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ABSTRACT

Exocrine pancreatic insufficiency (EPI) is a magamplication of cystic fibrosis.
Conventional treatment involves the replacememanicreatic enzymes and intake of
a low fat diet. However, contrary to previous thpenatic strategies, a high fat diet
may be beneficial in EPI patients. The presentysindestigated the effects of dietary
supplementation with Creon 10 000 a pancreatic mpzgreparation, in conjunction
with a high-fat diet, on growth performance, digaty and absorption of fat in a
pig model of EPI by the surgical ligation of thenpeeatic duct in 6 male pigs
(Swedish Landrace X Yorkshire X Hampshire). Follogvisurgery, and for the
duration of the experimental period, pigs were dekligh fat diet (twice daily). The
experimental period lasted for 15 days during whildod, urine and faecal samples
were collected. In the last 7 days of the expertalgperiod (days 8-14), Creon 10
000 was included in the high fat meals. Urine aaetél samples were analysed for
dry matter, crude protein and fat content. Plasnag wsed to assess the lipaemic
index and the plasma lipid profiles. Treatment w@ineon 10 000 significantly
increased body mass (P = 0.016) and the digestiblidry matter, crude protein as
well as the co-efficient of fat absorption wereoassgnificantly improved following
treatment (P<0.05). Creon 10 000 improved the hpaendex values and significant
changes in plasma free fatty acid and triglyceddecentrations were observed but
not in cholesterol or high and low density lipogios. This study supports previous
reports that the administration of pancreatic ereymeparations together with a high

fat meal is a beneficial strategy for the nutrisbmanagement of EPI.
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Chapter 1- Introduction



1.1. The exocrine pancreas

1.1.1. General structure and function

The pancreas is one of the largest glands assdahatie the gastrointestinal tract and
is situated retroperitoneally in the abdomen, cltsehe second and third lumbar
vertebrae. The head of the human pancreas lieseircancavity of the duodenum,
with its body extending towards the posterior vedlthe abdomen and its tail towards
the hilus of the spleen (Egerbacher & Bock, 199%ttet al., 1997). The pig
pancreas consists of a right and left lobe. Thhtrigbe or duodenal lobe which is
located in the first duodenal loop correspond$ieohtead of the human pancreas. The
left lobe or splenic lobe, which extends towards $pleen, corresponds to the tail of
the human pancreas. The bile duct of the pig entdcs the duodenum and the
accessory pancreatic duct, if found, leads fromdiln@denal lobe of the pig pancreas
to the duodenum, about 10-13cm behind the openinteo bile duct (Xuet al.,

1999).

The pancreas is composed of two distinct sectiomswdiffer from one another in
both morphology and function. They are: the endmipancreas which produces
hormones mainly involved in the regulation of cdrjpdrate metabolism and thus,

blood sugar levels and the exocrine pancreas wpiduuces pancreatic juice



containing bicarbonate (HGQ and digestive enzymes necessary for digestioritéMo

etal., 1997).

The endocrine cells of the pancreas comprise ab@% of the total pancreatic cell
mass and are located within the Islets of Langexrhdine Islets of Langerhans
contain four main types of endocrine cells, allreng different hormones. The cell
types include: the-cells which produce glucagon, tfecells which produce insulin,
the 6-cells which produce somatostatin and the PP-eefich produce pancreatic
polypeptide (Kim & Hebrok, 2001; Konturelkt al., 2003). These endocrine
hormones first perfuse the surrounding acinar cb#$ore reaching the general
circulation, thus also playing a role in the regola of digestive enzyme synthesis,
transport and secretion (Konturek al., 2003). The exocrine component of the
pancreas makes up about 95% of the total pancreeitienass and consists of two
major functional parts namely, the ductal cells 58d the acinar cells (90%).
Together these exocrine cells are responsiblehisécretion of the pancreatic juice
which is released in response to the presenceiditazhyme and digestive products
within the duodenum as well as a variety of ceghahd gastric signals. The ductal
cells are largely responsible for the secretiorbath HCQ™ and water which form
part of the agueous component of the pancreatie juihe agueous component, the
release of which is stimulated primarily by the hone secretin, functions in the
neutralization of duodenal contents as well as iding an optimal pH for the
activity of both the pancreatic and intestinal Irusorder digestive enzymes

(Konturek et al., 2003). The acinar cells function in the synthesnd storage of



digestive enzymes which are released into the duodein response to various
secretagogues such as cholecystokinin (CCK), neptajes and neurotransmitters.
These secretagogues act via the activation of fspeeceptors on the membrane of
the acinar cells to cause the fusion of the zymagranules (in which the digestive
enzymes are stored) with the acinar cell membrasalting in the release of the

digestive enzymes by exocytosis (Madtal., 1997).

1.1.2. Regulation of exocrine pancreatic secretion

i) General Introduction

The regulation of exocrine pancreatic secretioa mplex process involving both
neural and hormonal controls, with various mechmagsigontributing to pancreatic

regulation still to be elucidated.

The pancreas is innervated by both sympathetic pardsympathetic nerve fibres
which together form a significant intrinsic nerdexus which enables the pancreas to
act independently from both the central nervoustesys (CNS) and the gut
(Niebergall-Roth & Singer, 2001). These unmyelidaterve fibres are distributed
throughout the interlobular connective tissues mgkip the pancreas, innervating
both the glandular cells and the pancreatic ves@&bmturek et al., 2003). The
majority of the preganglionic parasympathetic nerfileres terminate on the

pancreatic ganglia, whereas the postganglionic ayinepic fibres are distributed to



pancreatic ganglia as well as the pancreatic jsldtsod vessels and ducts. The
innervation of the exocrine pancreas by the syngi@tinervous system is modest
compared to that of the islets and pancreatic biassels, thus the parasympathetic
nervous system plays the major role in directlyufatjng exocrine pancreatic
secretion (Niebergall-Roth & Singer, 2001). The pwthetic regulation of the
exocrine pancreas is indirect, inhibiting pancieatcretion by decreasing blood flow

and inhibiting transmission in the pancreatic gan(loveet al., 2007).

The pancreatic neurons are targets for all classegtrinsic nerves which innervate
the pancreas, including the vagal efferent ner¥ég. entero-pancreatic neurons of
the stomach and duodenum also terminate in thergatic ganglia, thus allowing

local control by the gut. The pancreatic neurons #ren responsible for the

transmission of signals via afferent fibres of exéé¢ autonomic nerves to the enteric
(ENS) or central (CNS) nervous systems, and them the ENS or CNS via efferent
autonomic nerves to the secretory cells of the ggasc(Konturelet al., 2003; Love

et al., 2007). Thus, it is clear that both entero-parnareseflexes and vagovagal

reflexes function in the regulation of the exocrnpacreas.

In addition to the neural components affecting eixecpancreatic secretion, various
other peptide hormones are also involved in thetrobrof pancreatic exocrine
secretion. The pancreatic endocrine hormonesdugply the exocrine portion of the
pancreas before reaching the circulation thus dmring to the regulation of

pancreatic enzyme synthesis, transport and secr@imntureket al., 2003).



When examining the regulation of the exocrine peasrit is easier to assess the
regulatory control in terms of the two main funaotb parts of the exocrine pancreas,

namely the ductal and acinar cells and their respesecretions.

i) Regulation of pancreatic bicarbonate (HCO 3’) secretion

The ductal cells are responsible for the secretibthe aqueous component of the
pancreatic juice, containing both HgCGand water. The aqueous component is
responsible for the neutralization of duodenal eotg as well as providing an
optimal pH for the activity of both the pancreaditd intestinal brush border digestive
enzymes. The regulation of both HEGand water secretion vary slightly with
different animal species. Humans, pigs, dogs atsldiaplay relatively low levels of
HCO; and water secretion under basal conditions wittremsed secretion in
response to secretin stimulation (Kontuetlal., 2003). Secretin is a 27 amino acid
peptide hormone secreted from the duodenal S emmé@ocells in response to the
presence of acidic chyme in the duodenum (Detvas., 2004). It acts on receptors on
the basolateral membrane of the pancreatic duetlsl © bring about its effects. The
secretion of HC@ by the pancreatic ductal cells in response toesecstimulation is
mediated by a number of CHCO; anion exchangers which operate in conjunction
with the cystic fibrosis transmembrane regulat@2&TR’s). The HC@ produced
within the ductal cells is transported into theestinal lumen in exchange for Cl

ions, which are supplied to the lumen by the CFT{®kiguroet al., 2002; Konturek



et al., 2003). This mechanism can only account for #eretion of HC@ in species
such as rats, it can not account for the much hi¢dweels of HCO;™ secreted in
species such as humans. Previous studies have shatsecretin is able to stimulate
a HCQ' rich secretion from the pancreas after the imastumen was injected with
a solution containing high HGO concentrations and low Ctoncentrations, a
situation in which the active TIHCO;™ anion exchangers would then facilitate the
absorption of HC@ rather than the secretion of HgIshiguro et al., 2002).
Furthermore, it has been demonstrated that the HIIO; anion exchangers are
inhibited under conditions of high luminal HgQ@oncentrations, thus in order for
HCO; to be transported into the lumen it must do soirnsgjaa very steep
concentration gradient (Ishiguabal., 2002). Ishigurcet al. (2001) demonstrated the
importance of a large electrochemical gradient Whicfact drives the HC®across
the membrane into the lumen despite the high ElG®©ncentrations inside the
intestinal lumen. The electrochemical gradiengaigiély attributed to NAHCO; and

Na'/ H" pumps located within the pancreatic ducts (Istugtial., 2001).

Enhanced stimulation of the ductal cells by secre@sults in a raised HGO

concentration within the pancreatic juice and imta higher pH and decreased CI
concentration. Besides secretin, there is anotl@tige which also acts on the
receptors present on the basolateral membranesgéahcreatic ductal cells to bring
about similar effects, namely vasoactive intestipaptide (VIP). In both pigs and

guinea pigs, a large number of VIP neurons areeptewithin the pancreas which



release large amounts of VIP during vagal stimohathus evoking HC® secretion

in a manner similar to that of secretin (Kontuethkl., 2003).

Since the HC@ and water secretion by the pancreatic ductal pédigs an important
role in the maintenance of an optimal duodenal ipk$, clear that duodenal pH is in
fact the major regulator of secretin release. Haxethere is a threshold pH value for
secretin release of 4.5, below which the HCs&creted is related to the increase in
plasma secretin concentration which depends uperathount of acid chyme that

reaches the duodenum (Kontuetlal., 2003).

iii) Regulation of pancreatic digestive enzyme secr  etion

a) Release of pancreatic digestive enzymes

The pancreatic digestive enzymes are synthesisédstamed within the pancreatic
acinar cells and are released by a process of ®s)in response to the binding of
various secretagogues to receptors on the acitlasuréace. The receptors involved
produce their effects through the interaction vaitG-protein complex resulting in the
stimulation of phospholipase C activity which inrrtucauses the formation of
inositol-1,4,5-triphosphate.  Inositol-1,4,5-trippbsite then binds to various
intracellular receptors resulting in the releaseCef” from intracellular stores. The

increased C& concentration within the acinar cells causes tisioh of the zymogen

granules (in which the enzymes are stored) withplaema membrane, releasing the



digestive enzymes into the lumen by exocytosis. &ofrthe secretagogues involved
in the release of the pancreatic digestive enzynoes the acinar cells include CCK,
neuropeptides and neurotransmitters (Kontueekal., 2003; Niebergall-Roth &

Singer, 2001).

CCK is considered to be the most important mediat@xocrine pancreatic secretion
(Niebergall-Roth & Singer, 2001). CCK is producett aeleased by the intestinal I-
cells and neurones within the duodenum and jejumunesponse to the presence of
the digestive products of both proteins and ligidsn ingested food (Pierzynowski
al., 2005). The most potent stimulator of CCK releagh respect to lipid hydrolysis
products are fatty acids with longer acyl chainbermeas tryptophan and alanine are
the most potent stimulants of the protein breakdgwoducts (Wang & Cui, 2007).
CCK exerts its effects via two known receptors, agnCCK1R and CCK2R which
are members of the G-protein-coupled receptor fanGiCK1R binds only CCK,
whereas the CCK2R receptor is able to bind both GGH gastrin (Rengmasat al.,
2007). CCKI1R receptors are found in the gall bladthee exocrine pancreas and in
some areas of the CNS and are selective for thghatdd CCK molecules, whereas
CCK2R receptors are selective for both sulphatetremm-sulphated CCK molecules
and are widely dispersed throughout the stomachttantrain (Wang & Cui, 2007).
CCK is able to exert its effects on exocrine paaticesecretion either by the direct
stimulation of the CCK receptors on the surfacepahcreatic acinar cells or via
various neural pathways. The mechanism by which ®@@Kgs about the exocrine

pancreatic secretion differs with different anirapécies. In the rat, CCK stimulation



of both the neural pathways as well as the dirtctutation of the pancreatic acinar
cells results in the exocrine pancreatic secretWdimereas in humans, CCK acts
mainly via the neural pathways in order to bringubexocrine pancreatic secretion
as there are no significant CCK binding sites presa the human pancreatic acinar

cells (Wang & Cui, 2007; Yamamo#gbal., 2005).

b) Pre- and postprandial pancreatic digestive enzyme secretion
Secretion of the digestive enzymes from the pasooeaurs continuously throughout
both the fasting state as well as in the digestta¢e. During the fasting state, when
the upper GIT does not contain any food, in mosnhahspecies pancreatic enzyme
secretion is somewhat cyclic and is thought to esalt of cholinergic activation,
resulting in raised plasma maotilin levels and thevation of the duodenal migrating
myoelectric complex cycle, which in turn producescyclic basal pancreatic
secretion. Basal pancreatic enzyme secretion mtively low compared to the
response elicited by the exocrine pancreas afied fe ingested (Konturekt al.,
2003). Upon the ingestion of food, the digestivaesbf exocrine pancreatic secretion
Is initiated and can be divided into three différphases, coinciding with the phases
of digestion. They are: the cephalic phase, thériggshase and the intestinal phase
and contribute to about 20%, 10% and 70% of thenatic postprandial response to
a meal, respectively (Ishigusb al., 2001; Konturelet al., 2003). The cephalic phase
of pancreatic secretion is stimulated primarilytbg sight, smell and taste of food as

well as the chewing and swallowing actions uporestign of food. The cephalic

10



response is said to be mediated by the vagus nasvptevious studies have shown
that the effect could be abolished with the coolifighe vagi (Zabielski & Naruse,

1999). The next phase is referred to as the gastrase and is brought about by a
vagally-mediated reflex which occurs as a resuthefdistension of the stomach with
ingested food. The last phase of the pancreatitppasdial response is known as the
intestinal phase, which accounts for the majoritytite pancreatic secretion. The
intestinal phase is mediated primarily by the hameeCCK and secretin, the release
of which is stimulated by the presence of acidigned and digestive products in the

duodenum (Zabielski & Naruse, 1999).

c) Feedback regulation of pancreatic enzyme secretion

Negative feedback systems in the control of paticreamzyme secretion have been
observed in a number of different animal specietuging chickens, rats and pigs
(Owanget al., 1986). By preventing the pancreatico-biliary giitom entering the

proximal intestine a significant increase in sdoref the pancreatic enzymes was
observed and then when the pancreatico-biliaryejwas infused into the duodenum,
the pancreatic enzyme secretion was suppressedn@etaal., 1986). Previous

studies also observed that dietary trypsin inhibitwere able to provoke excessive
pancreatic enzyme secretion in rats (Fushiki & vi&89). The feedback regulation
of pancreatic enzyme secretion which exists in msadifferent to that in rats and

pigs. The basal amounts of trypsin in the duodenfiman, are too low to be able to

exert any inhibitory effects, however the intradewal perfusion of trypsin inhibits

11



pancreatic enzyme secretion (Owaatcal., 1986). The exact mechanism by which
feedback regulation of pancreatic enzyme secretcmurs is still unknown. Previous
studies had suggested that the process is medigted hormone secreted by the
proximal small intestine, which was later estatdsiio be CCK. Reduced levels of
trypsin and chymotrypsin result in increased lewlIsirculating CCK which in turn
increases pancreatic enzyme secretion (Fushiki &,14989; Owanget al., 1986).
Pierzynowskiet al. (2007), observed that pancreatic juice, bile aitel $alts when
infused into the ileum, inhibited prandial pancieaecretion. Thus, confirming the
existence of inhibitory mechanisms located in tleaim, which regulate exocrine
pancreatic secretions, these inhibitory mechanmmseferred to as the “ileal brake”.
A variety of substances present in the ileal luraes able to induce a reduction in
pancreatic secretion, thus the “ileal brake” reféss a common non-specific
mechanism by which pancreatic enzyme secretiorgalated (Pierzynowslet al.,

2007).

The presence of a feedback regulation control systiepancreatic enzyme secretion
in humans has important clinical implications sfieally in the treatment of pain
experienced by patients with chronic pancreatfigshiki & Ilwai, 1989). Patients
with pancreatitis or exocrine pancreatic insufindg have elevated plasma CCK
concentrations due to failure of the feedback systie regulate CCK release in the
absence of pancreatic enzyme secretion. The ete@@X levels in turn cause the
pancreas to be over stimulated and the patientriexmpes pain (Owanef al., 1986).

Thus in order to alleviate the pain experiencedphtients, the stimulation of the

12



pancreas by CCK should be reduced which would tednce pancreatic secretions
and thus decrease ductal pressure and pain. Psesiadies have shown that large
doses of pancreatic extracts rich in proteases heleved pain in patients with

chronic pancreatitis (Fushiki & Iwai, 1989).

1.1.3. The exocrine pancreatic digestive enzymes

The pancreatic digestive enzymes released fromadimar cells play an essential role
in the digestion of all major food classes (Becky73; Kontureket al., 2003).
Digestion by pancreatic enzymes accounts for apmabely half of the overall

digestion which occurs within the digestive tragtgnnon, 1990).

The three major classes of exocrine pancreaticreagyare: the proteases, lipases and

amylase (Lavaet al., 1974).

The pancreatic proteases all have similar threeedsonal structures, containing a
reactive serine residue in the active site and fgoart of the family of
endopeptidases. Trypsin and chymotrypsin are the pancreatic proteases. Trypsin
is responsible for the cleavage of peptide bondw&den basic amino acids such as
lysine and arginine and the next amino acid. Trypsisecreted in its inactive form as
trypsinogen and consists of 223 amino acid residiias then activated by active
trypsin through the cleavage of the N-terminal pefgide. Chymotrypsin is

responsible for the cleavage of the peptide bomdiewden aromatic residues such as

13



phenylalanine, tryptophan and tyrosine and the mesidue. Both trypsin and
chymotrypsin have several isozymes depending dierdiit species (Beck, 1973;
Brannon, 1990; Kontureét al., 2003). Another enzyme which also plays a rolghen

breakdown of proteins is carboxypeptidase. Carbepiidase is secreted by the
exocrine pancreas and is responsible for the hysislof alimentary proteins and
peptides from their COOH-terminal residues. There @&wvo different types of

carboxypeptidases which are classified accordirtedype of terminal residues they
hydrolyse. The A-type has a preference for apol@OE-terminal residues and the

B-type has a preference for basic COOH-terminatites (Joshi & St. Leger, 1999).

Pancreatic lipase is produced by the exocrine gascand is secreted as an active
enzyme consisting of 449 amino acid residues inefué complex glycan chain
(Miled et al., 2000). Pancreatic lipase has a histidine residlits catalytic site and a
serine residue in its active binding site and atsthe lipid/water interface to
hydrolyse and convert triglycerides to diglyceridesl then to monoglycerides and
fatty-acids, through the cleavage of ester bont#& Monoglycerides and free fatty-
acids which are partitioned into micelles then srtdse unstirred water layer at the
lipid/water interface and are absorbed by the eotge (Brannon, 1990; Konturek
al., 2003). Colipase also plays a very importang rolthe digestion and absorption
of dietary fats. Colipase is secreted in its ingcform as procolipase and then tryptic
activity results in the cleavage of the peptiderfrprocolipase to become colipase.
Colipase is essential in the functioning of panticd@ase as it stabilises the lipase in

the presence of inhibitors such as bile salts, jpholgids and dietary proteins (D’

14



Agostino et al., 2002; Lowe, 1997). Procolipase was also dematesirto play an
important role in the regulation of body mass. &sdnvolving the peptide which is
cleaved from procolipase have demonstrated thanwhe peptide is injected into
rabbits the rabbits experienced weight loss. Theige is now known as enterostatin
and has been proven to decrease the voluntaryeimtadlietary fats and thus has been

shown to play a role in long term weight loss (jd5stinoet al., 2002; Lowe, 1997).

Amylase produced by the exocrine pancreas is setriet its active form. It is
responsible for hydrolysing-1,4-glucosidic bonds in oligosaccharides of fonits
or more, forming maltose and smaller oligosacclearith the process (Brannon,

1990).
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1.2. The exocrine pancreas and digestion

1.2.1. Factors other than the exocrine pancreas aff  ecting
digestion

In addition to the role the pancreatic enzymes piaye digestion of ingested food, a
host of other factors affect the process of digestincluding specific dietary

properties of ingested food.

Previous studies focussing on the effects of dyetarbohydrates on postprandial
lipid metabolism have found that several steps iwitlhe complex processing of
dietary lipids can be altered depending upon whethe diet is rich in digestible or
indigestible carbohydrates (Lair@hal., 2007). Diets rich in digestible carbohydrates
result in lower levels of lipases secreted by lbthgastric mucosa and the pancreas,
whereas diets rich in indigestible carbohydratedietary fibre have been shown to
cause increased lipase levels and output into tleelehum (Laironet al., 2007).
Thus, if one consumes a diet rich in digestibldohydrates, lower levels of lipases
are available to take part in the hydrolysis oftalie fats and therefore less fat is
digested and absorbed. Whereas if one consumesetaridh in indigestible
carbohydrates, more lipases are available to take ip the hydrolysis of dietary
lipids, thus more lipids are digested and ultimataebre of the ingested dietary lipids

are absorbed.
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Besides the components ingested together with ittarg lipids, the form in which
the lipids themselves are ingested can also affectigestive process. In weanling
pigs, it has been shown that by increasing thel leéat in the diet, an improved
overall daily weight gain and feed efficiency rdésulHowever, this phenomenon
primarily occurs during the later stages of thesety period and is believed to be due
to the fact that piglets have a particularly low dggestibility in the early nursery
phase (Ceraet al., 1988; Ceraet al., 1989). Studies focusing on the effect of
emulsification and fat encapsulation on weanlingrfggenance and nutrient
digestibility have found that by supplementing esifidrs into the high fat diet of
weanlings, fat digestibility is improved and thrbutipe encapsulation of the fat in the
diet, the structure of the fats are altered thugrawing their utilization during the

early nursery period (Xingt al., 2004).

In addition to the structure of ingested fats bedtde to alter the digestive process,
the amount of fat ingested also affects the digegtrocess. In fact, previous studies
have shown that the distribution of all the pantceenzymes changes in response to
the varying amounts of components ingested withéndiet, thus the ingested amount
of proteins etc. also play a role in determining thgestive processes and pancreatic
enzyme levels which follow (Behrman & Kare, 196®). a study involving the
changes in distribution of canine pancreatic enzynmeresponse to varying diet
composition, it was found that by increasing theeleof dietary fat ingested a
significantly increased lipase activity within tpancreatic juice was observed. In the

same study it was also observed that the increadeiary fat level had no effect on
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the protease activity, however by increasing thetady protein intake, increased
levels of protease activity were also observed (Beim & Kare, 1969). Another

study involving the levels of pancreatic lipase the rat also demonstrated an
increased level of pancreatic lipase in responsantincreased dietary fat content.
The mechanism by which the increase in lipase $eagtes is still unclear but it has
been thought to involve an increase in the ratbio$ynthesis of pancreatic lipase,
however how the increased dietary fat levels affeetenzyme synthesizing systems

to bring about the increase is unknown (Gidez, 19@8auet al., 1974).

Thus, it is clear that in addition to the pancreatigestive enzymes themselves, a
number of other factors also affect the digestivecess specifically the dietary
components. In particular the amount of nutrienggested within the diet (i.e. the
amount of carbohydrates, lipids, proteins etc.jvali as the form in which they are

ingested plays an important role in the digestinazess.

1.2.2. The importance of the exocrine pancreasint he

digestion of fat

i) Dietary fat processing and the role of pancreati  c lipase

Digestion as a result of the pancreatic digestiveymes accounts for approximately
half of the overall digestion which takes placehwitthe digestive tract (Beck, 1973;

Brannon 1990).
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In the present study, | will be focussing on thgedtion of fat, as previous studies
involving the relationship between pancreatic lgpasitput and malabsorption in
patients with severe pancreatic insufficiency hdemonstrated that steatorrhea (the
presence of fat in the faeces) only occurs whetiplse output is 10% of the normal
level (DiMagnoet al., 1973). These observations in turn led DiMagnal. (1973) to
conclude that the exocrine pancreas has a largeveesapacity for enzyme secretion,
thus secreting more digestive enzymes than thatinest) for normal digestion.
Additionally, it has been noted that the decreaskpase activity is one of the most
critical events in the course of chronic pancredigorders and even with standard
pancreatic enzyme replacement therapy, the noratialis of fat digestion does not

occur (Carrieret al., 2005).

Digestion and absorption of fat are highly effidcigmocesses which enable as much
as 95% of the dietary lipids ingested by humansetabsorbed. Numerous organs are
involved in the processing of dietary lipids indiogl the stomach, liver, small
intestine and pancreas. The process of the digestiofat can be divided into a
number of different stages, including hydrolysisudsification, micellization and the
uptake of lipids by the enterocytes (Mileidal., 2000). Fat digestion is initiated in the
stomach by the preduodenal lipases, which includgél lipase which is secreted by
the serous glands of the tongue and gastric lipdseh is secreted by the chief cells
of the stomach (Aoubalkt al., 1995; Lairoret al., 2007). These preduodenal lipases,
together with the peristaltic action of the stoméawfidrolyse a small amount of the

dietary triglycerides (Hugginst al., 2003; Hui & Howles, 2002). The remaining
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undigested lipids are then delivered to the smatiéstine where the lipids are
emulsified. Emulsification of the dietary lipidsviives the conversion of large lipid
droplets into smaller lipid droplets in order taiease the surface area available to
the water-soluble lipolytic enzymes. In order teyent the smaller lipid droplets
from coalescing, stabilizers in the form of bileltsaand lecithin are required
(Borgstrom, 1975; Miledt al., 2000). Once in the small intestine, it is thaegaatic
lipase present in the pancreatic juice which ipoesible for the hydrolysis of the
bulk of the ingested dietary lipid. Colipase, whishsecreted by the pancreas in its
inactive form as procolipase, is activated by tinyga the intestinal lumen. It then
binds to the pancreatic lipase as well as a bikk @ud in doing so allows the lipase to
act at the oil-water interface to hydrolyse thedgpwithin the emulsion droplet
(Borgstrom, 1975; Hugginst al., 2003). Pancreatic lipase is in fact inhibited by
physiological concentrations of bile salts in theodenum and thus is dependent on
colipase for its activity in the presence of bidts (Lowe, 1997). Lipolysis can be
divided into three distinct steps. Firstly, theglyceride molecule is converted to a
diglyceride and a single fatty acid. Secondly, digdyceride molecule is converted to
a monoglyceride by splitting off another fatty acikdter two of the fatty acids have
been removed, the third fatty acid remains attacteedhe glycerol. Lastly the
remaining fatty acid is removed from the monoglideyr yielding a single free fatty
acid and glycerol. Monoglycerides and free fattydacare the main products of
triglyceride lipolysis and they, together with bsalts, lecithin, fat-soluble vitamins

and cholesterol form micelles (Beck, 1973).
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The formation of micelles is a vital step to enstire absorption of lipid digestion
products as it enables the fat-soluble moleculediffase across the brush border
membrane. Previous studies have demonstratedhibatptake of fatty acids by the
enterocyte is dependent on the micellar conceaotratf the fatty acids in the aqueous
phase of the intestinal lumen (Hofmann & Borgstrd®64). However, although the
micelles greatly facilitate the uptake of fattydssithe entire micelle does not diffuse
across the brush border membrane, the micelle yndiflses to the surface of the
brush border membrane and the lipid soluble costksave the micelle and diffuse
passively or are actively transported across thenlmane (Hofman & Simmonds,
1971). Micellar solubilization is essential in thptake of fatty acids as the brush
border membrane of enterocytes is actually sephifaten the bulk of the luminal
contents by an unstirred fluid layer. Thus, the enales in the bulk phase of the
intestinal lumen can only come into contact witke thrush border membrane once
they have diffused across the unstirred fluid layiére formation of micelles greatly
enhances the concentration of fatty acids availtdsleptake by the enterocyte as the
micelles are able to diffuse across the unstirheid 1ayer, whereas the solubility of
individual fatty acids in the bulk aqueous phasdoiw and thus few fatty acid
molecules would be able to gain access to the bibostier membrane (Tsd al.,
2004). Most of the absorption of the lipid digestiproducts takes place in the
duodenum and jejunum, by passive diffusion or byivac protein-facilitated
processes; with most of the ingested fat being rélesoby the time the chyme

reaches the middle section of the jejunum (Lastoal., 2007; Staarup & Hoy, 2000).
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Once the products of fat digestion have been abdorihey are transported to the
smooth endoplasmic reticulum of the intestinal leglial cells, where the free fatty
acids and monoglycerides are resynthesized irgty¢erides (Hui & Howles, 2002).
Together with the other products of lipid digestitire triglycerides are packaged into
lipid droplets known as chylomicrons, with phosppiols covering the external
surface of the lipid droplet. The chylomicrons #nen released from the epithelial
cell via exocytosis and are transported to theesyst circulation from the lymphatic
system via the thoracic duct. The chylomicronsthesn transported by the blood to
both adipose and muscle tissue, where free fatigsaand monoglycerides are
released and enter the adipose and muscle tiskeeremnants of the chylomicrons
are then transported to the liver for degradatidngginset al., 2003; Hui & Howles,

2002).

i) Effects of reduced pancreatic lipase secretion

Now that | have focussed on the processing of didipids and the involvement of
pancreatic lipase in that process, it is clear #mat disturbance in the function of
pancreatic lipase would cause a disruption in theree process of dietary lipid
processing and have numerous consequences in ¢érims lipids made available to

the body.

Lipids have many beneficial effects within the bodihiey form integral components

of cell membranes, act as carriers for fat-solubkamins and act as thermal
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insulators and shock absorbers. Lipids also sesv@raenergy substrate and are
precursors for eicosanoids which aid in the regutatof blood pressure, blood
clotting and immune functions (D’Agostino & LoweQ@4; Mattes, 2005). Thus, in
the case of a condition such as exocrine pancrestigficiency (EPI), the reduced or
absent pancreatic lipase secretion would resufeduced dietary fat digestion and
thus reduced fat absorption, resulting in lesgrfatle available to the body to carry

out its vital functions and more dietary fat execkin the faeces (steatorrhea).

In addition to the ingested fat playing an impottesie within the body, the actual
process of digesting fat is also important, resglin a number of different responses
within the body. Many previous studies have shokat the infusion of fat into the
duodenum results in the slowing of gastric emptyireduced hunger and thus
reduced food intake (Heddk al., 1989). However, recent studies involving both
humans and animals have suggested that the eftacigght about by the
intraduodenal infusion of fat are in fact dependent the lipolysis of dietary
triglycerides to fatty acids. Thus, conditions sumh EPI, with a form of lipase
inhibition, are associated with rapid gastric enmgyof fat resulting in reduced
interaction of the ingested fat molecules with theestinal receptors involved in
triggering the normal responses to fat. This imtlgads to various gastrointestinal
side effects and reduced feed back signals to glastric emptying and decrease

appetite (Rayboulet al., 1998).
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Other studies involving the effects of intraduodefipid infusion on ghrelin,
pancreatic polypeptide (PP) and peptide YY (PYY¢ase have shown that the fat-
induced stimulation of PYY and PP and the suppoessf ghrelin is in fact
dependent on the lipolysis of ingested dietarydbpiFeinle-Bissekt al., 2005).
Ghrelin has been shown to play a role in mealatidn, thus stimulating appetite and
subsequently increasing food intake. Orally ingeedte suppresses ghrelin secretion
thus suppressing appetite and food intake. Thipresgive effect of ingested fat on
ghrelin secretion is found to be modulated by titeraction of fat digestion products
with the gut (Broglioet al., 2004; Feinle-Bissett al., 2005; Feinleet al., 2003).
Thus, EPI patients with reduced pancreatic lipasel$ and in turn, reduced fat
digestion and absorption should experience an asexd appetite and increased food

intake.
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1.3. Growth and the role of the exocrine pancreas

The term ‘growth’ can be described as a varietprotesses by which an individual
increases in weight, height, organ size as weith diseir ability to function and adapt
to various environmental stresses (Washburn, 19890man growth, viewed as a
long term process, is reasonably regular and isacherised by a pattern of changing
height velocity from infancy to adulthood. There dour distinctive human growth
phases namely, the foetal growth phase, infancydhdod and puberty, each with
altering height velocities. Following birth a largecrease in height velocity is
observed with a rapid deceleration in velocity wiiea child reaches about 3 years
old. After 3 years of age, the child experiencgseraod of slow and lowered height
velocity until reaching puberty. Puberty then begiwith an increasing height
velocity which continues until the individual reashthe age of peak height velocity,
after which a deceleration is observed until groattually ceases (Boersma & Wit,
1997). Previous studies involving the various gtophases have shown that the four
human growth phases are not necessarily indepemdenie another and that it is
possible that the growth experienced during a simggbwth phase may affect the
growth experienced in subsequent growth phasesekample if a child does not
gain a lot of height during the childhood phasés thight result in an increased gain

in height during the puberty phase (Luo & Karlbe2§0O0).
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In order for growth to take place within the lifespof the individual, the millions of
cells making up the individual’s body must be sigxplwith sufficient nutrient
material to enable them to multiply and reproduee cells. The chemicals required
by the cells to accomplish their various activiteee referred to as “essential foods”
and must be ingested in the diet of the individoaénsure that the growth process
does not fail or become distorted. If however, fmme reason the individual
experiences a period of malnutrition, the growthttadt specific individual will be
transiently inhibited (Washburn, 1950). Followingripds of growth inhibition, a
phenomenon referred to as “catch-up” growth is igudserved. Catch-up growth
refers to an increased height velocity to aboveehwrmal values for individuals at a
specific age or maturity level. The purpose of tiestch-up’ growth period is an
attempt to return the child to its pre-retardatgpawth curve (Boersma & Wit, 1997).
Three different types of catch-up growth phaseshzeen identified. The first type
involves a significant increase in height velodibysuch an extent that the deficit in
growth is quickly eliminated. This type of catch-gpowth occurs mainly during
infancy and childhood growth phases. The secona tgp catch-up growth is
somewhat delayed following the growth retardatioowever the growth continues
for a longer period of time thus ultimately elimimg the growth deficit. This
specific type of catch-up growth is seen mainlyimiyiadolescence. The last type of
catch-up growth is a mixture of both previous typésatch-up growth, where there
is a rapid increase in height velocity followingetgrowth deficit as well as a delay in
the growth process thus causing it to be prolondgmersma & Wit, 1997). With

respect to the “essential foods” required in orfter growth to take place, some
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studies have demonstrated the importance of speaiftrients for infant growth.
Previous studies on infant growth have demonstratedationship between perinatal
fatty acid metabolism and early human growth. Theselies observed an inverse
relationship between the birth weight of infantsl @ine plasma lipid content of long-
chain polyunsaturated fatty acids (LCPUFA) suchagachidonic acid (AA) and
docosahexaenoic acid (DHA) (Koletzko, 2001). Asffithese results were considered
not to support the hypothesis that these fatty sagidyed a role in early human
growth, however once the results were revisitdoeitame clear that the low plasma
levels of AA and DHA could reflect the greater gipaarance of LCPUFA’s from the
plasma to be incorporated into the growing tisstiess resulting in lower plasma

concentrations (Koletzko, 2001).

Thus one can see that a number of different factdfect the growth and
developmental processes during one’s lifetime &ady of these contributing factors
are disturbed in any way, the growth process cbelaffected and even transiently

inhibited.

As with the human growth phases, the pig also expees different growth phases in
which the role of the exocrine pancreas in termgroWwth performance varies within
the various production phases of the pig, adjudiintpe altering biological needs of
the pig as it matures. During suckling, exocrinagraatic secretion is relatively low;
with the most likely reason being due to the piglebhsuming only milk. The milk

does not require advanced digestion and is thusqibr suited to the immature gut
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and low level of pancreatic enzymes released duhiggphase of pig development.
Also, the flow of digesta into the intestine isatelely constant as a result of the
frequent feedings that take place during suckliaggd the exocrine pancreas is
constantly stimulated thus resulting in reducedsgmity and low pancreatic
secretions. Despite the low pancreatic secretiomgwsuckling, the pigs have a large
capacity to grow but only utilise about 40% of thi®wth capacity due to the sow
regulating their feeding patterns and thereforepiggets can not consume the milk
ad libitum (Van den Bornet al., 2007). After weaning, there is a gradual inceeias
exocrine pancreatic secretion, with a significantréase 5 days post weaning, when
the sow’s milk is absent from the GIT and the pamqgreas is adapted to a solid feed
diet. Despite the increased level of exocrine peaitec secretions during this post-
weaning period, it seems that the exocrine secretare still insufficient for the
required digestion and absorption of nutrients #mel piglet usually experiences
postweaning diarrhea. The development of postweadiarrhea is associated with
the overgrowth of the bacterigscherichia coli within the digestive tract, as the GIT
is bombarded with undigested food. Thus it is guesthat the exocrine pancreas

could limit pig growth during this period (Rantztral., 1997).

Following weaning, during the growing period of tpegg production phase, the
importance of the exocrine pancreas has been dératmtsusing pigs with induced
EPI, usually by means of pancreatic duct ligatidanimlottet al., 2005; Gregort

al., 1999). However, even though the exocrine pascrealearly a limiting factor

with respect to pig growth during this period, feetbke also greatly influences
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growth performance. Previous studies have shownathagh feed intake during the
growing period results in an increased daily weig&ih as well as a more efficient
feed conversion, thus positively affecting growttrfprmance. During the finishing
period of the pig production phase (where the pigach between 60-110kg)
however, feed intake may limit performance as mldoresult in an increased fat

deposition and a poor feed conversion efficienaytéBnanset al., 1999).

When examining the various growth phases of theitpig clear that the exocrine
pancreatic secretions definitely play a role inedatining pig growth performance,
however the importance of the secretions with respe overall growth do differ
depending on the stage of pig development. Co®gifdpurdon (1977) demonstrated
that older pigs with weights of approximately 50kgre not significantly affected by
the ligation of the pancreatic duct and performteuiell without the exocrine
pancreatic secretions in terms of growth perforreaf@orring & Bourdon, 1977).
Thus it is clear that the exocrine pancreatic sgxre are more vital in terms of
growth performance following weaning and during ¢inewing period, having less of
an effect in suckling and finishing pigs (Botermahsl., 1999; Corring & Bourdon,

1977).

Parallel to the varying levels of exocrine pandceaecretion during the different
growth phases of the pig, the enzyme content ofettexrine pancreatic juice also
changes. After weaning both the levels and aatwitdf trypsin and amylase are

increased compared to those present in the parciaate during suckling. These
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changes coincide with the adaptation of the pigcpeas to the digestion of solid feed
which usually contains up to three times more pnotend carbohydrates than fat-
compared to that of sow’s milk (Pierzynows#ti al., 1990). After weaning, the

exocrine pancreatic secretion of amylase, lipasépase and carboxylester lipase
follows a general pattern associated with develogmeone of increased secretion

with increasing age (Pierzynowsdtial., 1993).
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1.4. Exocrine Pancreatic insufficiency (EPI)

1.4.1. General introduction on EPI

Exocrine pancreatic insufficiency (EPI) refers tostate of impaired pancreatic
secretion, usually resulting from the destructibthe pancreatic acinar tissue, either
through an inflammatory process or by the progwvessitrophy of the tissue. The
destruction of the pancreatic acinar tissue leadshé inadequate production of
pancreatic digestive enzymes resulting in a sthteaddigestion and thus, ultimately
the malabsorption of essential nutrients. The dagn of exocrine pancreatic
insufficiency is based on the presence of typitiaiaal signs including, weight loss,

diarrhoea, steatorrhea, voluminous faeces and pabjp, together with various

pancreatic function tests which are carried out  wB®| is suspected (Adamama-

Moraitouet al., 2004; Biourge & Fontaine, 2004; Kiehal., 2005).

Conventional treatment of exocrine pancreatic ifisehcy involves replacement of
the pancreatic enzymes with the goal of relievihg tlinical symptoms of EPI
(weight loss, diarrhoea, steatorrhea, voluminouscda and polyphagia) and
correcting the various nutritional deficiencies efhresult. However, previous studies
involving enzyme replacement therapy in the treatr& EPI have shown that

despite the administration of high doses of panresmzyme extracts, normalisation
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of digestion does not always occur and only pad@tections of the malnutrition

have been reported (Bernabdeskiral., 1998; Tabelingt al., 1999).

1.4.2. Exocrine pancreatic insufficiency in Cystic fibrosis

Cystic fibrosis is one of the main causes of ERhwi prevalence of over 90% in all
cystic fibrosis sufferers (Littlewoosdt al., 2006). Cystic fibrosis (CF) is one of the
most common hereditary disorders among the Caucagaulation. It is an
autosomal recessive disease involving all exocsrereting organs such as the
exocrine pancreas, the bronchi, liver, testes anndlgis characterised by abnormally
high sweat chloride concentrations as well as asxd viscosity of all exocrine
secretions. This increased viscosity results intloekage of most ducts within the
exocrine glands, causing reduced secretions ofHGO;” and water (Coupest al.,

2002; Lindley, 2006; Naruss al., 2002).

The secretory defects associated with CF resuth faomutation in the ABCC7 gene
(cystic fibrosis gene) which codes for the cysilardsis transmembrane regulator
(CFTR): a cAMP-dependent Gihannel situated on the apical membrane in epathel
cells of exocrine glands. The most common mutabiotine CF gene corresponds to a
specific deletion of three base pairs resultinthanloss of a phenylalanine at position
508 in the CFTR protein (Naruse al., 2002). Various mutations of the CF gene

exist, causing different abnormalities of the CFTdading to the abnormal transport
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of both fluid and electrolytes across the epithediell membranes of ducts within
exocrine glands (Littlewooet al., 2006). Since CF involves a mutation of the CF
gene, causing abnormalities in the gene producT&JRwvhich is abundant in the
pancreatic duct epithelia, it makes sense thatntagrity of CF patients display
impaired pancreatic ductular function, resulting the development of EPI
(Bernabdeslanet al., 1998; Lindley, 2006). The presence of these CETR the
apical membrane of the pancreatic duct epithel@lscis essential for normal
pancreatic secretory function and thus, the dydfoncof these Clchannels as a
result of the CF mutation plays a key role in thevelopment of pancreatic
insufficiency during the course of the diseasetigwoodet al., 2006; Naruset al.,

2002).

In most CF patients the pancreas is primarily &f@¢cdue to the blockage of the
pancreatic ducts as a result of the impaired transibnane fluid and electrolyte
transport. The impaired secretion of anions, watel pancreatic enzymes results in a
limited flow of protein-rich pancreatic juice, caug protein precipitation within the
duct which eventually results in a blockage. As th@ncreatic ducts become
increasingly obstructed by both cellular debris dhd viscous secretions of the
pancreas itself, the lumen begins to dilate with farmation of both intra- and
interlobular fibrosis. Eventually the pancreatiecnac cells are replaced with fibrous
tissue, fat and small cysts (Abekbal., 1989; Lindley, 2006; Naruss al., 2002).
Destruction of the pancreatic acinar cells resalteduced secretion of the pancreatic

digestive enzymes resulting in the maldigestion altichately the malabsorption of
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essential nutrients. The maldigestion resultingnfexocrine pancreatic insufficiency
is the main gastrointestinal problem in approxinya80-90% of all cystic fibrosis
sufferers, resulting in a poor nutritional statue do the loss of energy and nutrients
necessary for growth. This in turn contributes noirecreased level of morbidity and
mortality within cystic fibrosis sufferers. (Benasdamet al., 1998; Garet al., 1994;
Gregoryet al., 1999). Thus, it is important to find good staés for the nutritional
management of EPI in CF patients in order to imprthe poor nutritional status of

patients.

Even though great advances have been made inedentnt of EPI in both Cystic
Fibrosis patients as well as other EPI sufferedsliteonal studies are necessary in

order to further improve therapy in general (DiMagh993).

1.4.3. Models available to study EPI

Various animal models are available for the studly exocrine pancreatic
insufficiency, including rat models (Setsatral., 1979), canine models (Kir al.,
2005) and pig models (Pierzynowskial., 1988). Each of the animal models of EPI
has its own advantages and disadvantages, andveshaestate of EPI via different
methods; the models include chronic injectionseserpine, Zein or oleic acid into
the common bile duct, as well as the surgical olesitsn or ligation of the pancreatic

duct.
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The chronically reserpinized rat has been usednasthod to induce a state similar to
that of EPI in CF patients. Reserpinization of adats has been shown to produce
biochemical, histological and physiological changethe pancreas, similar to those
seen in the pancreas of CF patients (Mosbal., 1980; Setseet al., 1979). Since
the human infant with CF may display a somewhafetBht degree of pancreatic
insufficiency to the adult CF patient, a model floe development of EPI similar to
that seen in young CF patients was also developled.reserpinization of the rats
was carried out either through once-daily injectiai reserpine into pregnant dams
or into the newborn pups themselves. Doses ofid 25" and 5@g.kg* of reserpine
were injected into the pregnant dams and newbds) raspectively (Werliret al.,
1983). Upon studying the effects of chronic resggpnjections on the structure and
thus the secretory ability of the immature rat paas, results obtained indicated that
the reserpinization of the developing rat causesgés not only in the development
of the immature pancreas but also in the structfirdhe pancreas thus resulting in
alterations in the overall development of panceeatnction. Thus, the prenatal and
neonatal reserpinization of the rats results incpeatic changes similar to those seen

in CF (Werlinet al., 1983).

EPI is commonly induced by the obstruction of trengreatic duct (Corring &

Bourdon, 1977), which can be carried out via a nemdj different procedures for
example, the injection of a Zein solution into tdemmon bile duct of rats. Zein is an
alcohol soluble corn protein which is often usedcaatings for food as well as in

adhesives (Tomitat al., 1988). Injection of the Zein solution into thenmmon bile
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duct of the rats resulted in a reduction in tohgeatic protein to about 20% of that
of control rats. The pancreas of the Zein-injectd was also devoid of acinar tissue
and was replaced with fibrous and lymphocytic trdiles (Tomitaet al., 1988).
Therefore the injection of a Zein solution into tbemmon bile duct of the rats
proved to be a safe and effective method to suppegecrine pancreatic secretion,
resulting in the development of EPI. This speciiiethod of duct obstruction is
particularly useful in rats compared to ligation thie pancreatic ducts, which is
usually quite difficult to achieve due to the majantral and dorsal ducts which
converge at the ventral lobe of the pancreas aadchtimerous minor ducts which
open directly into the common bile duct (Baetehsal., 1979; Takahashét al.,
1977). By using the Zein injection method of duestouction, it is possible to almost
completely occlude each of the pancreatic lobe sdoftthe rat pancreas without
obstructing the common bile duct, thus avoiding tlevelopment of obstructive

jaundice and ultimately the death of the rat (Tardital., 1988).

Another example of a non-surgical model of indudedt obstruction involves the
injection of oleic acid into the common bile dudttbe rat. As with the chronically
reserpinized rat model of EPI as well as the Zejedtion EPI model, the injection of
oleic acid into the common bile duct of rats letmishe development of long-lasting
atrophy of the pancreatic acinar cells, thus resylin reduced exocrine pancreatic

function and ultimately EPI (Henry & Steinberg, B9®lundloset al., 1986).
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In addition to the non-surgical methods of duct tnldion resulting in the

development of EPI, different surgical methods also available. Exocrine

pancreatic insufficiency can be created throughligaion of the pancreatic duct or
by the complete removal of the pancreas, thus pteng the pancreatic secretions
from reaching the contents of the duodenum. Therl&owever, is not very popular
as besides the exocrine pancreatic secretions ledisgnt, the influence of the
endocrine pancreas is also removed, which onlyllysoecurs in the very late stages

of pancreatic insufficiency (Narugeal., 2002).

Ligation of the pancreatic duct results in the depment of EPI in pigs (Abellet
al., 1989; Pierzynowskit al., 1988). Abellcet al. (1989) showed that by ligating the
pancreatic duct in pigs, a reproducible experimentadel of total pancreatic
insufficiency was created. Basically, the methagblwed anaesthetising the pigs with
halothane and then transecting the pancreatic batween two ligatures. The
accessory pancreatic duct, which is present intab@ of animals, was also located
and ligated. Following the pancreatic duct ligatioqpon macroscopic examination of
the pancreas, a fibrous and atrophic gland wasreéde(Abello et al., 1989)
confirming that ligation of the pig pancreatic duesults in the development of EPI
and therefore would provide a useful model in thelyg of EPI. The minipig is also
commonly use as a model of EPI, where the EPldsiaad by the ligation of the
pancreatic duct. Pancreatic duct ligation resultededuced digestibilities of both
protein and fat, confirming the presence of EPlhwihe absence of necessary

pancreatic enzymes including amylase and lipaséo@ldoet al., 2007).
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1.4.4. The pig model of EPI

For the purpose of this study, | made use of tigenpodel of EPI. In order to study
various aspects of pancreatic secretion and tleethalse secretions play in general,
many studies make use of the pig. The pig is widelepted as a model for humans
in both nutrition and related studies as numerongtamnical and physiological
similarities exist between pigs and humans. Somehef similarities which exist
include: feeding patterns, digestive physiology atiétary habits (omnivore)
(Moughanet al., 1992). | also made use of young, growing pigprasious studies
have demonstrated that older, heavier pigs arasmsensitive to the lack of exocrine

pancreatic secretions in terms of growth perforregi@orring & Bourdon, 1977).

In addition to the pig being a widely accepted midde humans, it also offers a
number of other technical advantages. Such as tssilplity for repeated

simultaneous sampling at various levels of thesiime, as well the possibility for
repeated venous sampling for hormone determinawalvantages which are not

presented in most of the current rat models of (BBello et al., 1989).

Since this study is particularly focussed on tigestion and absorption of fat, the
pig also posed as the ideal model to use as preatudies have shown that the rat
has an extraordinary ability to digest fat eventhe absence of pancreatic lipase

(Henry & Steinberg, 1993). Thus, if we used themaidel it would not have clearly
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reflected the relationship between pancreatic épastput and fat digestion and

absorption.
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1.5. Aims

Restriction of dietary fat intake in the treatmeit EPI is commonly suggested,
however recent studies have demonstrated thatdhsumption of a high-fat diet
may be well tolerated by EPI patients and can restiptimal body mass and
nutritional status of the patients (Biourge & Foné 2004). Thus, the main objective
of this study was to corroborate previous findingsthe inclusion of fat in the diet of
EPI patients by investigating the effects of digtanpplementation with Creon 10
000, together with a high-fat diet, on short termovgh performance, apparent

digestibility and fat digestion and absorptionngsihe pig as a model of EPI.

An additional objective of the study was to make akturbidimetry and the lipaemic

index as an approach to measuring and analysingldéisena lipid content before and

after treatment.
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Chapter 2 - Experiment
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2.1. Experiment

2.1.1. Methods

1) Experimental design

The study was performed with 6 pigs in total, whiedre divided into two groups of
three pigs each for ease of handling and animdhveemonitoring. Both groups were

subjected to the same experimental procedures.

i) Animals
6 castrated, new born, male pigs (Swedish Landkacéorkshire X Hampshire)
weighing approximately 1.5 kg each, were randondected from the University
herd at Odarsl6v, Swedish Agricultural Universitydaused in the study. Prior to the
experimental period, pigs were weaned at four weskage and then housed at
Odarslov in individual pens (1.0 x 1.5m) with pedted plastic flooring and wood
chips as bedding. All pens were equipped with afelegling trough, a drinking nipple
and a constant heating lamp (150 W). Pigs wereavallioto move freely within their
pens and had visible contact with each other. Qutire experimental period pigs
were housed in modified metabolic cages at the alnimit of the Department of Cell
and Organism Biology, Lund University, Sweden. Nbelec cages were also

equipped with a drinking nipple and a constantingdamp (150 W). The study was
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approved by the Lund University Ethics Review Comtee on Animal Experiments,
Sweden (Ethics clearance no: M 142-06) and the Ahkthics Screening Committee
of the University of the Witwatersrand, South A#ic(Ethics clearance no:

2006/70/05).

iii) Surgery

a) Pancreatic duct ligation and Jugular vein catheterization

First Surgery: Pancreatic Duct Ligation

To artificially induce a state of pancreatic instifncy, when the pigs were 8 weeks
old, pancreatic duct ligation was performed asofell: All pigs were fasted for 12hrs
prior to surgery. Azaperone (Stresnil, LEO, Helsio@, Sweden) at 4mg.Rgl.V
was administered as a premedication; pigs were ginean a full body bath using
surgical soap. Following the body bath, pigs wertibated endotracheally and
placed on a surgical table, which was disinfecteith &wn iodine solution (Jodopax;
Ferrosan, Malmo, Sweden) and 70% ethanol. Thewége then anaesthetised using
a 0.5-1.5% air mixture of Fluothane (Zeneca, Gdboeg, Sweden) and carrier, &

approximately 0.5].min. All surgery was performed under aseptic condgion
The abdominal region was shaved clean and a 10cisian was made posterior to

the sternum, along thBnea alba. Once the pancreatic duct was located, it was

isolated and ligated using two silk sutures (SHR &thicon, Johnson and Johnson)
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and then cut between the sutures. During surgérgigs were thoroughly examined
to ensure that there were no accessory pancreaidts doresent. Ampicillin
(Doktacillin; Astra Lakemedel, Sodertalje, Swedems administered as a post-
surgical antibiotiat 15mg.kd 1.V and 50mg into the wound. The wound was then
sutured closed; using absorbable sutures for theck@uayers and non-absorbable

sutures for the suturing of the skin.

Second Surgery: Jugular vein catheter implantation

8 weeks after pancreatic duct ligation surgerygpis weeks old), external jugular
vein catheters were implanted. All surgical comatis were the same as for the
pancreatic duct ligation surgery. In brief: followi anaesthesia, the region of the
right external jugular vein was shaven clean arfitra incision was made between
the brachial joint and the mandibular angle. Omeeright external jugular vein was
located, a small incision was made within the Vieaed a Silastic catheter (1.02mm
internal diameter and 2.16mm outer diameter) waseul insideThe catheter was
secured to the vessel using two silk sutures (&BEthicon, Johnson and Johnson)
and then brought to the exterior under the skinthef dorsal part of the neck.
Ampicillin (Doktacillin; Astra Lakemedel, StdertaljSweden) was administered as a
post-surgical antibiotic at 15mg.kd.V and 50mg into the wound. The wound was
then sutured closed. The catheter was then rinstd saline and blocked with a

plastic stopper.

44



b) Post-surgical management

Following both surgeries, the pigs were closely itwoad (feed intake and wound
healing) and treated with Ampicillin (Doktacillil§straZeneca, Sodertalje, Sweden),

prophylactically at 15mg.kb1.V for 3 days.

iv) Feeding
Prior to the pancreatic duct ligation surgery thgspvere fed a standard pig diet

(“Lantmannens enhetsfoder for smagrisar” 53910 S@BO) twice a day (5% body

mass per meal) at 08:00-09:00 hrs and 16:00-17€0 h

Following the first and second surgeries, as wefioa the entire experimental period,
the pigs were fed the standard pig diet (“Lantmasnenhetsfoder for smagrisar”
53910 SOLO 330) enriched with +/- 15% extra fathie form of a mixture composed
of 30% rape oil (“Rapsolja”’, Karlshamn) and 60% ame from cow’s milk

(“Vispgradde”, 40 % fat content), twice a day (5%dlp mass per meal) at 08:00-

09:00 hrs and 16:00-17:00 hrs.

Table 1 shows the constituents of the standardfged, before the addition of the

extra fat. After addition of the extra fat to tharglard pig feed, the fat content of the

diet was increased to +/- 18%.
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Standard pig feed constituents (as supplied by faaturer) listed in table below:

Constituents %
Fat 3.5
Protein 17.6
Ash 5.12
Water 12.4
Carbohydrates 52.0
Total Energy 12.6MJ kg™

Table 1: Constituents (%) and the total energyemntMJ.kg') of standard pig feed.

v) Experimental procedure

All the monitoring and feeding of the pigs, thegmaeation and administration of the
pancreatic enzyme preparation as well as the ¢mlteof all faecal, urine and blood

samples were performed by me.

a) General experimental procedure

Following the pancreatic duct ligation surgery,igere allowed 8 weeks recovery
period during which they were closely monitoredtehfthe recovery period, the
jugular vein catheters were implanted and the pigee placed in metabolic cages
and allowed an adaptation period of 7 days priorstarting the feeding trial

experimental procedure, whilst continuing to reedive high fat diet.
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The feeding trial experimental period comprised ®days in total:

Day 1: pigs were weighed to obtain a ‘before tremtth body mass, all
weighing took place on an animal facility balanoe avas performed before
administration of the morning meal.

Days 2-4: pigs remained in the metabolic cageslstvbontinuing to receive
the high fat diet.

Day 5: faecal and urine samples were collecte@4dwrs.

Day 6: faecal and urine samples were collecte®4#drrs. Blood samples for
‘base-line’ readings were also collected for 24tire, collection of which will
be further explained below.

Day 7: faecal and urine samples collected for 24hrs

Day 8. treatment with Creon 10 000 (Solvay Pharma@cals GmbH,
Hannover, Germany) was commenced (dosing of whidch ke further
explained), the pigs were weighed to obtain a tstatreatment’ body mass
and blood samples for ‘start of treatment’ readi(®&#rs) were collected.
Day 9-11: treatment with Creon 10 000 was contintog@ther with the high
fat diet.

Day 12: faecal and urine samples collected for 24hr

Day 13: faecal and urine samples collected for 24hr

Day 14: faecal and urine samples collected for 24imd blood samples for
‘end of treatment’ readings were obtained (24hrs).

Day 15: pigs were weighed to obtain an ‘end ofttrest’ body mass.
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Following completion of the feeding trial, all piggere killed using an intravenous

anaesthetic overdose of Pentobarbital (Mebumalgmc, Stockholm, Sweden).

b) Dosing with the Creon 10 000

12 Creon 10 000 capsules were administered togeiliethe morning meal and
then another 12 capsules with the evening mealdbke of Creon 10 000 used in
this study has previously been shown to improvestigility in pancreatic-duct
ligated pigs (Tabelingt al. 1999). Each Creon 10 000 capsule contains 150mg
pancreatin which in turn contains 10 000 activadg units, 8000 active amylase
units and 600 active protease units. Dosing wighattive compound was performed
together with 20g of Vanilla yoghurt (3% fat, 4%of®in, 12% sugar, the remainder
of the yoghurt’s composition consists of water attter organic and inorganic
constituents, however a full proximate analysis nwaisperformed; Skane Mejerijet
AB, Lund, Sweden) and 20g of the pig’s meal. Ot@eGreon 10 000 preparation

mixture was consumed, the pigs were given the mn@mportion of the meal.

c) Feed sample processing

Samples (100g) of the feed mixture administerethéopigs were taken daily during

the experimental procedure in order to determitecsed nutrient intake.
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d) Collection and processing of Faecal and Urine samples

Faecal samples collected on each of the six calleatays were stored in separate
containers for each pig, on each specific day. Upgampletion of the collection on
each day, total sample weight was measured anddext@nd then faecal samples
were homogenised using a standard kitchen blendksired at -20°C until further

analysis.

Urine samples collected on each of the six colbectdays were also stored in
separate containers for each pig, on each colled&y. Sulphuric acid was added to
samples during collection to keep pH below 3. Upompletion of the collection on

each day, total sample weight was measured anddext@and the urine samples were

stored at -20 °C until further analysis.

e) Blood sampling and plasma processing
The blood samples were obtained as follows: 5mbdblsamples were taken via the
jugular vein catheters approximately one hr prmratiministration of the morning
meal. Subsequently, samples were then obtainedn30afier administration of food,
and then at 1, 2, 3, 4, 6, 8, 12, and 24hrs aftemmg food administration (see

timeline below).
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Blood samples were collected into 10ml glass v@astaining 0.5ml of Trasylol
(aprotinin 10000 KIE.mt; Bayer and EDTA 0.04g.ill of Trasylol; Merck) and
placed on ice until they were centrifuged at 3008G! °C for 15mins, approximately
30-60mins after withdrawal. 1ml aliquots of all gaa samples were then prepared

and the samples were then stored at -20 °C untilduanalysis.

vi) Sample Analysis

a) Feed, faecal and urine samples

All feed, faecal and urine samples were analysed bsrtified specialist laboratory,
Lantmannen Analycen AB, Lidkdping, Sweden, for drgtter, nitrogen and fat

content, using standard AOAC procedures:
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Dry matter content: Both feed and faecal samples were analysed fomaityer

content using desiccation (drying out) at 103 °Csfars

Nitrogen content: Feed, faecal and urine samples were analysedwonitrogen

content using the Kjeldahl method (Bradstreet, J9&Gth an N factor of 6.25.

Fat content: Both feed (with pre-extraction) and faecal (withpte-extraction)
samples were analysed for fat content using thredata gravimetric method for fat
analysis, using a Tecator manual Kjeltec Auto Sam@dl035 Analyzer (Tecator AB,

Sweden).

b) Blood samples

The blood samples obtained were used to analyde thet lipaemic index of the
plasma samples as well as the plasma lipid prafség standard turbidimetry and
clinical chemistry methods, respectively. Turbidingeprocedures were carried out
by me in the Department of Cell and Organism Bigldgund University, Sweden. |
used the lipaemic index as a measure to indicaechianges observed in the lipid
composition after treatment with the pancreaticyere preparation. The lipaemic
index which is calculated using the absorbencietheflipid samples at both 660nm
and 700nm, serves as an indication of the amouripf in the samples being

measured. The wavelengths that are used to cadhatliipaemic index (660nm and
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700nm) are used as it has been shown that the rcolothe lipids in solution
correspond well to those wavelengths- i.e they the wavelengths of the light
spectrum at which the lipid solutions absorb maXynat. The more lipid that is
present in the sample, the lower the transmittasickght through the sample and
thus, the greater the absorbance of the light eyipids in the sample. Therefore, the
greater the absorbance of the sample, the gréwdipid content of the sample and

thus, the higher the lipaemic index (De Haene.e2aD6).

The clinical chemistry methods used to determiasipi lipid profiles were carried

out in a specialist laboratory, Medilab, TarnabyeS8en.

Turbidimetry Methods:

200u! of each plasma sample was added to a 96pteedi (96F Microwell™ Plates,
Product no: 269620,Nunc, Denmark) using a pip&ieh(t Proline, Finland), the
plate was then loaded into a Spectra Maxplte reader (Molecular Devices, USA)
and the absorbance of the plasma samples was radaduwave lengths of 660 and
700 nm. Absorbance results were processed usidtlsl&x Pro 4.6 processor

(Molecular Devices, USA).

Clinical chemistry methods:
Plasma lipid profiles, including total cholesteroDL, HDL, TG and FFA content
before and after treatment with the pancreatic emzgreparation were determined

from the frozen plasma samples sent to Medilamalay, Sweden; using standard
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calorimetric kits (RocheDiagnostic, Switzerland &ddko Chemicals, Neuss,

Germany) on a Hitachi 912 Multianalyzer (RocheDiagjit, Switzerland).

vii) Data Analysis

All data are expressed as mean (SD). Faecal and profiles, nitrogen digestibility,
coefficient of fat absorption (CFA), blood profiles well as body mass data were
analysed using a repeated measures ANOVA. A Tuksy Ipoc test was used when
significant differences or effects were detectedthy repeated measures ANOVA.
All statistics were performed using GraphPad Ingt&sion 3.00 for Windows 95

(GraphPad Software, San Diego California USA). BSQ@vas considered significant.
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2.1.2. Results

i) Body mass

Figure 1 shows the body mass of pigs measured ééfeatment with the Creon 10
000 preparation, on the first day of treatment (8agnd on the last day of treatment
(day 14). The base-line body mass measurement lawgk tmade on day 1 of
treatment with the Creon 10 000 preparation weré significantly different.
However, administration of the Creon 10 000 supgleinfor 7 days significantly

increased body mass. (P = 0.016)

i) Dry matter and Apparent Digestibility

a) Dry matter (Faecal and Urine)

Figure 2 shows the total daily faecal dry mattenteat (g) during the control and
treatment periods. The faecal dry matter duringtteatment period (day 12, day 13
and day 14) was significantly lower than the faet®l matter during the control

period (day 5, day 6 and day 7). (P < 0.001)

Figure 3 shows the apparent dry matter digesgbitdlues from all three of the
collection days during the control period and hHee of the collection days during
the treatment period. The dry matter digestibil{p) was calculated using the

following formula:
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digestibility (%) = (DM intake) - (DM faeces) X 100

(DM intake)

The dry matter digestibility values calculated fréme last two collection days during
the treatment period (day 13 and day 14) were faogmitly higher than the
digestibility value calculated from the first day aontrol collections (day 5). (P =

0.0166).

Urine dry matter content (g) during the control ameatment periods were not

significantly different from one another. (P = 08B).

55



20

O Control
B Day8
@ Dayl14

19 - *

18

17 -

16

15 -

Body Mass (kg)

14

13 +

12

Control Day8 Dayl4
Experimental Day

Figure 1: Body mass (kg) of pigs measured duriregctimtrol period and on the first
(day 8) and last (day 14) days of treatment withghncreatic enzyme preparation

*P <0.05
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Figure 2: Faecal dry matter content (g) measurethglthe control and treatment
periods
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Figure 3: Apparent digestibility of dry matter dugithe control and treatment periods

*P <0.05day 5 vs. days 13 and 14.
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b) Nitrogen balance, Crude protein (Faecal and Urine)

The nitrogen balance values from the faecal sampie® used to calculate the
overall crude protein content (g) of the faeces hhrogen balance values from the

urine samples were referred to as ‘urinary nitrogen

Crude Protein = Nitrogen x 6.2p

Figure 4 shows the faecal crude protein contentd(g)ng control and treatment
periods. The faecal crude protein content on trst fiwvo collection days during the
treatment period (day 12 and day 13) was signiflgdower than the faecal crude

protein content during the control period (day & @ and day 7). (P = 0.005).

The crude protein digestibility was calculated gdime following formula:

digestibility (%) = (CP intake)-(CP faeces)L00

(CP intake)

For overall crude protein digestibility during tre®ntrol and treatment periods
significant differences were observed. Figure 5wshthe calculated crude protein
digestibility values from all three of the collemti days during the control period and
all three of the collection days during the treaitmeeriod. The crude protein

digestibility values calculated from all three dktcollections during the treatment
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period (day 12, day 13 and day 14) were signifigahigher than the digestibility

value calculated from the first day of control eglions (day 5). (P = 0.013).

Urinary nitrogen content (g) during the control atrdatment periods were not

significantly different from one another. (P = 0632
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Figure 4: Crude protein content (g) in faeces dytire control and treatment periods

*P <0.05days 5, 6 and 7 vs. days 12 and 13.
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Figure 5: Apparent digestibility of crude protein each of the three collection days
during the control and treatment periods

*P <0.05day 5 vs. days 12, 13 and 14.
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c) Fat

Figure 6 shows the fat content of the faeces (gasmed during the control and
treatment periods. The faecal fat content measomeshch of the treatment collection
days (day 12, day 13 and day 14) was significaloiiyer than those measured on

each of the control collection days (day 5, dayé day 7). (P< 0.0001)

The co-efficient of fat absorption (CFA) was calted using the following formula:

CFA = (fat intake)-(fat in faeces) 200

(fat intake)

When calculating the co-efficient of fat absorptiduring the control and treatment
periods significant differences were observed. Fgé shows the calculated co-
efficient of fat absorption (CFA) values from dtirée of the collection days during
the control period and all three of the collectieys during the treatment period.
The CFA values calculated from all three of thelemtions during the treatment
period (day 12, day 13 and day 14) were signifigahigher than the CFA value

calculated from the first day of control collectofday 5). (P = 0.003)
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Figure 6: Fat content (g) in the faeces measuredglaontrol and treatment periods

*P <0.05

64



110
100 -
90 -
80 -
70 -

60 - '|'

50 -

CFA Values

40 -

20
day5 ‘ day6 ‘ day7 day12 ‘ day13 ‘ day14

Control Treatment
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iii) Plasma lipids

a) Turbidimetry

With respect to the analysis of data produced ftloenturbidimetry process, | decided
to calculate the lipaemic index in order to haveas®ort of measure to focus on, and

compare between the control and treatment periods.

Lipaemic index = [(plasma absorbance at 660nm)s(pt absorbance at 700nm)]

x100

(De Haeneet al., 2006)

Figure 8 shows the calculated lipaemic index valiseseach blood sample taken
across the 24hr blood sampling period, beforerreat (day 6) , and on the first (day

8) and last (day 14) days of treatment with theo@r&0 000 preparation.

The calculated lipaemic index values during thetrmbrperiod (day 6) did not differ
significantly between the various sampling pointsl éhe lipaemic index remained
guite constant. On the first day of treatment wiith Creon 10 000 preparation (day
8) significant differences between the various darmgpoints were observed, as well
as in the trends observed across the 24hr sampéingd compared to that of day 6.
Following the first day of treatment (day 8) thedéemic index increased slowly with
time reaching its peak on the"™#r after morning food administration. On the last

day of treatment with the Creon 10 000 preparatty 14), the lipaemic index also
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increased with time and started to increase sothraar that which was observed on

day 8, reaching its peak on th 6 after morning food administration.
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Figure 8: Calculated lipaemic index values for ebldod sample taken across the
24hr blood sampling period, before treatment (daywld on the first (day 8) and last

(day 14) days of treatment
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b) Plasma lipid profile

The cholesterol concentration (mmd).las well as the concentration of both high and
low density lipoproteins (mmol}) measured from blood samples collected on day 6
(control), day 8 (first day of treatment) and day (last day of treatment) did not
differ significantly between the various blood sdimgp time points as well as
between the different collection days. Significahtinges were observed in both the
free fatty acid and triglyceride concentration (nmm) between the various blood

sampling time points as well as between the diffecellection days.

Figure 9 shows the free fatty acid concentratiom@hi™®) measured during the
control period (day 6) and on the first (day 8) &t days (day 14) of treatment with
the Creon 10 000 preparation. A similar trend waseoved in free fatty acid
concentration (mmol¥) during both the control period (day 6) and on fingt (day
8) and last days (day 14) of treatment with theo@r&0 000 preparation; where the
free fatty acid concentration decreased slighttgradibout 1-2hrs after morning food
administration and then slowly began to increasgmagHowever, the time at which
the peak free fatty acid concentration was reacaker, morning food administration
varied significantly between the various sampliraysl The peak free fatty acid
concentration was reached at th& 24 after morning food administration during the
control period (day 6) and at th& &r after morning food administration on the first

(day 8) and last days (day 14) of treatment with@neon 10 000 preparation.
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Figure 10 shows the changes observed in the teglye concentration (mmof)
measured during the control period (day 6) andherfitst (day 8) and last days (day
14) of treatment with the Creon 10 000 preparatibhe changes observed in
triglyceride concentration (mmof) were not as defined as those observed in the free
fatty acid concentration; however definite trendsr@vdemonstrated on the first and

last days of treatment with the pancreatic enzyreparation (day 8 and day 14).
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Figure 9: Free fatty acid (FFA) concentration (mii)imeasured during the control

period (day 6) and on the first (day 8) and lastsd@ay 14) of treatment
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Figure 10: Triglyceride (TG) concentration (mmd).measured during the control

period (day 6) and on the first (day 8) and lagisd@ay 14) of treatment
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2.1.3. Discussion

| set out to corroborate the findings of previousdges in which the inclusion of a
high fat diet together with the PERT in EPI patgeistrecommended. | hypothesized
that the dietary supplementation of the Creon 10 @paration, together with the
high fat diet would indeed have beneficial effewith respect to short term growth
performance as well as the digestion and absorptidat in a pig model of exocrine

pancreatic insufficiency.

The present study could be improved by includindeast a further two control
groups, in which the one control group would notelecrine pancreatic insufficient
and would therefore only receive standard pig feedhout any Creon 10 000
supplementation; and the other control group woblel exocrine pancreatic
insufficient and receive the Creon 10 000 supplgatem together with the standard
pig feed (no high fat diet). This would allow wsdompare the effects of the Creon
10 000 preparation, together with the high fat diet the various parameters
examined to normal values as well as to those wsalobtained with the
supplementation of the Creon 10 000 preparatioh gtandard pig feed. By doing so,
we would be able to assess the efficacy of the ICA&0000 preparation used in the
study, in not only improving the parameters measusat also in returning the
parameters measured to normal values; as welleabehefit of the inclusion of a
high fat diet in the treatment of EPI. The admiagon of a proton pump inhibitor

together with the pancreatic enzyme preparatiomdcalso have improved the results
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obtained. Due to the absence of pancreatic bicateaecretion, the duodenal pH is
low and thus sometimes results in the failure @¢éea coated enzymes to be released
at pH levels < 6 (Proesmans & De Boeck, 2003). Aaofactor which would have
been useful in the present study, would be the ameagent of serum amylase, which
serves as an assay for pancreatitis and thus viawe been informative in assessing

the effects of the pancreatic duct ligation surgarythe pancreas itself.

A larger sample size would also be beneficial iseasing statistical significance of
the results obtained; however, many previous ssuihieolving EPI pigs have made
use of similar sample sizes (Corring & Bourdon, Z;9@mogbeniguret al., 2004;

Tabelinget al., 1999).

Exocrine pancreatic insufficiency was successfydhpduced in all six pigs by
pancreatic duct ligation. A thorough examination decessory pancreatic ducts was
performed during the pancreatic duct ligation stygbowever over a long period of
time accessory pancreatic ducts can develop algairgonsidering the short duration
of my study it is unlikely. However, | did not exara the pancreas at the end of the

study to be certain which could have proved useful.

The existence of EPI was confirmed by the presesfcsteatorrhea and reduced

growth performance in all pigs during the 8 weelstpsurgical recovery period

following pancreatic duct ligation surgery. Dietasypplementation with the Creon
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10 000 preparation, together with the high fat diweid varying results on the

parameters examined.

Results obtained with respect to the body mass ¢kghe pigs before and after
treatment with the Creon 10 000 preparation ineédat positive relationship between
dietary pancreatic enzyme supplementation and ¢grgetformance in the pigs with
EPI. Body mass (kg) of the pigs on the last dayredtment was significantly higher
than that during the control period. My results areagreement with most other
studies involving pancreatic enzyme supplementatiopigs with EPI. Salonienat
al. (1989) observed that pigs with EPI that were maeiving any form of enzyme
supplementation displayed a significantly lower girtigain than those pigs with EPI
receiving enzyme supplements (Saloniemal., 1989). Botermans & Pierzynowski
(1999) also demonstrated a positive relationshigvéen daily weight gain in pigs
and exocrine pancreatic secretion. They observed #n increased exocrine
pancreatic enzyme output resulted in an increaadg Weight gain in pigs receiving
the same daily feed intake (Botermans & Pierzynowk#99). Thus demonstrating
that sufficient exocrine pancreatic secretion iseaial in the digestion of nutrients

and good feed utilization and therefore in the dloand development of the animal.

The faecal dry matter content (g) on all threeamibn days during the treatment
period was significantly lower than that on alle@rcollection days during the control
period, indicating an increased assimilation irpeese to the supplementation with

Creon 10 000 this was also reflected in the sigarft improvement in dry matter
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digestibility. My results are in agreement with yooeis studies as Tabeling al.
(1999) also observed a significant reduction in dng matter content of chyme,
measured in EPI pigs following treatment with a greatic enzyme supplement
(Tabelinget al., 1999). Following pancreatic duct ligation susgér pigs, the dry
matter content of the chyme was shown to increea@atically. This increase in dry
matter is due to the increased content of undigesttrients and also due to the lack
of dilution of the chyme by the pancreatic juiceediment with the pancreatic
enzyme supplement improves nutrient digestibilitg éhus the dry matter content of
the chyme (Tabelingt al., 1999) and in our case the dry matter conteth®ffaeces

is significantly improved.

Similar changes to those observed in the faecahudaiier content and % dry matter
digestibility were also observed in the faecal erymotein content and % crude
protein digestibility before and after treatmenthwvihe Creon 10 000 preparation.
Tabeling et al. (1999) as well as Kammlotét al. (2005) observed that the
administration of pancreatic enzymes to EPI pigseddependently increased the
total digestibility of nutrients such as crude pintand fat, the digestibilities of
which are significantly reduced following pancreadiuct ligation (Kammlotet al.,
2005; Tabelinget al., 1999). My results are in agreement with thesdifigs as | too
demonstrated a positive relationship between thecepéage crude protein

digestibility and the Creon 10 000 preparation seimentation.
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Urinary nitrogen content from urine collections idigr the control period and those
during the treatment period were not significardliferent from one another. One
could speculate that the lack of significant changethe urinary nitrogen content
was probably due to the pigs not being in an extrestate of protein catabolism,
therefore they were not excreting any more or fegsgen than normal. During the
control period, the EPI pigs were likely to be caméng nitrogen; however the
amount which they are able to conserve was notusdedor optimal growth. This is
reflected in the reduced body mass observed ipitiefollowing the pancreatic duct
ligation surgery before commencing treatment wite Creon 10 000 preparation.
Following treatment with the Creon 10 000 preparatihe nitrogen digestibility was
improved, thus the pigs were able to assimilateemotrogen which was used to
build protein, thus resulting in improved growthrfjpemance. The improved growth
performance is reflected in the increase in bodgsyd the pigs following treatment

with the Creon 10 000 preparation.

With respect to the faecal fat content, significdifiterences were observed between
control and treatment measurements. There was rafisagnt improvement in fat
digestion and absorption in response to the Credh QDO preparation
supplementation. Kinet al. (2005) observed a positive response to treatméhta
pancreatic enzyme in a case of canine exocrinergatic insufficiency. Following
treatment, the steatorrhea was nearly diminishetltha faeces became solid and

were decreased in volume (Kiehal., 2005). Carrocciet al. (1992) also observed an
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improvement in the steatorrhea status of CF patiegteiving a pancreatic enzyme

supplement, as well as a reduction in the faecahweeht (Carroccict al., 1992).

In the present study, the steatorrhea improveaviotlg Creon 10 000 preparation
supplementation, as reflected by the co-efficientab absorption (CFA). The CFA
values calculated from all three faecal collectioiising the treatment period were
significantly higher than the CFA value calculatemim the first day of control faecal
collections, thus indicating improved fat absorptio response to the Creon 10 000
preparation supplementation. Similar results hasenbobtained in previous studies
focusing on the effects of pancreatic enzyme theoapfat digestion and absorption.
Sternet al. (2000) also observed increased CFA values in Qlenga receiving

pancreatic enzyme therapy compared to those receavplacebo (Stert al., 2000).

Despite the significant improvements in fat digestand absorption in EPI patients,
pancreatic enzyme replacement therapy (PERT) déiéto completely normalize
fat absorption (Carrocciet al., 1992). PERT is the therapy of choice for most EP
sufferers, with the goal of relieving the clinifmptoms associated with EPI and
improving the overall nutritional status of the ipat (Dominguez-Munozt al.,
2005; Kimet al., 2005; Sterret al., 2000). Many previous studies involving PERT
have displayed improved fat digestion, with reduloss of fat within the faeces and
thus, an improved co-efficient of fat absorptionF&}. However, despite the
significant improvements in overall fat digestidngh doses of lipase therapy often

fail to normalize fat absorption, posing a therdjpeproblem (Carrocciet al., 1992).
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Failure of PERT can be due to a number of diffefaotors affecting the efficacy of
oral pancreatic enzyme supplements, one of whidhasfact that the majority of
ingested pancreatic enzymes in the original unchaenventional preparations were
inactivated by gastric acid before reaching theaatliduodenum (Carrocciet al.,
1992). In order to overcome this problem, pH-séresifpreparations containing
enteric-coated minimicrospheres were developedsaedifically designed to remain
intact until they reached the duodenum (targetfsitaelrug delivery), where the pH-
sensitive coating dissolves to release the digestivzvymes in their active form. In
general, patients treated with the enteric-coatiuhnicrospheres displayed increased
CFA, improved stool consistency, decreased stamuiency and an overall greater
improvement in disease symptoms (Carroatial., 1992; Sterret al., 2000). In the
present study the Creon 10 000 preparation wasrasheried together with 20g of
Vanilla yoghurt (slightly acidic) and 20g of thegfs meal, this was done in order to
ensure that the enteric-coated minimicrospheresiresd stable until reaching the

alkaline pH of the duodenum.

Another factor which has been demonstrated to plagole in the efficacy of
pancreatic enzyme supplements is the administrattredule of oral pancreatic
enzyme supplements. In order to ensure the adegasteic mixing of the active
enzymes with the ingested meal, as well as thel@ameous gastric emptying of the
active enzymes with the chyme it is imperative ttiet pancreatic supplements be
administered properly to ensure maximal lipolytitiaty (Dominguez-Munozt al.,

2005). The oral pancreatic enzyme supplements bhgedominguez-Munozt al.
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(2005) in their study were all effective in impraoygifat digestion irrespective of the
administration schedule, however they were moreciefft in doing so when
administered together with or just after the mealnpared to when administered
before the meal (Dominguez-Muna al., 2005). Thus, when the enzymes are
administered together with the meal, the mixingh&f exogenous enzymes with the
ingested nutrients is optimised. When the enzymesadministered after the meal,
even though a portion of the ingested nutrienteHaeen emptied from the stomach,
there is still a significant portion of the meahths properly digested (Dominguez-
Munoz et al., 2005). In the present study, the Creon 10 OOfpgmation was
administered together with a portion of the pig€at before the majority of the meal
was consumed. The method of administration waserhts ensure consumption of
all the Creon 10 000 preparation, before admirtisinaof the remaining pig feed.
Significant improvements in dietary fat absorptwere observed using this particular
method of administration, however, the efficacytloé Creon 10 000 preparation

needs to be investigated under different scheduldasnodes of administration.

In addition to optimising the administration schiedwf oral pancreatic enzyme
preparations, some studies also suggest thatrgjtédre diet of the EPI patient could
change their response to PERT. These studies farwsi therapeutic strategies for
EPI patients have found that the composition of plagients’ meals in terms of
nutrients may play an important role in alleviatitige persistent steatorrhea
experienced by the majority of EPI patients. ASaas nutrients, specifically protein

and fat increase the survival of pancreatic enzyipelytic activity within the
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duodenum and a direct correlation has been foutwelea the CFA and the amount
of fat present in the diet (Biourge & Fontaine, 208uzukiet al., 1997; Suzuket
al., 1999). In fact as the amount of fat in the meahs increased, a greater
proportion of fat was absorbed resulting in a higB&A and reduced steatorrhea
(Suzuki et al., 1997). These results were somewhat contradictoryprevious
strategies put forward in the management of EPkereimoderate to low-fat diets
were recommended. The rationale behind EPI patmsuming a low-fat diet was
due to bacteria being able to metabolise unabsddigd hydroxy-fatty acids which
stimulate the secretion of excess fluids in theatlisection of the small intestines,
thus, possibly aggravating the steatorrhea. Howeasgepreviously mentioned high-fat
diets are not contra-indicated and are in fact nedfieient in the treatment of EPI
(Biourge & Fontaine, 2004). The mechanism by whibb fat absorption varies
depending on the nutrient content of the dietilswgtder investigation. It is thought
to involve the survival of the lipolytic activityfdhe pancreatic enzymes in response
to various nutrients, as well as the interactiohghe fat with other undigested
nutrients in the lumen (Suzué&i al., 1997). In the present study, we administered the
Creon 10 000 preparation together with a high fat.dhe high fat diet was well
tolerated by the pigs and significant improvememtst absorption were observed.

In the present study, by making use of turbidimeirg were able to calculate the
lipaemic index for each plasma sample taken at ¢aoh point during the control
period (day 6), and on the first (day 8) and lasgsd(day 14) of treatment with the
Creon 10 000 preparation. The lipaemic index reethirelatively constant on the day

of control collections (day 6) and significant cgaa in the lipaemic index were
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observed following treatment with the Creon 10 @d€paration (day 8 and day 14).
The peak lipaemic index value increased followireatment with the Creon 10 000
preparation and the peak value was reached at b faster rate following treatment
compared to the rate at which it peaked duringcthrerol collection period (day 6).

No previous studies could be found which evaludtedplasma lipid profile of EPI

pigs using turbidimetry and then calculating theaémic indices. This approach
could thus be employed as a quick screening tooltHe indirect assessment of

dietary fat assimilation.

The trend in the lipaemic index values as wellrathe rate at which the peak values
were reached was mirrored in both the plasma fatigf concentration (mmot') as
well as in the plasma triglyceride concentratiom@hl™) before and after treatment
with the Creon 10 000 preparation. This observalamhto the conclusion that the
changes observed in the calculated lipaemic inddxes following treatment with
the Creon 10 000 preparation were mainly due toirtiggoved absorption of fatty
acids and triglycerides, as none of the other bloameters measured (cholesterol,
low density lipoproteins, high density lipoproteirssplayed any significant changes
following treatment with the Creon 10 000 preparatiThese observations also lead
me to conclude that the turbidimetry methods thatewused as an approach to
analyzing the overall plasma lipid profile of EHg® was an effective method and
was capable of detecting changes in plasma lipiderd. However since the lipid
profile of the diet was not determined, | am undbldraw conclusions as to whether

the specific changes seen in lipid profile wereoammal limitation of the GIT in EPI
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pigs to absorb the cholesterol or whether they wdwe to the diet given not

containing significant amounts of the cholesterol.
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Chapter 3 — Conclusion
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Conclusion:

The present study corroborates the findings ofiptesvstudies in confirming that the
inclusion of a high fat diet in the treatment of|lE$ beneficial at least in the short
term. The administration of the Creon 10 000 prafpan together with the high-fat
diet was well tolerated by the pigs and proved riaghabout the desired effects of
alleviating some of the detrimental effects of EPMd in doing so, improving the
overall nutritional status of the pigs. The dietanpplementation with the Creon 10
000 preparation, in conjunction with a high-fattdied result in an improved growth
performance as well as fat digestion and absorptiaour pig model of EPI. Thus,
confirming that a high fat diet when supplementetth \wancreatic digestive enzymes
in EPI patients can play an important role in inying growth performance and fat
digestion contrary to some popular beliefs advoggé low fat diet for patients with
EPI. The use of turbidimetry as an approach to ova@ag and analysing the plasma
lipid content in EPI pigs, before and after treatin@so proved to be effective and is
recommended as a quick tool for assessing digeatidnabsorption of fat in similar

future studies.

Recommendations for future studies:

Future studies could be done for a longer timeogkein order to assess the effects of
long-term pancreatic enzyme supplementation, tegethith a high fat diet in the
treatment of EPI and to see whether the enzymelamgpntation and the effects

thereof can be maintained. Long-term pancreaticyreez supplementation trials
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would be somewhat difficult to do using the pig rabdf EPI as the pigs can not be
kept in the metabolic cages for long periods ofetirRerhaps the rat model of EPI
would be better to use in long-term studies as thewuld be easier to handle and
maintain within a metabolic cage. Future studiesukh also assess the importance
and effects of various hormones in the control xajceine pancreatic secretion and

how they are affected by the PERT.
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