence (green) images of a group of murine
acinar cells show the changes in [ROS], induced by 500 uM TLC-S; increases of [ROS],
induced by menadione (MEN: 30 uM) are shown as a positive control. (B) Representative
traces from experiments on isolated murine pancreatic acinar cells demonstrating [ROS],
response to 500 pM TLC-S as abolished by 10mM n-acetyl-L-cysteine. Changes in
NAD(P)H (red) occurred in tandem immediately following perfusion with 500 uM TLC-S,
(n = 18 of 18 cells). Data are shown as normalized changes from basal (pre-stimulation)
fluorescence levels (F/Fg).
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Figure 3.6. Increases in the intracellular concentration of reactive oxygen species
([ROS])) induced by TLC-S in isolated human pancreatic acinar cells. (A) Transmitted
light and CM-H,DCFDA fluorescence (green) images of isolated human acinar cells
showing changes in [ROS], induced by 500 uM TLC-S and N-acetyl-L-cysteine (NAC, 10
mM, n = 10; no further NAC applied during menadione application to check human cells
capable of ROS generation); increases of [ROS], induced by menadione (MEN: 30 uM) are
shown as a positive control. (B) Mean data from experiments on isolated human pancreatic
acinar cells demonstrating changes in [ROS], in response to 500 uM TLC-S (n = 12),
abolished by simultaneous incubation with N-acetyl-L-cysteine (NAC, 10 mM, n = 10; no
further NAC applied during menadione application to check human cells capable of ROS
generation).
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3.4 Distribution of the oxidant scavenging enzyme NAD(P)H quinone
oxidoreductase (NQOL1) and effects of NQOL1 inhibition on the elevation
of [ROS], induced by TLC-S in pancreatic acinar cells

Murine pancreatic acinar cells display a uniform intracellular distribution of
NQO1 (green) (Figure 7) with noticeably lower levels of fluorescence seen in
areas labelled with the nuclear stain Hoechst 33342 (blue). Fluorescence
levels in cells incubated in the absence of the anti-NQO1 primary antibody
were significantly lower and consistent with autofluorescence in unstained
PFA-fixed pancreatic acinar cells (data not shown). Additional staining of F-
actin (AlexaFluor633 Phalloidin; Invitrogen, Paisley, UK) was used to
demonstrate maintained cell polarity and orientation. F-actin has been
previously shown to be located at the apical pole and periphery of the
pancreatic acinar cell (Singh et al., 2001) number of cells visualised in all
cases was >20.

Human cells stained in the same way also exhibited a cytosolic distribution of
NQO1. Figure 8 shows a maximal intensity projection of a group of freshly
isolated human acinar cells stained in the same manner as the murine cells
(Figure 7). The distribution of F-actin (red), NQO1 (green) and Hoechst
33342 (blue) is essentially the same as seen with murine experiments. In a
single confocal slice (Figure 3.9 A; 5 uM), images of the same cluster show
that nuclear exclusion of NQO1 appears common to both human and murine
acinar cells (Figure 3.8 and 3.9 A). Figure 3.9 B displays graphically the
relative intensity of NQO1 immunofluorescence (green) and Hoechst33342
fluorescence (blue) in the area depicted by the arrow (Figure 3.9 A; white).

Where nuclear staining is strong NQOL1 staining is relatively weak.
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Perfusion of murine pancreatic acinar cells with 200 uM TLC-S yielded no
significant increase in [ROS];, compared to pre-stimulation baseline (Figure
3). Inhibition of NQO1 with 1,4-dimethoxy-2-methylnaphthalene (DMN; 30
MM) unmasked the generation of intracellular ROS by 200 uM TLC-S and
potentiated the [ROS],, increases seen with 500 uM TLC-S (Figure 3.10 A
and B). Mean data from these experiments (Figure 10A) show that ROS
production induced by both 200 uM (n = 11) and 500 pM (n = 12) TLC-S was
greater in the presence of DMN. Real-time dynamic increases of [ROS],
were observed in the presence of NQOL1 inhibition with DMN for both murine
(Figure 3.11 A and B n = 12 of 12 cells) and human acinar cells (Figure 3.12
A and B n = 12 of 12 cells) Data are displayed as normalized changes from

basal (pre-stimulation) fluorescence levels (F/Fy).
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Figure 3.7. Distribution of the oxidant scavenging enzyme NAD(P)H quinone
oxidoreductase (NQO1) in isolated murine pancreatic acinar cells. Confocal image
(5uM) of PFA fixed cells. Cytosolic distribution of NQO1 (green) as shown by
immunofluorescence (F-actin (red) and Hoescht 33342 (blue) counter-stains).
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Figure 3.8. Distribution of the oxidant scavenging enzyme NAD(P)H quinone
oxidoreductase (NQO1) in isolated human pancreatic acinar cells. Maximal intensity
projection of PFA fixed cells. Cytosolic distribution of NQO1 (green) as shown by
immunofluorescence is seen to be similar in human and murine pancreatic acinar cells
(F-actin (red) and Hoechst 33342 (blue) counter-stains
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Figure 3.9. Distribution of the oxidant scavenging enzyme NAD(P)H quinone
oxidoreductase (NQO1) in isolated human pancreatic acinar cells. (A) Confocal
image (5 pM) of PFA fixed cells. Cytosolic distribution of NQO1 (green) is seen to be
excluded from the nucleus (blue) as shown by immunofluorescence. (B) Line graph
depicting relative fluorescence along white arrow. NQO1 immunofluorescence is
inversely correlated with nuclear (Hoechst 33342) fluorescence.
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Figure 3.10. Effects of NQOL1 inhibition on the elevation of [ROS], induced by TLC-S
in pancreatic acinar cells (A) Inhibiton of NQO1 with DMN (1,4-dimethoxy-2-
methylnaphthalene; 30 uM) unmasked the generation of ROS induced by 200 uM TLC-S,
as measured by CM-H,DCFDA fluorescence (green) (n = 11). (B) Mean data from these
experiments show that ROS production induced by both 200 pM (n = 11) and 500 uM (n
= 12) TLC-S was greater in the presence of DMN (30 uM). Data are displayed as
normalized changes from basal (pre-stimulation) fluorescence levels (F/Fy).
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Figure 3.11. Increases in the intracellular concentration of reactive oxygen species
([ROS]) induced by TLC-S in isolated murine pancreatic acinar cells in the
presence of DMN. (A) CM-H,DCFDA fluorescence (green) images of a group of murine
acinar cells showing increases of [ROS], induced by 500 uM TLC-S in the presence of
NQO1 inhibition DMN (30 uM); increases of [ROS], induced by menadione (MEN: 30 uM)
are shown at the end as a positive control. (B) Representative traces from experiments
on isolated murine pancreatic acinar cells demonstrating an increase of [ROS], in
response to 500 uM TLC-S, increases of NAD(P)H (red) occurred in tandem immediately
following rises of [ROS], induced by 500 pM TLC-S, (n = 12 of 12 cells). Data are shown
as normalized changes from basal (pre-stimulation) fluorescence levels (F/F).
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Figure 3.12. Increases in the intracellular concentration of reactive oxygen species
([ROS]) induced by TLC-S in isolated human pancreatic acinar cells in the
presence of DMN. (A) CM-H,DCFDA fluorescence (green) images of a group of human
acinar cells showing increases of [ROS], induced by 500 uM TLC-S in the presence of
NQO1 inhibition DMN (30pM); increases of [ROS], induced by menadione (MEN: 30 uM)
are shown at the end as a positive control. (B) Representative traces from experiments
on isolated human pancreatic acinar cells demonstrating an increase of [ROS], in
response to 500 uM TLC-S, increases of NAD(P)H (red) occurred in tandem immediately
following rises of [ROS], induced by 500 pM TLC-S, (n = 12 of 12 cells). Data are shown
as normalized changes from basal (pre-stimulation) fluorescence levels (F/F).
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Figure 3.13. Effects of Ca®" chelation or NADPH oxidase inhibition on TLC-S-mediated
elevation of [ROS], in pancreatic acinar cells. (A) The generation of ROS induced by 200
UM TLC-S in the presence of DMN (30 uM) and absence of external ca® was completely
blocked by 30 min pre-treatment with the Ca” chelator BAPTA-AM, whereas that
induced by MEN (30 uM) was unaffected (control, n = 11; BAPTA, n = 14). (B) Increases
in [ROS], elicited by either TLC-S or MEN were not inhibited by the NADPH oxidase
inhibitor diphenyleneiodonium (DPI, 10 pM; control n = 15; DPI, n = 12). Mean data are
shown as normalized changes from basal (pre-stimulation) fluorescence levels (F/Fg) +/-
SEM.
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3.5 - Effects of Ca®" chelation or NADPH oxidase inhibition on TLC-S-

mediated elevation of [ROS], in pancreatic acinar cells

The generation of ROS induced by 200 uM TLC-S in the presence of NQO1
inhibition (DMN; 30 uM) (Figure 3.13 A; black triangles) was completely
blocked by 30 min pre-treatment with the intracellular Ca** chelator 1,2-
bis(O-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid (BAPTA; 25 uM),
loaded in AM form (Figure 3.13 A; white triangles). The characteristic
increase in ROS induced by MEN (30 uM) was unaffected by intracellular
calcium chelation and occurred in a similar manner in both experimental
groups (control, n = 11; BAPTA, n = 14).

The role of NAD(P)H oxidase is vital to immune function and as a prodigious
source of superoxide, the proximal ROS. As such it cannot be discounted
despite little evidence for its presence in primary pancreatic acinar cells
(Gukovskaya et al., 2002b). However, in rat acinar cell derived AR42J cells,
NADPH oxidase has been identified as a source of ROS in response to
hyperstimulation with cholecystokinin (CCK) (Yu et al., 2005) and its
inhibition with diphenyleneiodonium (DPI) linked to suppression of apoptosis
(Yu et al., 2007). Increases in [ROS], elicited by either TLC-S or MEN were
not inhibited by the NADPH oxidase inhibitor diphenyleneiodonium (Figure
3.13 B DPI, 10 pyM; control n = 15; DPI, n = 12). Mean data are shown as
normalized changes from basal (pre-stimulation) fluorescence levels (F/Fo)

+/- SEM.

Limited data obtained with freshly isolated human acinar cells, while not
extensive, shows that calcium chelation (BAPTA; 25 uM), loaded in AM form

prevents even the much larger rises in [ROS], as detected by DCFDA
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fluorescence (Figure 3.14 A; green). The lack of response (Figure 3.14 B) is
in stark contrast to the large, generalized rises seen with human acinar cells

and 500 uM TLC-S (Figure 3.4 B).

3.6 TLC-S elevates [Ca®']y and inhibits mitochondrial function

Events triggering release of calcium into the cytosol enable calcium to move
down an electro chemical gradient into the mitochondrial matrix via multiple
channels (reviewed in (Szabadkai and Duchen, 2008)). As shown (Figure 1
A and B), both 200 uM and 500 puM TLC-S cause substantial increases in the
[Ca®]c.

In cells loaded with the mitochondrial calcium indicator ([Ca®**]y) Rhod-2, 200
MM TLC-S induced small, localised elevations of fluorescence in the typical
peri-granular mitochondrial region (Petersen and Tepikin, 2008) in the
majority of cells (Figure 3.15 A;10/15 cells), indicative of rises of [Ca®']w.

Simultaneous measurement of NAD(P)H
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Figure 3.14. Effects of Ca’" chelation on TLC-S-mediated elevation of [ROS] in
pancreatic acinar cells. (A) Transmitted light and CM-H,DCFDA fluorescence (green)
images of isolated human acinar cells show no increase of [ROS], induced by 500 uM
TLC-S. (B) The generation of ROS induced by 500 uM TLC-S was completely blocked
by 30 min pre-treatment with the Ca®" chelator BAPTA-AM (25 uM), whereas that
induced by MEN (30 pM) was unaffected ( n = 4).

Mean data are shown as normalized changes from basal (pre-stimulation) fluorescence
levels (F/Fy).
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Figure 3.15. 200 pM TLC-S induced modest changes in mitochondrial calcium.
Representative traces showing the effect of 200 uM taurolithocholic acid sulphate
(TLC-S) on mitochondrial calcium ([Ca®]w, blue) and NAD(P)H levels (red) in
pancreatic acinar cells. (A) Light-transmitted, and Rhod-2 (rainbow) fluorescence
images of a triplet of acinar cells showing small changes in [Ca®]y (blue) induced by
10 min application of 200 uM TLC-S. (B) Changes of [Ca®‘]y (blue) were
predominantly small and not sustained and changes of NAD(P)H (red) elicited by
200 pM TLC-S were predominantly oscillatory in nature (10 of 15 cells,), although
some sustained [Ca**]y increases were obtained (5 of 15 cells).
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Figure 3.16. 500 uM TLCS induced large sustained changes in mitochondrial calcium.
Representative traces showing the different effects of 500 uM taurolithocholic acid sulphate
(TLC-S) on mitochondrial calcium ([Ca®‘]y, blue) and NAD(P)H levels (red) in murine
pancreatic acinar cells. (A) Light-transmitted, NAD(P)H (red) and Rhod-2 (blue) fluorescence
images of a triplet of acinar cells showing concomitant elevations of [Ca2+]M (blue) and
decreases of NAD(P)H (red) induced by 10 min application of 500 pM TLC-S. Sustained
elevations of [Ca®]y and concomitant decreases of NAD(P)H were consistently induced by
500 pM TLC-S (20 of 20 cells, example shown in right hand graph), indicative of
mitochondrial Ca** overload
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autofluorescence showed an oscillatory pattern typical of the stimulus-
metabolism coupling effects of transient [Ca®*"]c. increases. In contrast, 500
UM TLC-S induced sustained elevations of [Ca**]y and typical marked falls of
NAD(P)H (Voronina et al., 2004) in all cells examined (20/20 cells, Figure 16
A and B), with 50% (10/20 cells) also showing some superimposed quasi-
oscillatory increases of [Ca®']y, that were not reversible on washout of the

bile acid (Figure 3.16 B).

The changes in acinar cell function caused by the high, 500 uM, level of TLC-
S include rises in [Ca*']c (Figure 1B) and [Ca*']u (Figure 3.16) were
accompanied by a fall in the autofluorescence of NAD(P)H in the
mitochondrial regions. This is illustrated when TLCS-S is applied and cells
subject to thin-section high quality confocal imaging. Application of 500uM
TLCS caused a complete loss of the mitochondrial distribution of NAD(P)H
(Figure 3.17 (Red)). Concomitant with this was a rise in DCFDA
fluorescence (green). In these experiments, high quality thin-section images,
revealed the increasing DCFDA fluorescence to correlate with decreasing
NAD(P)H autofluorescence in characteristic mitochondrial regions such as
the peri-granular, peri-nuclear and subplasmalemmal locations. The fall in
NAD(P)H and rise in DCFDA fluorescence in these regions is indicative of

inhibition of mitochondrial function.

Murine pancreatic acinar cells incubated with the mitochondrial dye tetra
methyl rhodamine methyl ester (TMRM, 50 nM) display a typical
mitochondrial distribution as demonstrated previously (Tinel et al., 1999,
Voronina et al., 2004). Upon stimulation with TLC-S (500 uM 10 mins), cells
co-loaded with TMRM (red) and DCFDA (green) display co localization (3.19;
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overlay: orange). A mitochondrial distribution of DCFDA was not seen in

cells perfused without TLC-S (Figure 19; left image set).

Application of 500 pM TLC-S to murine and human acinar cells was
accompanied by an increase in [Ca®']c; (Figure 1B) and a dramatic increase
in [Ca®]u;(Figure 3.16). Within seconds NAD(P)H autofluorescence
temporarily increases before becoming progressively diminished (Figure 3.1
B, 3.2 B, 3.16 B and 3.20 B). These phenomena are accompanied by
increased production of [ROS], (Figure 3.3, 3.4 and 3.20), which displays a
mitochondrial distribution in fluorescently labelled cells (Figure 17 and 18).
Effective blockade of the electron transport chain can be achieved at two
separate points; complex 1 and complex 3 (Rotenone; 5 uM and Antimycin A
10 uM respectively). Application of rotenone and antimycin A was able to
completely block the effects of TLC-S on ROS but caused a marked increase
in NAD(P)H autofluorescence per se (Figure 3.20 A and B, n = 21 of 21

cells). Application of
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NAD(P)H NAD(P)H

Figure 3.17 500 uM TLCS induced mitochondrial ROS. Typical thin slice (<2 um) confocal
fluorescent images of changes in [ROS], and NAD(P)H induced by 500 uM TLC-S. Increases
of ROS are seen within mitochondria ([ROS]y) (green), co-localised with decreasing
NAD(P)H (red) autofluorescence indicative of impaired mitochondrial metabolism, in
characteristic peri-granular, peri-nuclear and sub-plasmalemmal locations.
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Overlay .

Figure 3.18 Mitochondrial ROS co-localised with mitochondria. Typical thin slice (<2
pm) confocal fluorescent images of changes in [ROS], and NAD(P)H induced by 500
MM TLC-S. Increases of ROS are seen within mitochondria ([ROS]y) (green), co-
localised with the mitochondria specific dye TMRM (red) forming a yellow structures
in characteristic peri-granular, peri-nuclear and sub-plasmalemmal locations
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Figure 3.19 Increases in the intracellular concentration of reactive oxygen
species (J[ROS])) induced by TLC-S in isolated murine pancreatic acinar cells.
(A) Transmitted, CM-H,DCFDA fluorescence (green) and NAD(P)H
autofluorescence images of a group of murine acinar cells showing changes in
NAD(P)H and increases of [ROS], induced by 500 pM TLC-S; increases of [ROS],
induced by menadione (MEN: 30 pM) are shown at the end as a positive control. (B)
Representative traces from experiments on isolated murine pancreatic acinar cells
demonstrating an increase of [ROS], in response to 500 UM TLC-S, changes of
NAD(P)H (red) occurred in tandem immediately following rises of [ROS], induced by
500 UM TLC-S, (n = 21 of 21 cells). Data are shown as normalized changes from
basal (pre-stimulation) fluorescence levels (F/Fo).
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Figure 3.20 Effects of mitochondrial electron transport on the intracellular
concentration of reactive oxygen species ([ROS])) induced by TLC-S in isolated
murine pancreatic acinar cells. (A) Transmitted, CM-H,DCFDA fluorescence (green)
and NAD(P)H autofluorescence images of a group of murine acinar cells showing
changes in NAD(P)H and [ROS], induced by 500 uM TLC-S; increases of [ROS], induced
by menadione (MEN: 30 pM) are shown at the end as a positive control. (B)
Representative traces from experiments on isolated murine pancreatic acinar cells
demonstrating an no increase of [ROS], in response to 500 uM TLC-S in the presence of
Antimycin A and Rotenone, changes of NAD(P)H (red) occurred in tandem immediately
following application of Antimycin A and Rotenone, (n = 34 of 34 cells). Data are shown as
normalized changes from basal (pre-stimulation) fluorescence levels (F/Fy).
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rotenone and antimycin A alone had no effect on the rate of [ROS]
production compared to control but always produced a large increase of

NAD(P)H autofluorescence (18 of 18 cells data not shown).

3.7 Relative importance of [Ca®]c, [Ca**]w and [ROS], in

pancreatic acinar cell fate

Incubation of isolated murine acinar cells in the presence of the oxidant
menadione (MEN; 30 pM) the antioxidant N-acetyl-L-cysteine (NAC; 10 mM)
or a combination of both produced differential effects on overall cell death.
Antioxidant treatment alone had no significant effect on apoptosis (Figure
21B; white) or necrosis (Figure 21B; grey). Application of the oxidant
menadione (MEN; 30 puM) produced significant increase in the number of
cells exhibiting bright fluorescence of the fluorescent-indicator linked general
caspase substrate (Figure 21A; green, Figure 21B; white). The changes in
caspase activation as measured by the fluorescent general caspase
substrate were completely abolished by simultaneous incubation with
antioxidant (MEN; 10 mM, Figure 21A and B). Data are presented as mean
* s.e. mean, (number of cells in parenthesis).

Simultaneous detection of apoptosis and necrosis was applied to the agonist
TLC-S. Unlike the oxidant menadione (Figure 21), TLC-S induced significant
necrosis as visualized by propidium iodide fluorescence (Figure 22; red).
Application of TLC-S at 200 pM and 500 pM evoked a concentration-
dependent rise in both necrosis (Figure 23A; grey) and apoptosis (white).
After 30 min application of 200 uM and 500 uM TLC-S respectively, 13.3% (n

= 96 of 724) and 15.3% (n = 221 of 1446) were apoptotic; 24.7% (n = 179 of
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724) and 48.6% (n = 703 of 1446) were necrotic (Figure 3.23 A). In contrast

10min pre-incubation with BAPTA, loaded in AM form, produced a marked
decrease in visible necrotic cells (Figure 22A; red). Overall a reduction of
necrosis was observed, decreasing by 63.4% at 200 uM and 65.7% at 500

UM TLC-S respectively, (Figure 3.22 B grey).

Experiments were undertaken to alter [ROS]; production and/or clearance to
assess directly the role of [ROS], on apoptosis and necrosis induced by TLC-
S. NAC (10 mM) pre-treatment diminished TLC-S-induced apoptosis by
81.7% with 200 uM TLC-S and by 64.9% with 500 uM TLC-S (Figure 3.23 B;
white). At 500 pM TLC-S, NAC significantly increased necrosis by 34.8%,

although no difference was detected at
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Figure 3.21 Menadione-induced reactive oxygen species cause antioxidant-
sensitive apoptosis. Effects of NAC (10 mM) on 30 pM MEN-induced pancreatic
acinar cell death. (A) Transmitted and fluorescent general caspase substrate (green)
images of murine pancreatic acinar cells showing that apoptosis induced by MEN was
completely prevented by the antioxidant NAC. (B) Chart depicting the increase in
caspase activation by MEN as completely abolished by NAC (* = P = < 0.05). All data
are presented as mean * s.e. mean (number of cells shown in parentheses).
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Figure 3.22 Chelation of intracellular calcium reduces pancreatic acinar cell
necrosis. Effects of changes made in [Ca2+]c and [Ca2+]M using the intracellular ca*
chelator BAPTA-AM (10 min pre-treatment with ca” in external medium) on pancreatic
acinar cell death pathways induced by TLC-S. A) Representative images of apoptosis,
detected with a fluorescent general caspase substrate (green), necrosis, detected with
propidium iodide (red), and all cells, stained with the nuclear stain Hoechst 33342 (blue).
With 30 min exposure to increasing concentrations of TLC-S, a progressive increase in
both apoptosis and necrosis is seen, while BAPTA-AM has reduced the relative number of
necrotic cells. B) Total percentages (mean + s.e. mean) of apoptotic and necrotic cells
following 30 min exposure to increasing concentrations of TLC-S, showing chelation of
intracellular Ca®* with BAPTA-AM significantly (* = P = < 0.05) reduced necrotic and total
cell death induced by the bile acid. The BAPTA-AM protocol also resulted in a relative
increase in apoptosis induced by the bile acid, most evident at 500 pM TLC-S.
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Figure 3.23 Antioxidant treatment abolishes acinar cell apoptosis. Effects of
Increasing concentrations of TLCS and Antioxidant treatment on cell fate in murine
pancreatic acinar cells. (A) Cells exhibited a concentration-dependent increase in
overall cell death, (also seen in B) both apoptosis and necrosis, when exposed to
increasing concentrations of TLCS. (B) The antioxidant NAC had no significant effects
alone, but abolished the apoptosis stimulated by TLCS. At the higher concentration of
TLCS, NAC markedly increased necrosis. TLC-S induced a concentration-dependent
increase in both apoptosis and necrosis. The antioxidant NAC (10 mM) markedly
reduced apoptosis at both concentrations of TLC-S, while necrosis and total cell death
induced by 500 pM TLC-S were increased. All data are presented as mean * s.e.

mean (number of cells shown in parentheses) (* = P = < 0.05).
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Figure 3.24 Inhibition of NQO1 promotes apoptosis and reduces necrosis in
pancreatic acinar cells. Effects of agents changing [ROS], on pancreatic acinar cell
death pathways induced by TLC-S DMN (30 pM), an inhibitor of the cytosolic
antioxidant NQO1, increased the proportion of apoptotic cells induced by 200 uM and
500 uM TLC-S, whilst concomitantly reducing necrosis.

All data are presented as mean * s.e. mean (number of cells shown in parentheses) (*
=P =<0.05).
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Figure 3.25 Inhibition of autophagy does not change cell fate in pancreatic
acinar cells. Effect of the inhibition of autophagy on cell death induced by TLC-S in
isolated murine pancreatic acinar cells. Specific inhibition of autophagy with 3-
methyladenine (3-MA 5 mM) had no effect on caspase activation or necrosis per se. In
the presence of 200 uM TLC-S necrosis (grey) and caspase activation (white)
displayed no significant difference. All data are presented as mean * s.e. mean
(number of cells shown in parentheses).
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200 pM TLC-S (Figure 23B; grey). NAC did not, however, affect [Ca®']c

elevations nor NAD(P)H depletion induced by 500 uM TLC-S (n = 10 of 10;
data not shown). NQO1 inhibition with DMN (30 uM) caused no significant
reduction of total cell death per se, however it increased TLC-S-induced
apoptosis by 37.5% at 200 uM TLC-S and by 44.3% at 500 pM TLC-S,
simultaneously reducing necrosis by 24.3% and 36.2% respectively (Figure

3.24).

Autophagy has been demonstrated to have a significant role in the
pathogenesis of acute experimental pancreatitis (Hashimoto et al., 2008). To
establish the role of autophagy on pancreatic acinar cell fate, autophagy was
prevented with the specific inhibitor 3-methyladenine (3MA; 5 mM). Inhibition
of autophagy had no significant effect on acinar cell fate per se, In the
presence of 200 uM TLC-S no significant effect was seen on necrosis or

apoptosis (Figure 3.25; grey and white respectively).

Long term culture of murine pancreatic acinar cells (> 16 hrs) was used to
establish apoptosis and necrosis by alternative means. Late stage apoptosis
is characterised by chromatin condensation visualised by acridine orange
aggregation (Figure 3.26 A; acridine orange; green) co localising with the
nucleus (Figure 3.26 A; Hoechst 33342; blue), while necrosis is visualised by
the presence of ethidium bromide fluorescence (Fig 3.26 A; red) in the
nucleus. The method showed that promotion of [ROS], by inhibition of NQO1
(DMN; 30 uM) reduced necrosis (Figure 3.26 B; white; 2.5% of total cell

death) and increased apoptosis (Figure 3.26 B; green; 7.29% of total cell
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death) compared to 200 uM TLC-S alone. Antioxidant treatment (NAC;
10mM) significantly reduced apoptosis (3.25 B; green; 7.74% of total cell

death) and increased necrosis (Figure 3.25 B; red; 20.47%of total cell death).

The same method was used to evaluate the role of autophagy. Autophagy
was promoted with rapamycin (Rap; 100 nM) or inhibited with 3-
methyladenine (3MA; 5 mM). Neither inhibition nor promotion of autophagy

significantly abrogated overall cell death (Figure 3.27).

The increase in apoptosis was completely reversed by NAC, confirming the
dependence of MEN-induced apoptosis on ROS production. Taken together
the data indicate that [ROS], and [ROS]y elevations induce death of acinar
cells predominantly by apoptosis, whereas sustained [Ca®']c and [Ca®']u

elevations are major triggers of necrosis.
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Figure 3.26 Promotion and inhibition of ROS change cell fate. Effect of agents
changing [ROS], on pancreatic acinar cell death pathways induced by TLC-S (A)
Representative images of apoptosis: acridine orange, (AO) staining throughout the
cytoplasm with brightly stained nuclei (green) and necrosis: loss of cytoplasmic AO
staining and ethidium bromide within the nucleus (red). All nuclei were stained with
Hoechst 33342 (blue). (B) With 3 h stimulation with TLC-S and 11 h incubation with
pro/anti oxidants, increases in both apoptosis and necrosis are seen. NAC (10 mM)
markedly reduces apoptosis as measured by chromatin condensation, while necrosis
and total cell death are increased. DMN (30 uM) increased apoptosis and reduced
necrosis as seen in (Fig. 5 B). All data are presented as mean + s.e. mean (number of

cells shown in parentheses) (* = P = < 0.05).
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Figure 3.27 Promotion and inhibition of autophagy do not reduce cell fate. Effect
of agents promoting, or inhibiting autophagy on pancreatic acinar cell death pathways
induced by TLC-S. Both promotion (Rapamycin 100 nM) and inhibition (3-
methyladenine 5 mM) of autophagy did not significantly reduce overall cell death. All
data are presented as mean * s.e. mean (number of cells shown in parentheses).
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In conclusion, the data indicate that TLC-S promotes large increases in both
[Ca®]c and [Ca®*]w. Without these increases the pancreatic acinar cell does
not generate significant [ROS], and [ROS]u. This is shown by the lack of
[ROS], and [ROS]v response when intracellular calcium is chelated with
BAPTA. However, when [ROS], is effectively scavenged with NAC, the
apoptotic response to TLC-S is lost. Necrosis is unaffected by NAC and is
only significantly abrogated by BAPTA. These data suggest that [ROS], and
[ROS]u elevations induce cell death in acinar cells predominantly by
apoptosis, whereas large, sustained [Ca®']c and [Ca®*]v elevations are major

triggers of necrosis.

The alternative combination of AO and EB (Figure 3.26 and 3.27) confirmed
the patterns of cell death identified by rhodamine 110-aspartic acid amide
and Pl, since DMN with TLC-S induced an increase in chromatin
condensation without plasma membrane rupture compared to TLC-S alone,
while NAC with TLC-S induced the reverse (Figure 3.5 C). Neither stimulation
(RAP) nor inhibition (3MA) of autophagy significantly altered and did not
lessen total cell death pathway activation obtained with TLC-S compared to
TLC-S alone (Figure 3.5 C), although there was a tendency towards more
plasma membrane rupture with both, significant in the case RAP (as with

RAP alone in control cells), presumed due to non-specific effects.
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Chapter 4

Results: Effects of ethanol and its metabolites
on reactive oxygen species production in the
pancreatic acinar cell
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4.1 Introduction
Strong evidence suggests that radical species may be produced as a by-
product of the oxidative metabolism of ethanol to substances such as
acetaldehyde and acetate via cytochrome P450 2 E1 (CYP2EL)
(Cederbaum, 2003) or from the electron transport chain within the
mitochondria (Lumeng and Crabb, 2000). As such, the aim of the
experiments within this chapter was to determine the effect of ethanol and its
metabolites, both oxidative and non-oxidative, on the generation of ROS in

the freshly isolated murine pancreatic acinar cell.

4.2 Ethanol and acetaldehyde cause varied effects on [ROS],

and NAD(P)H autofluorescence

Freshly isolated murine pancreatic acinar cells were loaded with the ROS-
sensitive indicator DCFDA loaded in carboxy-methylester (CM) form.
Perfusion of increasing concentrations of ethanol (EtOH; 10-850 mM)
produced varied results. In all cases 10-100mM EtOH was unable to
increase the basal rate of [ROS], production as demonstrated by the increase
in fluorescence (Figure 4.1 A; green) and representative trace (Figure 4.1 B
24 of 24 cells). Perfusion of 850mM produced a sharp increase in the level
of DCFDA fluorescence in some cells (17 of 24 cells) along with the
appearance of bleb structures (12 of 24 cells). At the end of the experiment
the oxidant menadione was added as a positive control (Figure 3.1 A and B
showing increased [ROS])). The change in [ROS], was accompanied by a fall

in the level of intracellular NAD(P)H (Figure 3.1 A and B; red), this was
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pronounced upon perfusion with 850 mM. Data are displayed as normalized
changes from basal (pre-stimulation) fluorescence levels (F/Fo).

As previously demonstrated with TLC-S, inhibition of the cytosolic antioxidant
enzyme NQO1 with 1,4-dimethoxy-2-methylnaphthalene (DMN; 30 uM) was
able to unmask [ROS], generation following exposure to 200uM TLCS in the
acinar cell. DMN produced no ROS alone compared to the pre-stimulated
baseline (Figure 3.2A and B; green 16 of 16 cells), but was able to evoke a
characteristic rise in NAD(P)H autofluorescence primarily in the peri-granular
mitochondrial belt region (Figure 2A red). 100mM EtOH prevented further
rise in NAD(P)H autofluorescence whereas 850 mM showed a marked
depression (Figure 3.2 B red). Perfusion with either 100 mM or 850 mM
EtOH in addition to DMN produced no increase in the level of [ROS],

production.
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Figure 4.1 Ethanol causes minimal elevation of intracellular reactive oxygen
species. Effect of ethanol (EtOH) on the generation of intracellular reactive oxygen
species ([ROS]) in isolated murine pancreatic acinar cells. (A) Transmitted light, CM-
H,DCFDA fluorescence (green) and NAD(P)H autofluorescence (red) images of a
triplet of murine acinar cells show the changes of [ROS], induced by increasing
concentrations of ethanol; increases of [ROS], induced by menadione (MEN: 30 uM)
are shown as a positive control. (B) Representative traces from experiments on
isolated murine pancreatic acinar cells demonstrating [ROS], response to 10,100 and
850 mM EtOH. Changes in NAD(P)H (red) occurred in tandem immediately following
perfusion with Ethanol, (n = 24 cells). Data are shown as normalized changes from
basal (pre-stimulation) fluorescence levels (F/F).
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Figure 4.2 Ethanol causes minimal elevation of intracellular reactive oxygen
species in the presence of NQO1 inhibition. Effect of NQOL inhibition on the
generation of intracellular reactive oxygen species ([ROS])) in response to ethanol in
isolated murine pancreatic acinar cells. (A) CM-H,DCFDA fluorescence (green) and
NAD(P)H (red) autofluorescence images of a triplet of murine acinar cells show the
changes of [ROS], induced by increasing concentrations of ethanol (EtOH) during
inhibition of NQO1 with DMN (1,4-dimethoxy-2-methylnaphthalene; 30 pM) increases
of [ROS], induced by menadione (MEN: 30 uM) are shown as a positive control. (B)
Representative traces from experiments on isolated murine pancreatic acinar cells
demonstrating [ROS], response to 10,100 and 850mM EtOH. Changes in NAD(P)H
(red) occurred in tandem immediately following perfusion with Ethanol, (n = 16 cells).
Data are shown as normalized changes from basal (pre-stimulation) fluorescence
levels (F/Fy).
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The principal oxidative metabolite of ethanol in mammals is acetaldehyde.
Ethanol is readily metabolised to acetaldehyde by alcohol dehydrogenase
(ADH) and other enzymatic systems such as Cytochrome P2 E1 (CYP2E1)
and peroxisomal catalase. As such, it is available in relatively high
concentrations shortly after the administration of ethanol. In acinar cells
loaded with DCFDA, perfusion of acetaldehyde in increasing concentrations
(10-200 pM) produced no detectible increase in [ROS],. As measured by
DCFDA fluorescence (Figure 3.3A and B; green). Contemporaneous
measurements of NAD(P)H autofluorescence show a stepwise,
concentration-dependent increase (Figure 3B; red) in a punctuate distribution
associated with mitochondria in the acinar cell (Figure 3.3A; red 18 of 18
cells). At the end of the experiment the oxidant menadione (MEN; 30 uM)

was applied to produce a maximal effect.
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Figure 4.3 Acetaldehyde causes minimal elevation of intracellular reactive
oxygen species. Effect of acetaldehyde on the generation of intracellular reactive
oxygen species ([ROS]) in isolated murine pancreatic acinar cells. (A) CM-H,DCFDA
fluorescence (green) and NAD(P)H autofluorescence (red) images of a doublet of
murine acinar cells show the changes of [ROS], induced by increasing concentrations
of acetaldehyde; increases of [ROS], induced by menadione (MEN: 30 uM) are shown
as a positive control. (B) Representative traces from experiments on isolated murine
pancreatic acinar cells demonstrating [ROS], response to 10,100 and 200 uM EtOH.
Changes in NAD(P)H (red) occurred in tandem immediately following perfusion with
acetaldehyde, (n = 18 cells). Data are shown as normalized changes from basal (pre-
stimulation) fluorescence levels (F/Fy).
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4.3 Fatty acids and fatty acid ethyl esters produce no change

in intracellular ROS but deplete NAD(P)H

Application of non-oxidative ethanol metabolites to pancreatic acinar cells
loaded with the [ROS],.sensitive indicator DCFDA revealed no overall
increase in [ROS], production. The free fatty acid, palmitoleic acid (POA)
and its ethyl ester, palmitoleic acid ethyl ester (POAEE) were without effect
(POA; Figure 3.4 A and B green 21 of 21 cells. POAEE Figure 4.5A and B
green 19 of 19 cells). The oxidant menadione (MEN; 30 uM) was applied at
the end of the experiment in all case to ensure the cells were capable of a
response. The response of NAD(P)H autofluorescence was similar in the
case of both non-oxidative metabolites. Upon application there was a small
increase followed immediately by a prolonged downward trend which did not
recover or deplete further upon application of menadione (POA; Figure 4.4A

and B red 21 of 21 cells. POAEE Figure 4.5 A and B red 19 of 19 cells).
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Figure 4.4 Palmitoleic acid causes minimal elevation of intracellular reactive
oxygen species. Effect of palmitoleic acid on the generation of intracellular reactive
oxygen species ([ROS]) in isolated murine pancreatic acinar cells. (A) CM-H,DCFDA
fluorescence (green) and NAD(P)H autofluorescence (red) images of a triplet of murine
acinar cells show the changes of [ROS], induced by increasing concentrations of
palmitoleic acid (POA); increases of [ROS], induced by menadione (MEN: 30 uM) are
shown as a positive control. (B) Representative traces from experiments on isolated
murine pancreatic acinar cells demonstrating [ROS], response to 10,100 and 200 puM
POA. Changes in NAD(P)H (red) occurred in tandem immediately following perfusion
with acetaldehyde, (n = 21 cells). Data are shown as normalized changes from basal
(pre-stimulation) fluorescence levels (F/Fy).
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Figure 4.5 Palmitoleic acid ethyl ester causes minimal elevation of intracellular
reactive oxygen species. Effect of palmitoleic acid ethyl ester on the generation of
intracellular reactive oxygen species ([ROS])) in isolated murine pancreatic acinar cells.
(A) CM-H,DCFDA fluorescence (green) and NAD(P)H autofluorescence (red) images
of a triplet of murine acinar cells show the changes of [ROS], induced by increasing
concentrations of palmitoleic acid ethyl ester (POAEE); increases of [ROS], induced by
menadione (MEN: 30 uM) are shown as a positive control. (B) Representative traces
from experiments on isolated murine pancreatic acinar cells demonstrating [ROS],
response to 10,100 and 200 uM POAEE. Changes in NAD(P)H (red) occurred in
tandem immediately following perfusion with acetaldehyde, (n = 19 cells). Data are
shown as normalized changes from basal (pre-stimulation) fluorescence levels (F/F).
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Chapter 5

Results: effects of ethanol metabolism on
pancreatic acinar cell fate
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5.1 Introduction
Excessive ethanol consumption is the principal cause of pancreatitis,
however the realitively mild effects of ethanol on critical pathological
indicators such as [Ca®']c suggest that non oxidative metabolites, FAEES
may have a central role (Criddle et al., 2004). FAEEs and FA’s exogenously
applied may mediate necrosis in isolated acinar cells, however the relative
contributions of apoptosis and necrosis have not been previously assessed.
Furthermore, measurement of cell death in the presence of agents
manipulating ethanol metabolism may provide insights into the mechanism of
both non-oxidative metabolite generation and the subsequent effects of those

metabolites.

5.2 Ethanol and acetaldehyde produce opposing effects upon

pancreatic acinar cell fate.

Acutely isolated murine pancreatic acinar cells were loaded with a
fluorescent general caspase substrate (Rhodamine-110 bis-(L-aspartic acid
amide); 20 uM; Molecular Probes) for the detection of intracellular caspase
activation in response to a selection of agents. Detection of necrosis is
achieved by the addition of propidium iodide (1uM; Sigma, Gillingham).
Incubation of isolated murine acinar cells in the presence of ethanol (EtOH)
showed an increase in necrosis associated with increasing concentrations of
ethanol (Figure 5.1 A; grey). Although concentrations of ethanol used were
high (100-850 mM) the increase in necrotic cell death was relatively modest;
850 mM induced a 3.4 fold increase compared to control (10.9 Vs. 37.3%).
Apoptosis, as measured by caspase activation, was not significantly affected

at any concentration with the exception of 850mM where a 2.3 fold inhibition
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was produced (11.17 Vs. 4.8%). Application of the non-oxidative ethanol
metabolite acetaldehyde (Ac; 100-200 uM) was without any significant effects
on cell death compared to control, both necrosis (Figure 5.1 B; grey) and

apoptosis (Figure 5.1 B; white) were without effect.
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Figure 5.1. Effects of ethanol and the principal oxidative metabolite,
acetaldehyde, on pancreatic acinar cell fate (A) Effects of ethanol (EtOH) 100-850
mM on necrosis (grey), and apoptosis (white). (B) Acetaldehyde (Ac) at increasing
concentrations (100-200 pM) showed no overall effect on either necrosis (grey) or
apoptosis (white). All data are presented as mean + s.e. mean (number of cells shown

in parentheses) (* = P = < 0.05).
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5.3 Non-oxidative ethanol metabolites induce pancreatic

acinar cell death

Non-oxidative ethanol metabolites such as fatty acid ethyl esters and
subsequently liberated fatty acids, have previously been shown to be present
in human and rodent pancreas following ethanol intake (Laposata and Lange,
1986, Werner et al., 1997) and to cause pathological changes in both in vitro
and in vivo models (Criddle et al., 2004, Werner et al., 1997). The effects on
the balance of overall cell death remained to be elucidated however. When
applied to isolated pancreatic acinar cells, and both necrosis and apoptosis
was measured the free-fatty acid palmitoleic acid (POA) produced an overall
concentration-dependent increase in necrosis (Figure 5.2 A; grey). Apoptosis
was also increase by POA: 100 and 200 uM POA produced a 3.3 and 2.5
fold increase in the levels of apoptosis compared to control respectively
(Figure 5.2 A; white).

Application of the fatty acid ethyl ester; palmitoleic acid ethyl ester (POAEE)
increased both necrosis and apoptosis compared to control (Figure 5.2 B;
grey and white). However when the concentration was increased from 50
UM to 100 pM to 200 pM no significant further increase in apoptosis or
necrosis was seen. This implies that at the concentrations tested no

concentration-dependent effect was observed.

To establish the role of intracellular generation of non-oxidative ethanol
metabolites, the oxidative pathway may be inhibited. Blockade of the
oxidative metabolism is possible by inhibition of alcohol dehydrogenase

(ADH) with 4-methylpyrazole (4MP) (Makar and Tephly, 1975). Cells
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exposed to 4MP alone displayed no significant change in necrosis compared
to control (Figure 3A; grey). Addition of increasing concentrations of ethanol
(100-500 mM) caused a concentration-dependent increase in necrosis
(Figure 5.3 A; grey, 2.0 and 3.6 fold respectively) and apoptosis (Figure 5.3 A

white, 2.6 and 2.0fold respectively) compared to 4MP alone.

Addition of increasing concentrations of ethanol (50-200 mM) to cells
exposed to POAEE (50 pM). In a manner similar to application of POAEE
alone (Figure 5.2 B) the POAEE and ethanol combination produced a

significant rise in necrosis (Figure 5.3 B; grey) in all cases.
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Figure 5.2 Non-oxidative ethanol metabolites cause necrosis. Effects of non-
oxidative ethanol metabolites on pancreatic acinar cell fate (A) Palmitoleic acid (POA)
100-200 pM induced a concentration-dependent increase in necrosis (grey), varied
effects on caspase activation (white). (B) Palmitoleic acid ethyl ester (POAEE) at
increasing concentrations (50-200 pM) increases in necrosis (grey) and apoptosis
(white) compared to control. All data are presented as mean * s.e. mean (number of

cells shown in parentheses) (* = P = < 0.05).
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Figure 5.3 Ethanol causes cell death in the presence of oxidative metabolism,
palmitoleic acid ethyl ester causes cell death in the presence of ethanol. Effects
of the ethanol (EtOH) on pancreatic acinar cell fate in the presence of oxidative ethanol
metabolism inhibition: 4-methylpyrazole (4MP) and non oxidative ethanol metabolite:
palmitoleic acid ethyl ester (POAEE) (A) Ethanol (EtOH) 100,500mM induced a
concentration-dependent increase in necrosis (grey) or apoptosis (white) in the

presence of 4MP, 4MP alone was without effect.

(B) Palmitoleic acid ethyl ester

(POAEE: 50 pM) in the presence of increasing concentrations of ethanol. Increases in
necrosis (grey) and varied changes in apoptosis (white) compared to control. All data

are presented as mean + s.e. mean (number of cells shown in parentheses) (* =P = <

0.05).
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5.4 Modulation of ethanol metabolism mediates varied effects

upon cell fate

Application of low concentrations of ethanol (EtOH; 10 mM), palmitoleic acid
(POA; 20 uM) or 4-methylpyrazole (4MP; 100 pM) alone produced no
significant increase in necrosis or apoptosis (Figure 5.4; grey and white).
However, application of both EtOH and POA while oxidative metabolism was
inhibited with 4MP produced a marked increase in both necrosis and
apoptosis (Figure 4A; grey 8.5 fold, white 8.1 fold respectively).

Inhibition of hydrolase activity with bis-(4-nitrophenyl) (BNPP; 200uM)
phosphate induced only low level necrosis and apoptosis (Figure 5.4 B; grey
and white) similar to that seen in control conditions (Figure 5.4 A).
Application of the combination of the combination of POA and EtOH
produced a significant rise in necrosis (Figure 5.4 B; grey) compared to
control conditions or either EtOH or POA alone (Figure4A; grey). Inhibition of
oxidative ethanol metabolism in the same conditions produced a further
increase in necrosis (Figure 5.4; grey) and a significant increase in apoptosis
(Figure 5.4 B; white) as seen in (Figure 5.4 A). Necrosis was significantly
abrogated by addition of the hydrolase inhibitor BNPP (Figure 5.4 B; grey),

however BNPP was without effect on apoptosis (Figure 5.4 B; white).

Generation of FAEEs such as POAEE has been purported to be catalysed by
FAEE synthase, which may be inhibited by 3-Benzyl-6-chloro-2-pyrone (3-
BCP; 10 uM). Applied to isolated pancreatic acinar cells, 3-BCP was without
effect on necrosis (Figure 5.5; grey) or apoptosis (Figure 5.5; white),

compared to control conditions (Figure 5.4 A). When 3-BCP was included
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with EtOH, POA and 4MP, 3-BCP induced a significant reduction in both

necrosis (Figure 5; grey) and apoptosis (Figure 5; white).

The oxidant menadione (MEN; 30 pM) the antioxidant N-acetyl-L-cysteine
(NAC; 10 mM) or a combination of both produced differential effects on
overall cell death. Antioxidant treatment alone had no significant effect on
apoptosis (Figure 5.21 B; white) or necrosis (Figure 5.21 B, grey).
Application of the oxidant menadione (MEN; 30 pM) produced significant
increase in the number of cells exhibiting bright fluorescence of the
fluorescent-indicator linked general caspase substrate (Figure 5.21 A; green,
Figure 5.21 B; white). The changes in caspase activation as measured by

the fluorescent general caspase substrate were completely abolished by

132



Chapter 5: Ethanol, metabolites and cell fate

A

60 [ Apoptosis
B Necrosis

*
2 401 *
[¢)]
(@]
I
|9 20+
N
0-
EtOH 10mM - + - - +
POA 20uM - - + - +
4MP 100pM - - - - +

60 [ Apoptosis
B Necrosis

N
o

20+

% Total Cells

+ +
+ +
- +

TE
<
+ 1
++ ++

Figure 5.4 Inhibition of oxidative metabolism increases cell death partially
abrogated by hydrolase inhibition. Effects of ethanol (EtOH; 10 mM), palmitoleic
acid (POA; 20 pM), oxidative ethanol metabolism inhibition: 4-methylpyrazole (4MP)
and hydrolase inhibition bis-(4-nitrophenyl) phosphate (BNPP; 200 uM) on pancreatic
acinar cell fate. (A) EtOH (10 mM), POA (20 uM) and 4MP (100 uM) induced changes
in necrosis (grey) or apoptosis (white). (B) Changes in necrosis (grey) or apoptosis
(white) compared to control (displayed in (A)) induced by BNPP, EtOH, POA and 4MP
compared to control (displayed in (A)). All data are presented as mean + s.e. mean

(number of cells shown in parentheses) (* = P = < 0.05).
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Figure 5.5 Inhibition of FAEE synthase activity reduces cell death. Effects of
ethanol (EtOH; 10 mM), palmitoleic acid (POA; 20 uM), inhibition of oxidative ethanol
metabolism 4-methylpyrazole (4MP; 100 uM) and FAEE synthase inhibition: 3-benzyl-
6-chloro-2-pyrone (3-BCP; 10 uM) on pancreatic acinar cell fate. (A) Changes in
necrosis (grey) or apoptosis (white) induced by combinations of 3-BCP, EtOH and
POA produced increases in both necrosis and apoptosis which were markedly
potentiated by addition of 4MP as displayed in Fig. 4. Addition of 3-BCP to the

combination significantly reduced both necrosis and apoptosis (* = P = < 0.05).

134



Chapter 5: Ethanol, metabolites and cell fate

simultaneous incubation with antioxidant (NAC; 10mM, Figure 5.21 A and B).

Data are presented as mean + s.e. mean, (number of cells in parenthesis).

Simultaneous detection of apoptosis and necrosis was applied to the agonist
TLC-S. Unlike the oxidant menadione (Figure 5.21), TLC-S induced
significant necrosis as visualized by propidium iodide fluorescence (Figure
22; red). Application of TLC-S at 200 pM and 500 pM evoked a
concentration-dependent rise in both necrosis (Figure 5.23 A; grey) and
apoptosis (white). After 30 min application of 200 uM and 500 pM TLC-S
respectively, 13.3% (n = 96 of 724) and 15.3% (n = 221 of 1446) were
apoptotic; 24.7% (n = 179 of 724) and 48.6% (n = 703 of 1446) were necrotic
(Figure 5.23A). In contrast 10min pre-incubation with BAPTA, loaded in AM
form, produced a marked decrease in visible necrotic cells as marked by
propidium iodide fluorescence (Figure 5.22 A; red). Overall a reduction of
necrosis was observed; decreasing by 63.4% at 200 uM and 65.7% at 500

MM TLC-S, (Figure 5.22 B grey).

Experiments were undertaken to alter [ROS]; production and/or clearance to
assess directly the role of [ROS], on apoptosis and necrosis induced by TLC-
S. NAC (10 mM) pre-treatment diminished TLC-S-induced apoptosis by
81.7% with 200 uM TLC-S and by 64.9% with 500 uM TLC-S (Figure 23B;
white). At 500 uM TLC-S, NAC significantly increased necrosis by 34.8%,
although no difference was detected at 200 uM TLC-S (Figure 23B; grey).
NAC did not, however, affect [Ca?']c elevations nor NAD(P)H depletion

induced by 500 pM TLC-S (n = 10 of 10; data not shown). NQOZ1 inhibition
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with DMN (30 uM) caused no significant reduction of total cell death per se,
however it increased TLC-S-induced apoptosis by 37.5% at 200 uM TLC-S
and by 44.3% at 500 uM TLC-S, simultaneously reducing necrosis by 24.3%

and 36.2% respectively (Figure 5.24).

Autophagy has been demonstrated to have a significant role in the
pathogenesis of acute experimental pancreatitis (Hashimoto et al., 2008). To
establish the role of autophagy on pancreatic acinar cell fate, autophagy was
prevented with the specific inhibitor 3-methyladenine (3MA; 5 mM). Inhibition
of autophagy had no significant effect on acinar cell fate per se, In the
presence of 200 uM TLC-S no significant effect was seen on necrosis or

apoptosis (Figure 5.25; grey and white respectively).
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Chapter 6

Results: Effects of ethanol metabolism on Ca*
homeostasis and mitochondrial function
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6.1 Introduction

The effects of non-oxidative ethanol metabolites on Ca?* homeostasis and
mitochondrial function have been previously investigated, and in line with the
prevailing hypothesis that abnormal Ca®* signals are crucial for the initiation
of acute pancreatitis (Ward et al., 1995), the deleterious consequences of
ethanol metabolism manipulation should be accompanied by Ca®" signals

and evidence of mitochondrial dysfunction.

6.1 Promotion of non-oxidative metabolism induced cytosolic
Ca*' rises

The aim of this series of experiments was to elucidate the effects of both
ethanol and fatty acids in the presence of agents used to modify ethanol
metabolism. Freshly isolated pancreatic acinar cells were loaded with Fluo4
in order to monitor changes in cytosolic calcium (A [Ca®']). Application of
the alcohol dehydrogenase (ADH) inhibitor 4-methylpyrazole (4MP; 100 uM)
was without effect (Figure 6.1 A and B) in the majority of cases causing a
A[Ca®"]. in only 7% of cells (Figure 6.4; white). In the case of cells exhibiting
no A[Ca*]., an application of acetylcholine (ACh; 100 nM) was used at the
end of the experiment, to confirm the cells were loaded with Fluo4 and that
they were viable, and able to exhibit a normal response to classical agonists
(Figure 6.1; A and B). Application of the combination of ethanol (EtOH; 10
mM) and palmitoleic acid (POA; 20 upM) produced data less easily

interpreted. In the majority of cases, pancreatic acinar cells responded with a
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series of large, global and cytosolic [Ca®*]. spikes which recovered to the
baseline (Figure 6.2; A and B). The spiking activity accounted for 61% of all
cells, however sustained toxic A[Ca®]. were also observed in 23% of cases
(Figure 6.4; light grey). When oxidative ethanol metabolism was inhibited,
via blockade of ADH, the same mix of EtOH and POA produced a more
pathophysiological pattern of responses among the cells tested. Overall,
66% of cells exhibited toxic A[Ca*']. (Figure 6.4; dark grey) typified by an
initial global spike which failed to fully recover, and was followed by a
progressive rise in [Ca®']. to a maximal level (Figure 3 A and B).

Taken together, these data suggest that the inhibition of ADH with 4MP is
largely without effect on [Ca®']c in the absence of EtOH and POA. When
EtOH and POA are applied in isolation, their effect is relatively mild, although
there is a significant increase in both global transient and sustained

increases in [Ca®"]..

139



Chapter 6: Ethanol, metabolites and Ca**

3.0-
AMP
L,° 251 | | _ACh_
L ‘
L
q. 2.0'
o
oD
= 15;
0 300 600 900 1200
Time(s)

Figure 6.1 4-methylpyrazole is without effect on cytosolic Ca®". Effect of 4-
methylpyrazole (4MP) on cytosolic calcium ([Ca2+]c). (A) Fluo4 fluorescence (green)
images of a group of murine acinar cells showing no change in [Ca2+]c induced by 100
UM 4MP. (B) representative trace showing the effect of 4MP on [Ca2+]c. Increases of
[Ca2+]c induced by Acetyl Choline (ACh: 100 nM) are shown at the end as a positive
control n = 31 of 42. Data are shown as normalized changes from basal (pre-
stimulation) fluorescence levels (F/Fo).
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Figure 6.2 Ethanol and fatty acid induce transient Ca“" rises. Effect of Ethanol
(EtOH) and palmitoleic acid (POA) on cytosolic calcium ([Ca*lc). (A) Fluo4
fluorescence (green) images of a group of murine acinar cells showing oscillatory
changes in [Ca2+]c induced by 100 uM 4MP. (B) Representative trace showing the
effect of EtOH and POA on [Ca2+]c n = 12 of 26. Data are shown as normalized
changes from basal (pre-stimulation) fluorescence levels (F/F).
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Figure 6.3 Non-oxidative ethanol metabolism promotes sustained Ca’ rises.
Effect of oxidative ethanol metabolism inhibition in the presence of Ethanol (EtOH) and
palmitoleic acid (POA) on cytosolic calcium ([Ca2+]c). (A) Fluo4 fluorescence (green)
images of a group of murine acinar cells showing sustained increases in [Ca2+]c
induced by 100 pM 4MP, 10mM EtOH and 20 uM POA. (B) Representative trace
showing the effect of EtOH, POA and 4MP on [Ca2+]c n = 34 of 52. Data are shown as
normalized changes from basal (pre-stimulation) fluorescence levels (F/F).
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Figure 6.4 Inhibition of oxidative metabolism promotes sustained cytosolic
calcium increase. Sustained increases in cytosolic calcium ([Ca*‘]c)in response to
ethanol (EtOH), palmitoleic acid and 4-methylpyrazole (4MP). Percentage of cells
exhibiting sustained rises (F/F° = >1.5) at 800 s.
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6.2 Promotion of non-oxidative ethanol metabolism

negatively affects the mitochondrial membrane potential

The effect of non-oxidative ethanol metabolites such as POA and POAEE on
mitochondrial membrane potential (Ayn) has been previously explored
(Criddle et al., 2004). Applications of relatively high concentrations of POA
and POAEE were shown to completely depolarize the mitochondria of freshly
isolated pancreatic acinar cells. Non-oxidative metabolites also provoked
sustained [Ca®']. increases. To investigate the possibility that there was a
common mechanism connecting these data with the data describe above,
assessments of mitochondrial membrane potential were made in isolated
pancreatic acinar cells.

Assessment of Ay, was made by loading freshly isolated acinar cells with
tetra methyl rhodamine methyl ester (TMRM; 37.5 nM), producing a pattern
of fluorescence characteristic of the mitochondrial distribution in pancreatic
acinar cells (Figure 6.5, 6.6, 6.7 & 6.8 A). Perfusion of 4MP alone was
without significant effect; cells displayed a small, linear decrease in TMRM
fluorescence (Figure 6.5 B). Application of EtOH and POA combined
produced a moderate decrease in mitochondrial TMRM fluorescence (Figure
6.6 A and B). The application of EtOH and POA in the presence of ADH
inhibition with 4MP produced a much more pronounced Ay, (Figure 6.7 A
and B). An effect completely abrogated by concomitant perfusion with the
FAEE synthase inhibitor 3-benzyl-6-chloro-2-pyrone (3-BCP; 10 uM) (Figure

6.8; A and B).
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6.3 Inhibition of FAEE synthase prevents Ca®" rises and

mitochondrial dysfunction

The [Ca®']. increases mediated by EtOH, POA and 4MP were completely
reversed from the pre-stimulation level in the presence of 3-BCP (Figure 6.9
B). The effect of 3-BCP on Ay, was marked, to assess the effect of 3-BCP
more fully other intracellular parameters were measured. 3-BCP maintained
and even increased mitochondrial function as measured by NAD(P)H

autofluorescence (Figure 6.9 A).
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Figure 6.5 4-methylpyrazole causes minimal depolarization of the mitochondrial
membrane. Effect of oxidative ethanol metabolism inhibition on mitochondrial
membrane potential: (Ay,). (A) Time course fluorescence images of a group of
pancreatic acinar cells loaded with TMRM. The images display no decrease in
induced by 4MP. (B) Mean trace (+/- SEM) of the effects of 4AMP. At the end of the
experiment carbonyl cyanide 3-chlorophenylhydrazone (CCCP 10 uM) was applied to
display maximum depolarization. Data are shown as normalized changes from basal
(pre-stimulation) fluorescence levels (F/Fy).
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Figure 6.6 Effect of ethanol (EtOH) and palmitoleic acid (POA) on mitochondrial
membrane potential: (Ay,). (A) Time course fluorescence images of a group of
pancreatic acinar cells loaded with TMRM. The images display changes in
mitochondrial membrane potential induced by EtOH (10mM) and POA (20 uM). (B)
Mean trace (+/- SEM) of the effects of EtOH and POA. At the end of the experiment
carbonyl cyanide 3-chlorophenylhydrazone (CCCP 10 uM) was applied to display
maximum depolarization. Data are shown as normalized changes from basal (pre-
stimulation) fluorescence levels (F/Fo).
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Figure 6.7 Effect of ethanol (EtOH) and palmitoleic acid (POA) and 4-methylpyrazole
on mitochondrial membrane potential: (Aw,,). (A) Time course fluorescence images of
a group of pancreatic acinar cells loaded with TMRM. The images display marked
depolarization in membrane potential induced by EtOH (10 mM), POA (20 pM) and
4MP (100 pM). (B) Mean trace (+/- SEM) of the depolarizing effects of EtOH, POA
and 4MP. At the end of the experiment carbonyl cyanide 3-chlorophenylhydrazone
(CCCP 10 pM) was applied to display maximum depolarization. Data are shown as
normalized changes from basal (pre-stimulation) fluorescence levels (F/F).
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Figure 6.8 Effect of ethanol (EtOH; 10mM), palmitoleic acid (POA; 20 uM), 4-
methylpyrazole (4MP; 100 pM) on mitochondrial membrane potential: (Ay,) -
composite figure. Mean (+/- SEM) traces of Ay, upon exposure to 4MP (Blue) EtOH
and POA (Green) and EtOH, POA and 4MP (Red) Data are shown as normalized
changes from basal (pre-stimulation) fluorescence levels (F/Fy).
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Figure 6.9 Effect of ethanol (EtOH; 10 mM), palmitoleic acid (POA 20 uM) and 4-
methylpyrazole (4MP; 100 uM) on NAD(P)H levels. Representative traces showing
the effects of (A) 4MP (B) EtOH + POA and (C) EtOH, POA and 4MP Data are shown
as normalized changes from basal (pre-stimulation) fluorescence levels (F/Fy).
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Figure 6.10 Effect of ethanol (EtOH; 10mM), palmitoleic acid (POA; 20 uM), 4-
methylpyrazole (4MP; 100 pM) on mitochondrial membrane potential: (Ay.,) —
composite figure. (A) Time course fluorescence images of a group of pancreatic
acinar cells loaded with TMRM. The images display preserved mitochondrial
membrane potential during perfusion with EtOH (10 mM), POA (20 uM), 4MP (100 uM)
and 3-BCP (10 uM). (B) representative trace displaying preserved Ay, depolarizing
effects of EtOH, POA and 4MP with contemporaneous perfusion with 3-BCP. At the
end of the experiment carbonyl cyanide 3-chlorophenylhydrazone (CCCP 10 pM) was
applied to display maximum depolarization. Data are shown as normalized changes
from basal (pre-stimulation) fluorescence levels (F/F).
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Figure 6.11 Effect of 3-benzyl-6-chloro-2-pyrone in the presence of Ethanol
(EtOH) and palmitoleic acid (POA) on NAD(P)H autofluorescence and cytosolic
calcium ([Ca2+]c). (A) Representative trace showing the effects of 3-BCP on NAD(P)H
autofluorescence when perfused with EtOH, POA and 4MP. NAD(P)H levels are
maintained (B) representative traces showing the effects of 3-BCP on [Ca2+]c when
perfused with EtOH, POA and 4MP. No increase in [Ca2+]c is observed. Carbonyl
cyanide 3-chlorophenylhydrazone (CCCP 10uM) was applied at the end of both (A)
and (B) CCCP n =19 of 19. Data are shown as normalized changes from basal (pre-
stimulation) fluorescence levels (F/Fo).
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7.1 The role and source of bile salt induced reactive oxygen
species in pancreatic acinar cells

7.1.1 TLC-S-induced Ca?" elevations

The experiments contained within Chapter 3 clearly demonstrated that
application of the bile salt TLCS caused elevations of [Ca**]c and changes in
NAD(P)H autofluorescence in both freshly isolated human, and murine,
pancreatic acinar cells (Figure 3.1 and 3.2). For the first time, these human
cells were shown to generate profound [Ca®*']c elevations in response to a
bile salt, in this case TLC-S. The responses underlined the relevance of bile
salts in human pancreatitis. This strongly supports the role of Ca?",
particularly Ca®*-overload as the trigger for acute pancreatitis, a theory which
although 15 years old, still requires validation (Ward et al., 1995). The
patterns of Ca?*-response obtained in isolated human cells were broadly
divided into two groups dependent upon the level of stimulation; 200 (Figure
3.2 A) and 500 pM TLC-S (Figure 3.2 B) exhibited distinct patterns. The
lower level of stimulation elicited global, transient Ca®*-spikes whereas the
higher level of stimulation was always characterised by a large sustained
increase in [Ca®*]c which was characteristic of Ca®*-overload. Experiments
with murine cells displayed exactly the same profile as those in human
(Figure 3.1) and both were entirely consistent with the responses
demonstrated previously (Voronina et al., 2004). The response of NAD(P)H
autofluorescence to TLC-S was different according to the level of stimulation.

At the lower level of stimulation, (200 pM TLC-S), oscillations in NAD(P)H
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autofluorescence were seen in both human and murine cells, (Figure 3.1 A
and 3.2 A). This demonstrates that in both human and murine cells the
effects of moderate Ca** release are stimulation of the mitochondrial
production of NAD(P)H. This is currently hypothesised to occur via an
increase in the rate of three Ca?*-sensitive dehydrogenases which increase
the activity of the TCA cycle, these data are in firm agreement with the
concept of stimulus-metabolism coupling (Voronina et al., 2002b). At the
higher level of stimulation, where [Ca®*]c was elevated in a sustained fashion,
NAD(P)H was steadily depleted, indicating that the mitochondria were
inhibited from returning NAD(P)H to a resting level as demonstrated with the
lower level of stimulation (Figure 3.1 A). Overall, these data demonstrate the
remarkable similarity between the responses of human and murine cells and
confirms the common mechanisms at work in both human and mouse that
have already been demonstrated with CCK (Murphy et al., 2008). The
response of the human cells to TLC-S may suggest that the bile receptor,
GPBAR1, is very likely both expressed and functional in human cells.
Recent work by Peredes and colleagues (Perides et al., 2010) showed that
the bile receptor GPBAR1 was likely responsible for the much of the organ
injury in TLC-S-induced experimental pancreatitis. The work presented in
this thesis showed that the mechanisms responsible for TLC-S-induced

pancreatitis in mice also appear to operate in freshly isolated human tissue.

7.1.2 TLC-S induced ROS elevations
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Application of TLC-S to cells loaded with ROS-sensitive indicator showed
significantly elevated concentrations of [ROS]; (Figure 3.3), but only at the
higher concentration of TLC-S. It is also interesting to note that the elevation
of [ROS]; was relatively modest compared to that seen upon application of
menadione at the end of each experiment. The actions of menadione in
pancreatic acinar cells have been previously described (Criddle et al.,
2006a), and the redox cycling of menadione is demonstrably different in both
rate of production, and ultimate level attained. The generation of ROS in
freshly isolated human cells was also demonstrated (Figure 3.4). The level of
ROS generation in human cells was considerably greater than that seen in
murine isolates; in addition, ROS generation was seen in response to
application of the lower, (200 uM) concentration of TLC-S. This
demonstrated that while human and murine cells both exhibited similar Ca?*
and NAD(P)H responses, and that both shared the generation of ROS in
response to TLC-S, the level of ROS generated by human cells was much
greater than that in murine cells. Due to the difficulty with obtaining surgical
samples of human tissue, further analytical experiments could not be
undertaken within the time frame of this thesis, and as such exploration into
the mechanisms behind the difference in ROS generation awaits completion.
One possible explanation is that the mice routinely used in isolated cell
experiments are young adult mice, whereas the human patients are
frequently older, both numerically and in relation to average lifespan. All
human samples in this study were obtained from patients older than 60
years. As such, the antioxidant potential of the young mice may have been

greater than the older human cells. In the mouse at least, older animals lose
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the ability to maintain proteins in a non-oxidised state, a feature not shared

by younger mice (Carney et al., 1991).

Both murine and human cells shared the NAC-sensitive nature of TLC-S-
induced ROS generation. As expected application of NAC was sufficient to
completely abrogate any indicated elevation in [ROS]; (Figure 3.5 and 3.6)

confirming that it was indeed ROS that was being measured by the indicator.

Previous work has elegantly demonstrated that pancreatic acinar cells use
NAD(P)H quinone oxidoreductase 1 (NQO1) as a major part of their
antioxidant defence system (Criddle et al., 2006a). This study showed that
2,4-dimethoxy-2-methylnaphthalene (DMN), a novel inhibitor of NQO1, was
able to potentiate the ROS generation in response to menadione, without
being a ROS producer itself. NQOL1 is widely assumed to be of cytosolic
localisation within the cell (Jaiswal et al., 1988). To establish if this was the
case in the acinar cell, the presence and location of the enzyme was tested
in both human and murine acinar cells. Immunofluorescence was used to
stain the endogenous enzyme in PFA-fixed cells. The enzyme was located
uniformly throughout the cytosol and excluded from the nucleus (Figures 3.7,
3.8 and 3.9). When NQO1 was inhibited with DMN, and the cells
subsequently exposed to TLC-S, ROS generation was potentiated (Figure
3.10). This is entirely consistent with the previous study in which menadione-
induced ROS is increased by NQO1 inhibition (Criddle et al., 2006a).
Crucially, however, the ROS generation induced by 200 uM TLC-S in the

presence of DMN was not detectible without NQO1 inhibition in murine acinar
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cells (Figure 3.10). This may represent a level of ROS generation induced by
this stimulus lay normally within the capacity of the cell’s antioxidant defence

mechanisms.

With experimental evidence suggesting that TLC-S generated significant
ROS when applied to pancreatic acinar cells, further experiments were

devised to establish the mechanism of the ROS generation.

Confirmation of the essential role of Ca** to ROS generation was obtained by
experiments designed to prevent the elevation of [Ca®*]c by pre-incubation
with the loadable intracellular Ca?*-chelator BAPTA (in AM form). Rises in
[ROS], induced by the bile salt TLC-S were significantly inhibited, indicating
that the sustained rises in [Ca®']c induced by TLC-S were necessary for ROS
generation (Figure 3.13 A and 3.14). In many cell types, such as
neutrophils, NADPH oxidase is an inducible enzyme capable of producing
prodigious amounts of superoxide as part of the “respiratory burst” (Vignais,
2002). To investigate the potential role of this enzyme within the ROS
generation observed in pancreatic acinar cells the specific inhibitor DPI was
used; no effect upon TLC-S induced ROS generation was observed (Figure
3.13) suggesting that in the pancreatic acinar cell NADPH oxidase provided
no detectible contribution to the total generation of ROS. This was consistent
with published data indicating that NADPH oxidase is not present in primary

pancreatic acinar cells (Gukovskaya et al., 2002b).

Prolonged, global rises in [Ca?']c bathe mitochondria in a high Ca®'
environment allowing mitochondria to take up Ca?*. This process occurs

down a steep electrochemical gradient, principally via the uniporter; a high-
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capacity Ca®* channel which has evaded full characterization (Reviewed in
(Szabadkai and Duchen, 2008)) however, early recent work may finally be
able to shed some light on its regulation (Collins and Meyer, 2010, Perocchi
et al., 2010). If the extra mitochondrial Ca?* concentration remains elevated
for a significant period of time mitochondrial Ca®* overload may result. This
was assessed in the current study and it was found that the greater
concentration of TLC-S induced a significant irreversible increase in [Ca®']n
(Figure 3.16), which was accompanied by the same loss in NAD(P)H
autofluorescence seen in earlier experiments (Figure 3.1 B) and reported in
the literature (Criddle et al., 2006a, Criddle et al., 2006b). Importantly, the
lower concentration of 200 pM TLC-S, which produced only transient
increases of [Ca*"]c, was almost without effect upon the uptake of Ca** into
the mitochondria as measured by Rhod-2 (Figure 3.15). This indicated that
the sustained global increase in [Ca®‘]c was necessary to cause [Ca®]n
overload and that both the [Ca®‘]c and [Ca®]. elevations were associated

with the generation of ROS.

To investigate where in the cell ROS generation occurred, thin-section
confocal microscopy was used to isolate thin optical sections <2 um in the Z-
axis. Stimulation with 500 uM TLC-S induced a significant generation of
ROS which displayed a distribution characteristic of the mitochondria within
the acinar cell (Figure 3.17). This was subsequently confirmed by co-
localization with the mitochondria-specific dye TMRM (Figure 3.18). Overall,

the data suggest that the sustained [Ca®**], and NAD(P)H decreases were
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indicative of mitochondrial dysfunction, due at least in part to Ca®" influx in to

the mitochondrial matrix causing depolarization of the mitochondria.

Mitochondrial compromise was a principal feature of injury induced by high
concentrations of the bile acid TLC-S, characterised by sustained increases
in [Ca®]w and loss of NAD(P)H concentrations. In normal cells mitochondria
are the main source of intracellular ROS, produced by the electron transport
chain driving ATP production (Droge, 2002). In addition to ROS production,
mitochondria have endogenous capacity to contain and inactivate ROS,
including from surrounding subcellular regions (Balaban et al., 2005). From
evidence presented within this thesis, it appears that much of the increase in
[ROS], occurred within mitochondria. This was also demonstrated by the
absence of ROS production when the electron transport chain was inhibited
in two places, complex | and Ill, with antimycin A and rotenone (Figure 3.20).
Particularly interesting was the significant rise in NAD(P)H observed upon
such blockade of electron transport (Figure 3.20), by preventing the transfer

of protons from NAD(P)H to complex | (Figurel.3).

The important link between ROS and apoptotic cell death previously
proposed (Criddle et al., 2006a) was further investigated with respect to the
bile salt TLC-S. The experimental data within this thesis clearly
demonstrates that TLC-S generated ROS, and that this ROS promoted
apoptosis rather than necrotic acinar cell death. There were however,
notable differences between the actions of menadione and TLCS.
Menadione is a redox-cycling quinone which was demonstrated to generate
ROS in a Ca**-independent manner (Criddle et al., 2006a). As previously
discussed, TLC-S evokes profound Ca" signals which are dependent upon
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the level of stimulation applied. Application of high concentrations of TLC-S
induced a moderate but significant increase in ROS generation within the
human acinar cell. Real-time, online recordings of ROS within human
pancreatic acinar cells, is completely novel. These data demonstrated, for
the first time, the propensity for human cells to generate prodigious ROS in
response to stimuli such as TLC-S and menadione. Unlike menadione, ROS
generated in response to TLC-S application, was always accompanied by
Ca”" elevations. However, irrespective of the mechanism of ROS generation,
the consequence on cell fate was the same. When ROS is promoted or
inactivated, apoptosis is increased or abolished respectively. The effect of
bile salts such as TLC-S, on both ROS and cell fate, appear dependent upon
[Ca®*]. although they are possibly not entirely limited in this regard. The
results of luciferase ATP measurements upon acinar cells exposed to bile
salts, offer a tantalising insight into the actions of ATP. Bile salts interact with
GPBARL1 and mediate Ca®" release in a manner which bears a striking
resemblance to supramaximal application of secretagogues such as ACh and
CCK, however, the effects of CCK and ACh on mitochondrial ATP synthesis
were opposite to those of TLC-S (Voronina et al., 2010). Mitochondrial ATP
synthesis is partially inhibited by TLC-S in the pancreatic acinar cell. Some
evidence has shown that realistic concentrations of bile derivatives, in this
case the cholate anion, can inhibit cytochrome c oxidase, the terminal
molecule in the electron transport chain (Van Buuren and Van Gelder, 1974).
Other inhibitors of cytochrome ¢ oxidase activity, such as carbon monoxide

and azide, also cause ROS generation (Chen et al., 2003, Zuckerbraun et al.,
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2007) possibly at complex | following blockade of electron transport, a

mechanism which may be shared by TLC-S.

When ROS production was inhibited, a profound inhibition of apoptosis was
demonstrated. @ When cells were pre-loaded with BAPTA to prevent
significant ~ [Ca®']. overload, therefore preventing [Ca®']n overload,
significantly lower cell death was seen (Figure 3.22). However, when ROS
was either specifically generated or inactivated, the situation was simplified
greatly. When menadione is applied to acinar cells the effects upon Ca*'-
signals are minor (Criddle et al., 2006a). However the ROS generated
induced significant apoptosis (Figure 3.21). When cleared with NAC,
menadione-induced ROS had no effect upon cell fate (Figure 3.21). Similar
effects of NAC were observed upon TLC-S-induced apoptosis (Figure 3.23
B). Without ROS generation, specifically from the mitochondrial electron
transport chain, the ability of TLC-S to stimulate apoptosis was lost. The loss
of ROS as apoptotic stimuli leaves Ca®* as the main determinant of cell
death, which allows for ATP depletion, intracellular trypsinogen activation and

cellular necrosis (Criddle et al., 2006c).

ROS-induced cytochrome c release, leading to ATP-dependent caspase
activation and apoptosis, occurs in many cell types including acinar cells
(Orrenius et al., 2007, Yerushalmi et al., 2001); without ATP, a switch to
necrosis is likely (Nicotera et al., 1998, Mukherjee et al., 2008, Criddle et al.,
2006b, Orrenius et al., 2007, Yerushalmi et al., 2001). ROS, specifically
mitochondrial ROS, may facilitate the detachment of cytochrome c from
cardiolipin, a molecule specific to the inner membrane of the mitochondria,
before release of cytochrome c into the cytoplasm via opening of the
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mitochondrial permeability transition pore or mitochondrial outer membrane
permeabilization. As cytochrome c release is a crucial intermediate step in
the intrinsic apoptosis pathway (Liu et al., 1996), the earlier it occurs, the

sooner apoptosis is correctly initiated.

While prolonged, global rises of [Ca®"]c induced by bile salts were seen to
cause pancreatic acinar cell necrosis by inhibition of mitochondrial function,
in this work it was found that bile salt-induced elevations of [ROS], initiated
apoptosis. Predominant current expectations would imply that antioxidant
treatment limit Ca®*-overload by preventing modification of Ca®*-handling
machinery. ROS-mediated modifications of the PMCA (Baggaley et al.,
2008, Leung and Chan, 2009) SERCA, (Sharov et al., 2006) RyR (Hamilton
and Reid, 2000) and IP3R (Joseph et al., 2006) generally function to increase
[Ca®]c by inhibiting clearance and increasing release respectively. Specific
antioxidant treatment did not affect elevations of [Ca®']c but was found to
reduce [ROS], and thereby change the mechanisms of cell death, increasing

the proportion of cells undergoing necrosis.

The role of [ROS], in the determination of apoptosis was clearly
demonstrated by the action of the oxidant menadione, which generates
marked elevations in pancreatic acinar cell [ROS], (Criddle et al., 2006a,
Galluzzi et al., 2009) whereas stimulation or inhibition of autophagy, also
recently implicated in the pathogenesis of acute pancreatitis (Mareninova et
al., 2009), were not found to have any significant effect (Figure 3.25 and
3.27). This was perhaps surprising given the astonishing effects reported in
mice lacking the ATG5 protein (Hashimoto et al.,, 2008). The field of
research related to autophagy is however, relatively new and its precise
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involvement in the pathogenesis of acute pancreatitis is yet to be fully

elucidated.

Due to the constraints of obtaining viable samples of human pancreas from
surgery, not every experiment conducted on murine cells could be
undertaken with human cells. However, | believe that in this thesis, sufficient
data were obtained to indicate broad similarity in their behaviour, underlining
the relevance of murine data to human pathobiology (Murphy et al., 2008).
ROS are frequently alluded to as negative, indiscriminate, chemically reactive
molecules that mediate damage to organelles and bio-molecules, and they
have been implicated in the pathogenesis of pancreatitis and many other
diseases (Sanfey et al., 1984, Sanfey et al., 1985, Rutledge et al., 1987,
Leung and Chan, 2009, Park et al., 2003, Bai et al., 2008, Bhardwaj et al.,
2009, Gerasimenko et al., 2006). However, the presented data suggest that
pancreatic acinar cells harness increases in [ROS], to initiate apoptosis
during toxic damage, affording a measure of protection, primarily by avoiding
necrosis. Thus a certain degree of stress may be resisted by mitochondria
until sufficient ROS are generated to turn on controlled apoptotic cell death thus

preventing such cells from triggering the inflammatory response associated with

necrosis.

As apoptosis is an ATP-dependent process, some preservation of mitochondrial
function is required for apoptosis to occur. While increases in [Ca*]c and [Ca®]
accelerate operation of the electron transport chain (Petersen and Tepikin, 2008,
Odinokova et al., 2009), excessive, prolonged elevations in [Ca?']c and [Ca*]y lead
to a collapse of mitochondrial function as measured by the mitochondrial membrane

potential and NAD(P)H autofluorescence (Criddle et al.,, 2006b), followed by
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diminished ROS production from the inactivated electron transport chain
(Yerushalmi et al.,, 2001) and impaired ROS clearance (Orrenius et al., 2007,
Odinokova et al., 2009). Nevertheless in cells exposed to 200 uM TLC-S increases
in NAD(P)H production were seen in response to large oscillations in [Ca®]c,
indicative of increased mitochondrial metabolism, via stimulus-metabolism coupling.
In cells exposed to 500 uM TLC-S an early increase in NAD(P)H production was
also seen, although in all cases this was followed by a marked depression in
NAD(P)H. The data suggest, therefore, that the relative increases of [Ca®']y and
[ROS]u play a major role in the relative induction of pancreatic acinar cell necrosis
versus apoptosis respectively. Once mitochondria become sufficiently overloaded
with Ca* and W, collapses, ATP levels fall, apoptosis is inhibited and necrosis

ensues.

The experiments within this thesis may also demonstrate a cytosolic contribution to
apoptosis-inducing elevations of [ROS]. Application of high concentrations of TLC-S
led to a Ca**-dependent decrease in the concentration of NAD(P)H. NAD(P)H acts
as an intracellular supply of reducing equivalents, upon which the enzymatic
antioxidant machinery relies. Cytosolic glutathione peroxidase, thioredoxin and
peroxiredoxin systems all depend upon available NAD(P)H to specifically deactivate
various ROS by facilitating their interaction with small molecule antioxidants such as
glutathione (reviewed in (Winterbourn, 2008)). Unlike the prodigious, sharp increase
in [ROS], induced by menadione, much of which originates from redox cycling via
reductive enzymes such as the mitochondrial NADH-ubiquinone oxidoreductase
(complex 1) (Criddle et al., 2006a), the bile salt induced more modest rises in [ROS]..
In fact inhibition of the cytosolic antioxidant enzyme NQO1 with DMN was required

to show increased ROS production in cells exposed to 200 pM TLC-S.
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The data presented in this thesis present something of a paradox with regard to the
studies of experimental pancreatitis, where antioxidant strategies have been shown
to be protective (Sanfey et al., 1984, Leung and Chan, 2009, Bhardwaj et al., 2009).
The experimental and clinical studies are not able to isolate the effects of ROS
production in the cells of interest, for example; effects of antioxidant strategies on
the neutrophil, a major contributor of ROS, as well as inflammatory damage in acute
pancreatitis (Pandol et al., 2007, Leung and Chan, 2009, Balaban et al., 2005,
Guice et al., 1989, Tsuji et al., 1994, Gukovskaya et al., 2002b), may well account
for some of the apparent conflict. Perhaps the best evidence to date is that of the
first case controlled, double blind randomised clinical trial conducted by Siriwardena
and colleagues (Siriwardena et al., 2007). In this study, administration of multiple
antioxidants raised the level of circulating antioxidants to normal but failed to
significantly ameliorate the disease state. In fact, in some cases antioxidant
treatment was ceased because of increased organ damage. The work outlined
within this thesis may provide a mechanistic explanation for these phenomena.
Antioxidant treatment may have inhibited apoptosis, leading to [Ca®']c overload,

mitochondrial injury and necrotic cell death.

The role of ROS as an apoptotic signal within the acinar cell may only be a small
part of the total, production of ROS from such cells as recruited neutrophils is
considerable. NADPH oxidase, a membrane component of neutrophil granules and
secretory vesicles, transports electrons from NAD(P)H in the cytosol across their
membranes, reducing molecular O, to form superoxide (O;) (Reeves et al., 2002).
ROS create charges across granular membranes that must be compensated by
cation entry (DeCoursey et al., 2003), without which the charge difference created
would inhibit further activity of NADPH oxidase. Although the contribution of NADPH

oxidase-derived ROS is unclear, the ion shifts allow solubilisation and activation of
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cationic serine proteases, which contribute to innate immunity, break down
damaged tissue, and fine tune surrounding immune responses (Reeves et al.,
2002). Following injury to the pancreas during acute inflammation, large amounts of
trypsinogen are present within the interstitium of the organ (Hartwig et al., 1999),
released proteases from recruited neutrophils bear the ability to activate this

trypsinogen propagating the damage (Pham, 2006).

7.2 Ethanol, ethanol metabolites and ROS

The role of ethanol in the pathogenesis of acute pancreatitis is still somewhat
enigmatic. Initially considered a chronic disease, there is now increased
evidence that that pancreatic injury occurs from successive cycles of
necrosis and fibrosis. As a precipitant of the disease alcohol abuse is quickly
becoming the principal cause (Pandol et al., 2007). However, the
mechanism of pathogenesis is still far from complete. Reactive oxygen
species have been implicated in the pathogenesis of pancreatitis in both
clinical and experimental studies (Sanfey et al., 1984, Schoenberg et al.,
1990, Neuschwander-Tetri et al., 1992, Braganza et al., 1993). ROS have
the capacity to damage lipid membranes, DNA and proteins, and elevated
levels of these products have been found in the pancreatic juice in examples
of both acute and chronic pancreatitis (Guyan et al., 1990). Additionally,
levels of ROS are elevated in pancreatic tissue where experimental

pancreatitis is induced (Nonaka et al., 1989a, Gough et al., 1990).

167



Chapter 7: Discussion

The source of ROS within the pancreas could conceivably be cells of the
pancreas, extra pancreatic inflammatory cells of immune origin, or a
combination. In the liver, an organ frequently associate with alcohol
pathology, heavy alcohol intake induces hepatic cytochrome P4502E1 which
is responsible for generation of hydroxyl radicals and H,O, during the
oxidation of ethanol to acetaldehyde (Cederbaum et al., 2001). Recent
evidence has suggested that cytochrome P450 2E1 is present, active and
inducible in the pancreatic acinar cell (Apte et al., 2005), providing interesting
parallels between the organs. In the series of experiments presented in this
thesis, the pancreatic acinar cell, the most numerous cell of the pancreas
was assessed for generation of [ROS]; in real time. The data obtained
strongly argued against the generation of significant [ROS]; by the acinar cell

in response to ethanol and its immediate oxidative metabolite acetaldehyde.

The lack of acutely generated ROS in response to ethanol and acetaldehyde
is an important finding although it could be considered surprising. There is
significant evidence to suggest that acute ethanol administration leads to
oxidative changes in experiments with rats, indicated by changes in the
levels of pancreatic malonaldehyde (a lipid peroxidation product) and a
decreased ratio of the reduced: oxidized glutathione (GSH:GSSG) (Altomare
et al., 1996). This presents a conflict between data obtained in vivo and in
vitro. However, this data is consistent with the literature, previous studies
have demonstrated that ethanol and acetaldehyde have little or no effect
upon [Ca*']., implicating non-oxidative effects instead (Criddle et al., 2004).

In the absence of a large, sustained elevation of [Ca®']. the [Ca?'], would
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not be significantly elevated and mitochondrial Ca®* overload would be
impossible. In this scenario, the mechanism proposed for bile acid mediated
ROS generation is unlikely as a potential mechanism for ethanol and its
metabolites. It is therefore, difficult to infer a mechanism common to both
TLC-S and ethanol. Application of the extremely high (850mM) concentration
of ethanol was carried out on an entirely analytical basis, as this
concentration is far in excess of that achieved in the clinic. Even this level of
ethanol proved without consistent effects on ROS generation within the
pancreatic acinar cell (Figure 4.1). This high concentration was technically
troublesome with regard to high-quality recordings of [ROS]; as the cells
frequently lose membrane integrity (Figure 4.1 A). Additionally, as DCFDA is
an integrative, non-ratiometric indicator, a change in cell volume or leakage
may result in recordings that are difficult to interpret.

Reports in the literature, using similar cells with the same indicator, suggest
that ROS production from ethanol was attainable over a similar time period to
that demonstrated here (Gonzalez et al., 2006). Experiments with TLC-S
have shown that inhibition of NQO1 with DMN is able to reveal [ROS];
generation, however even with application of DMN ethanol-induced ROS
production remained elusive (Figure 4.2). Application of ethanol, particularly
high concentrations, was able to negatively affect the NAD(P)H concentration
within cells as visualised by NAD(P)H autofluorescence (Figure 4.1 and 4.2),
which may suggest a paradox, as oxidative ethanol metabolism by ADH
actively produces NADH (Pushpakiran et al., 2004). Clearly further

investigation is required with regard to the nature of ethanol metabolism in
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the pancreatic acinar cell although these data provide strong evidence that
ethanol does not mediate ROS production on a short timescale.

The role of acetaldehyde in the pathogenesis of alcohol mediated liver
damage has been established for some time (Lumeng and Crabb, 2000), and
cells of the liver are able to produce significant ROS when exposed to
acetaldehyde (Novitskiy et al., 2006). In the data presented in this thesis,
however, acetaldehyde was without effect on the production of ROS in the
pancreatic acinar cell (Figure 4.3). Careful future work needs to be carried
out in this area as ROS-mediated effects are present, and acetaldehyde is
produced by ethanol oxidation, although the mechanism is not clear.
Candidates for ethanol induced pancreatic ROS production may well lie
outside the acinar cell, hepatocellular proteins have been shown to become
modified following exposure to acetaldehyde, in a process that is not specific
to the liver, interestingly these adduct-laden proteins elicit an immune
response (Lieber, 1992). This suggests a scenario whereby ethanol
consumption and subsequent acetaldehyde production, lead to the formation
of acetaldehyde protein adducts (APA), which have been recorded in the
pancreas (limuro et al., 1996), and other organs (reviewed in (Niemela,
2001)). Subsequent recruitment of inflammatory cells to the pancreas could
follow in a similar manner to that demonstrated in the liver (Tuma and
Klassen, 1992). Leading to the production of prodigious and deleterious
ROS via the NAD(P)H oxidase and myeloperoxidase systems which are

abundant in immune cells such as neutrophils.
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Further clues from studies in the liver implicate the hepatic stellate cell in the
production of ROS mediated by acetaldehyde in the liver (Novitskiy et al.,
2006). The hepatic stellate cell is very similar in origin, phenotype and
function to the pancreatic stellate cell (Friedman, 2008). Indeed, both cells
express NADPH oxidase, and represent a viable mechanism for the
generation of ethanol induced ROS in the pancreas (Friedman, 2008,
Masamune et al.,, 2008). Furthermore, it is their activation by ROS
(Masamune et al., 2008) and subsequent production of further ROS, which
likely constitutes a feed-forward cycle.

The role of non-oxidative ethanol metabolites in the pathogenesis of acute
pancreatitis is perhaps a crucial development in understanding of the
disease. Unlike ethanol, and the oxidative metabolite acetaldehyde, non-
oxidative metabolites have the ability to cause significant elevations of [Ca®'].
and loss of mitochondrial NAD(P)H (Criddle et al., 2006b, Criddle et al.,
2004). Mitochondrial inhibition is a major feature of these molecules, leading
to a distinct loss of mitochondrial function and ultimately necrosis (Criddle et
al., 2006b, Criddle et al., 2004). The elevation of [Ca®**]. is pronounced and
sustained, therefore the mitochondria are exposed to high concentrations of
Ca?" for significant periods of time. However, application of POA and
POAEE in the presence of ethanol, were without effect on [ROS]; generation
(Figure 4.4 and 4.5). The absence of effect of non-oxidative metabolites of
ethanol is perhaps surprising, given the strong effect upon mitochondrial
function as measured by NAD(P)H autofluorescence (Figure 4.4 and 4.5).
However, explanation may lie in the initial characterisation of FAEEs in the

heart. Lange and Sobel observed direct actions of FAEEs on the
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mitochondria of perfused rabbit hearts (Lange and Sobel, 1983).
Mitochondrial dysfunction was confirmed in pancreatic acinar cells much
more recently (Criddle et al., 2006b, Criddle et al., 2004), and within this the
explanation may lie. If FAEEs and subsequently hydrolysed FA disrupt the
integrity of the inner mitochondrial membrane, then ROS derived from the
normal operation of the electron transport chain would cease; uncoupling of
oxidative phosphorylation classically reduces mitochondrial ROS production.
However, the depletion of NAD(P)H as a reducing equivalent may render
many of the enzymatic ROS defence mechanisms incapable, and the cell
extremely vulnerable to exogenously generated ROS. This may impart a
partial explanation for the apparent discrepancy with the work of Gonzalez et
al. where DCFDA-loaded cells were assessed in a cuvette, and showed
small elevations of ROS. However, his method does not exclude
contamination with non-acinar cells, such as pancreatic stellate cells or
neutrophils, which may possess NAD(P)H oxidase and significantly

contribute to the total ROS production..

7.3 Ethanol metabolism and cell fate

The pancreas is a major target of ethanol toxicity as mediated via its high
rate of FAEE synthase activity and FAEE production during alcohol exposure
(Laposata and Lange, 1986, Kaphalia and Ansari, 2001). Non-oxidative
metabolites such as ethyl palmitate, cause acinar cell injury as measured by
trypsin activation peptide (TAP) and vacuolization (Werner et al., 1997). The
fate of cells exposed to ethanol and its metabolites was investigated in this
series of experiments (Chapter 5). The relative balance between apoptosis

and necrosis is of critical importance to the pathogenesis of acute
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pancreatitis, with greater necrosis correlating with a poor prognosis (Pandol
et al., 2007). Ethanol alone, at a variety of concentrations, produced an
increase in cell death, with higher concentrations producing more cell death
(Figure 5.1). The concentrations attainable in the clinic however, (1-100mM)
were without significant effect, and although higher concentrations did
produce measureable cell injury, this again underlined the remarkable lack of
effect of ethanol on the isolated acinar cell. These effects upon cell fate
support the literature (Criddle et al., 2004) with regard to the absence of large
elevations of [Ca®'].; a crucial stage in pancreatic acinar cell fate. The
assumption that ethanol toxicity is not mediated directly via ethanol or
acetaldehyde strongly implicates the non-oxidative pathway. In the absence
of exogenously applied free fatty acid, ethanol is less able to form FAEE by

esterification.

Further evidence against the involvement of oxidative metabolism was
provided in Figure 5.1B. Application of acetaldehyde was without effect on
acinar cell fate. This is perhaps surprising, however, acetaldehyde was
previously demonstrated to be without effect on [ROS]; and the results are
consistent with the literature where acetaldehyde was without effect on
[Ca®]. (Criddle et al., 2004). Within this thesis, data in the form of cell fate
assays provided convincing evidence against a central role of acetaldehyde
in the production of ROS and determination of cell fate. Rapid onset cell
injury and necrosis was completely absent from cells treated with

acetaldehyde, and prevalent with cells treated with non-oxidative metabolites.

Application of the non-oxidative metabolites of ethanol, FAEE and FA were in
marked contrast to both ethanol and acetaldehyde (Figure 5.2). Both FAEE
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and FA were capable of inducing significant cell death, primarily necrosis at
the same concentrations shown to induce [Ca®*']. elevations and
mitochondrial dysfunction. Interestingly, the FA POA displayed a
concentration dependent increase in cellular necrosis, which was entirely
consistent with the effects observed on [Ca®*]. (Criddle et al., 2004). This
was in contrast to POAEE, which showed little change between the minimal
and maximal concentrations used (Figure 5.2 B). Potentially, POAEE is at a
maximal effect, which is supported by the absence of ethanol potentiating
further cell death (Figure 5.3 B). This is entirely consistent with the
hypothesis that the toxic effects of FAEE are mediated by hydrolysis to FFA.
When hydrolase activity was inhibited FAEE ceased to display such marked

mitochondrial inhibition (Criddle et al., 2006b).

The disparity between the great amount of people with a very large alcohol
intake, and the relatively small number of those suffering from alcohol-
induced pancreatitis, is something of a puzzle, and has highlighted the
possibility of individual variations in ethanol metabolism as a mechanism for
pancreatic injury (Haber et al., 1995). Werner and colleagues initially
manipulated ethanol metabolism in experimental studies on rats. They found
that the inhibition of ADH with 4-methylpyrazole increased both the
generation of FAEE and measured parameters of cellular injury (Werner et
al., 2001). General inhibition in a whole animal does not necessarily
implicate changed intra-pancreatic alcohol metabolism, especially in the light
of the supposedly 4-MP-insensitive ADH isoforms detected by Haber and
colleagues (Haber et al., 1998). Data presented here show that 4MP alone

was without effect on overall cell fate, (Figure 5.4 A). In the same fashion,
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low concentrations of the individual compounds ethanol, POA and the BNPP
(a general hydrolase inhibitor) were unable to increase either necrosis or
apoptosis (Figure 5.4). Ultimately, the combination of ethanol and POA
produced a minor increase in necrosis compared to either substance alone,
suggesting a synergistic effect of both compounds presumably via formation
of FAEEs (Figure 5.4, B). Previous work has demonstrated that 4-MP did not
increase overall cell death compared to ethanol alone (Figure 5.3 A and 5.1
A). However, when much lower concentrations of ethanol, POA and the
same concentration of 4MP were used, a significant increase in overall cell
death was seen (Figure 5.4). This was a fascinating finding, as cell death
could only be demonstrated when the substrates for FAEE synthesis were
available and oxidative ethanol metabolism was concurrently inhibited. This
strongly suggested that FAEE synthesis occurred within the freshly isolated
acinar cell. Given strong evidence suggesting that FAEE toxicity is mediated
via re-hydrolysis, yielding free fatty acids (Lange and Sobel, 1983), addition
of BNPP would be expected to decrease the toxicity of the POA, ethanol 4-
MP mixture. This was observed (Figure 5.4 B), providing evidence for a
model whereby FAEE synthesis and re-hydrolysis back to FA may mediate
cell damage within the timescale of these experiments, a timescale which
may be consistent with an the rapid onset of pancreatic injury which contrasts

with the progressive damage seen in the liver.

Recent work in the AR42J cell-line has demonstrated the presence of the 66
kDa. protein FAEE synthase and also demonstrated the efficacy of the FAEE
synthase inhibitor 3-benzyl-6-chloro-2-pyrone (3-BCP) (Wu et al., 2008) to

prevent formation of FAEEs. Applied to acinar cells, 3-BCP was clearly
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effective in reducing both apoptosis and necrosis to the same levels as those
seen without 4-methylpyrazole (Figure 5.5). This effect is remarkable,
because although FAEE synthase activity has been inhibited in hepatocyte-
derived cell lines, with tri-o-tolyl phosphate (Kaphalia et al., 1999), and
pancreatic-derived cell lines (Wu et al., 2008) with 3-BCP, inhibition and the
subsequent effects on cell fate have not been demonstrated upon primary
isolated pancreatic acinar cells. Taken together the evidence is compelling,
cell fate is not affected by each component in isolation, however when the
components of FAEEs are available and oxidative metabolism is inhibited a
significant increase in cell death is seen. This increase is largely rescued by
inhibition of FAEE synthase with 3-BCP, strongly implicating the influence of

FAEE synthase and the subsequent generation of FAEESs.

7.4 Ethanol metabolism, Ca?"-homeostasis and mitochondrial

function

Application of low concentrations of ethanol and POA in the presence of 4-
MP resulted in greatly increased cell death compared to each compound in
isolation and other combinations. Assuming the intracellular generation of
FAEEs, it is logical to conclude that 3-BCP and BNPP prevented the
formation and re-hydrolysis of FAEE respectively. Experiments designed to
establish the role of these compounds and combinations of compounds upon
the Ca**-homeostasis and mitochondrial function were devised. 4-MP was
predominantly without effect upon either [Ca?*]c or Ay, (Figure 6.1 and 6.5)

suggesting that inhibition of ADH alone is not sufficient, in the absence of
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other stimulation, to cause any perturbation of the Ca?*-homeostasis or
mitochondrial function. Perfusion of ethanol and POA produced
predominantly transient global spiking events, (Figure 6.2) although in some
cases sustained Ca?* elevations were seen. This is consistent with the cell
death data whereby conditions causing cell death were similar to those
causing extreme elevations of [Ca®']c and mitochondrial inhibition.
Furthermore the combination had a moderate depolarizing effect on the Ay,
(Figure 6.6). The combination of ethanol, POA and 4-MP produced the most
cell death, the same combination demonstrated a strong downward Ayp,
causing rapid depolarization and pronounced dysregulation of [Ca®*]. (Figure
6.5 and 6.3). Application of free fatty acids, specifically POA, did not cause

2+ «

sharp Ca“" “spikes” (Criddle et al., 2004). Sharp “spikes” were demonstrated
to be POAEE-mediated Ca?* events that were acutely sensitive to the
classical IP3R inhibitor caffeine (Criddle et al., 2006b). The sharp Ca®" spikes
seen in response to ethanol and POA and the initial component shown in
response to ethanol, POA and 4-MP combination are likely to be due to the
generation of POAEE from the exogenously applied ethanol and POA.
Particularly interesting was the extremely rapid onset of spiking, and
subsequent global sustained rises, underlining the rapid rate of intracellular

generation of FAEEs and subsequent hydrolysis. However, this is yet to be

confirmed by direct biochemical analysis.

Perhaps the most interesting evidence was supplied by experiments
performed with the FAEE synthase inhibitor addition of 3-BCP to the

combination of ethanol, POA and 4-MP. When 3-BCP was present, Ay, was
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preserved (Figure 6.8), NAD(P)H was maintained (Figure 6.9 A) and [Ca*'].
was unaffected in all cases tested (Figure 6.9 B). These data strongly
implicate the FAEE-synthase mediated synthesis of FAEE from exogenously
applied substrates in pancreatic acinar cells when oxidative metabolism is
compromised. Unlike experiments in AR42J cells, which are neoplastic in
origin, these data provide the first evidence that FAEEs are synthesised
within pancreatic acinar cells and exert deleterious effects consistent with in
vitro, in vivo and human studies. The inhibition of FAEE synthase with 3-
BCP provides a fascinating opportunity; the compound is tolerated in a wide
variety of animal models (Deck et al., 1999, Heidrich et al., 2004), and may to

inhibit FAEE synthesis and its downstream effects in human cells.
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8.1 Summary

In this present study we have investigated the effects of two of the major
precipitants of acute pancreatitis, alcohol and bile salts in pancreatic acinar
cells (Pandol et al., 2007). Briefly, we found that bile salt-mediated Ca*" led
to an overload of mitochondrial Ca**, during these events, modest generation
of ROS was observed and experimentally confirmed to be Ca?*-dependent
ROS which was reliant upon the functional electron transport chain. This
ROS generation was crucial to the development of caspase activation and
full apoptosis. Within the wider context of pancreatitis, this ROS generation
may provide a vital signal in the determination of acinar cell death,
stimulating apoptosis rather than necrosis. These data shed light on recent

clinical trial upon the wider role of ROS in cell signalling.

Against current expectations, ROS generation was not apparent in acinar
cells exposed to ethanol, acetaldehyde or examples of non-oxidative ethanol
metabolites. In spite of significant evidence that ROS levels are elevated in
alcohol-induced pancreatitis, no evidence was found to implicate ethanol,
acetaldehyde or FAEEs in the generation of ROS within the acinar cell. This
implicates non-acinar cells as the primary sources of ROS within the

pancreas and subsequent injury associated with those species.

We also demonstrated that alcohol is able to produce cellular injury via the
intracellular generation of non-oxidative ethanol metabolites: fatty acid ethyl
esters. These data demonstrate that the isolated, primary pancreatic acinar
cell is capable of synthesising FAEEs, and that those FAEEs mediate Ca**

dysregulation, mitochondrial injury and cellular necrosis. Crucially, the
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generation of these toxic intermediates was inhibited by 3-BCP, which
represents a clear strategy for amelioration of pancreatitis in experimental

studies and beyond.

8.2 Calcium-dependent pancreatic acinar cell death induced by
bile salts

The role of ROS in pancreatitis is a subject of much history and debate, and
questions still remain as to the wider implications of altering local or systemic
ROS levels as treatment for pancreatitis. Substantial evidence supports the
notion that oxidants, free radicals and downstream products such as reactive
nitrogen species, (RNS) can cause severe deleterious effects when present
in excess (Leung and Chan, 2009, Droge, 2002, Orrenius et al., 2007). In
spite of this, the generation of free radicals is a feature of all viable cells and
highly conserved mechanisms regulate their production, use and control
(Droge, 2002, Orrenius et al., 2007, Balaban et al., 2005). ROS and RNS are
integral parts of or exert effects on, a range of signalling cascades in both
animals and plants (e.g. control of cell growth and differentiation, glucose
utilisation, erythropoietin production, vascular tone, ventilation, immune
responses) (Droge, 2002). Since ROS production is increased in disease
(Orrenius et al., 2007), it might be expected that high levels of [ROS], would
initiate protective response mechanisms. The balance of protective versus
deleterious effects of ROS is complex and subject to dysregulation. A recent
meta-analysis of randomized clinical trials has suggested antioxidant
supplements may increase mortality in several diseases (Bjelakovic et al.,
2007) which would suggest that a generalized ROS removal is a naive

strategy. Although there may yet prove to be a role for antioxidants in the
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pain management of chronic pancreatitis (Bhardwaj et al., 2009), our data
suggest an explanation for the lack of effect of antioxidant therapy in
randomized clinical trials for acute pancreatitis (Siriwardena et al., 2007).
More coherent strategies may focus on the central problem of pancreatitis,
Ca’* overload. Preventing or attenuating Ca* or entry, may help reduce the
Ca”" load, alternatively protection of the mitochondria would prevent ATP

depletion, allowing Ca** clearance or apoptosis.

8.3 Alcohol and alcohol metabolites: ROS generation

ROS generation mediated by alcohol, its oxidative metabolism and its
oxidative metabolites, are implicated in the development of alcoholic liver
disease and may certainly play a role in the slow progressive component of
chromic pancreatitis. However, within the limitations of the experiments
presented here, no significant ROS generation was demonstrated in

response to any of the precipitants used.

Application of ethanol was perhaps most likely to generate ROS as
metabolism via CYP2E1 has been demonstrated to do so (Cederbaum et
al., 2001) and is present in the pancreas (Norton et al., 1998). Perhaps
longer term experiments would expose the inducible nature of CYP42E1 and
subsequent ROS generation (Norton et al., 1998). This poses technical
challenges with regard to the integrative nature of indicators designed to
measure ROS directly, and indirect methodology such as measurement of
peroxidated lipids, does not yield the spatiotemporal resolution afforded by
direct measurement.

Non-oxidative metabolites of ethanol have been demonstrated to cause
mitochondrial dysfunction in the pancreatic acinar cell (Criddle et al., 2006c,
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Voronina et al., 2010). Dysfunctional mitochondria have been associated
with ROS production in a number of disease states (Kakkar and Singh,
2007), particularly with regard to Ca®* overload (Brookes et al., 2004). The
absence of ROS generation following application of non-oxidative
metabolites may be explained by the rapid depolarisation of the mitochondrial

membrane potential, inhibiting mitochondrial ROS production.

The data presented within this thesis establish that ROS are likely generated
outside of the pancreatic acinar cell, by numerous candidates equipped to do
so. However this does not completely remove the possibility, if ROS are
generated within the acinar cell the timescale is much different than that of
ROS generated in response to bile salts. The implications for the alcoholic
pancreatitis are that ROS generation mediated by bile salts and alcohol may

be fundamentally different in their generation and effect.

8.4 Alcohol and alcohol metabolites: Cell fate, Ca** signalling and

membrane potential

Non-oxidative metabolites of ethanol have been implicated in the
pathogenesis of pancreatitis for some time (Laposata and Lange, 1986). The
study suggests multiple sites of generation, however generation within the
pancreas itself may be crucial, as FAEEs are rapidly hydrolysed in transit
(Saghir et al., 1997). The results presented in this thesis demonstrate for the
first time that FAEEs are most likely generated within the acinar cells of the

pancreas and promote deleterious changes in Ca®* homeostasis and
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mitochondrial function.  These effects were blocked by inhibition of
pancreatic FAEE synthase, which represents a logical strategy for preventing
acinar cell necrosis and wider injury common to alcohol-induced pancreatitis.
The implications for the disease focus on the changes elicited by the
inhibition of oxidative metabolism, which was able to promote the toxic
effects of non-oxidative ethanol metabolites. In a poorly understood disease
state, these data may shed some light upon factors contributing to the
pathogenesis of acute pancreatitis. However, more investigation is necessary
to establish the role of both free fatty acids and FAEE in the pathogenesis of
AP, patrticularly with regard to that caused by alcohol as opposed to other

precipitants.
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