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Le Guen, M.P., 1993. White-flowered pea (Piswn sativum) contains 20 to 25% crude protein
(Nx6.25). The pea proteins consist in globulins (60%) and albumins (25%). Because the pea
albumin proteins have biological activities due to their metabolic roles in the seed, some of
them are called antinutritional factors (ANFs) for monogastric animals. These are mainly
protease inhibitors and lectins. The apparent ileal digestibility of N and amino acids of raw
peas fed to piglets was low. The N apparent ileal digestibility of pea protein isolate consisting
mainly of globulins without ANFs was 15 units higher, The addition of 3% of pea ANF
concentrate decreased the N apparent ileal digestibility by 7 units. This effect is not entirely
due to the alleged antinutritional activities of the protease inhibitors or the lectins. This was
suggested by the resuits of the incorporation of another pea ANF concentrate with a higher
ANF content than the former concentrate. The albumin proteins themselves were suspected to
be low digestible. This was illustrated by the results of a mathematical study of the amino acid
composition of ileal digesta from piglets fed a raw pea diet, showing that these amino acids
would be mainly of "endogenous + bacterial” origin and partly of dietary origin and
especially of albumin type. No relations, neither between N digestibility and pancreatic
protease activity in the pancreatic tissue, in its secretions or in the small intestinal digesta,
neither between the activities in these different sections of the gastro-intestinal tract could be
established. The trypsin and chymotrypsin activity decreased in the jejunal digesta and
increased in the ileo-caecal digesta upon addition of pea ANF concentrate to a pea protein
isolate diet although the N apparent ileal digestibility was not affected. The enzyme activities
in the pancreatic tissue was decreased with a raw pea diet compared to a pea protein isolate
diet although equivalent activities were found in the pancreatic secretions. These observations
suggested that the mode of action of pea protease inhibitors may depend on the demand of
proteases to hydrolyse the dietary proteins in the upper intestine, and on the nutritional quality
of the dietary proteins associated with these protease inhibitors.
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CHAPTER I - GENERAL INTRODUCTION 9

GENERAL INTRODUCTION

In the European Community (EC, 12 countries), the animal feed production amounted to
109.1 miltion tons (Mt) in 1991; 30.7 Mt as poultry feed (28%), 37.8 Mt as pig feed (35%)
and 34.0 Mt as cattle feed (31%) (Statistiques protéagineux, 1993). In France, the feed
production represented in 1991 a total of 19 Mt, divided in poultry feed (39%), pig feed
(29%) and cattle feed (21%).

The plant and animal protein consumption by animals in EC in 1991 amounted to 15.8 Mt.
Soya bean products provided 57.5% of them, rapeseed 9.4%, sunflower 7.3% and legume
seeds 5.7%. In 1991, 11.8 Mt soya beans and 10.3 Mt soya bean meal were imported in EC.
Half of the amount of soya beans came from the United States and the rest from Argentina and
Brazil, while more than half of the amount of soya bean meal came from Brazil.

The production of plant and animal proteins for animal feeding in EC in 1991 amounted to 6.3
Mt. Rapeseeds, legume seeds and sunflower seeds covered respectively 23.2%, 17.9% and
10.4% of this production. This means that only about 40% of the protein consumption by
animals was covered by EC production. The deficit in protein supply in EC was therefore
about 60% in 1991,

To become more self-supporting in protein supply for animals, the production of European
protein-rick crops and the substitution of imported soya beans by European crops were
stimulated by a price-supporting policy of the EC. Legume seeds such as peas became in that
respect interesting as an alternative to soya bean. Indeed the production of peas (Piswm
sativum) increased extensively in Europe in the last years (Table 1).

Table 1. Annual production of peas in the European Community (EC) and in France

1000 tons 1982 1984 1986 1988 1990 1992
EC 556 1275 2156 2 560 4495 3 944
France 398 680 1185 2595 3612 3 306

from "Statistiques protéagineux” 1993

The present study is focussed on the use of peas by pigs for the following reasons. Peas
(Pisum sativurn) represent the largest proportion of the legume seeds produced in EC, and
pigs are the biggest consumer of peas in EC.
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White-flowered smooth peas (Plsum sativien) contain 20 to 25% crude protein (Nx6.25), 40 to
50% starch, 6% to 8% oligosacharides as saccharose (2 to 3%) and «-galactosides (4 to 5%),
about 15% non-starch polysaccharides including 8 to 9% NDF, and about 2% lipids. Peas, as
many legume seeds, contain factors called antinutritionnal factors (ANFs) because they are
suspected to produce deleterious effects in animals (Burns, 1987; Birk, 1989). The best
known ANFs in peas are protease inhibitors (PI}) which are proteins characterized by their
properties to bind serine proteases like trypsin and chymotrypsin. In plants, these ANFs act as
biopesticides (Birk, 1989). Lectins are other known ANFs of protein type found in legume
seeds. They have the property to bind to the carbobydrate moiety of glycoproteins of the
intestinal mucosa. The c-galactosides can also cause antinutritional effects. As these are not
digested in the small intestine of monogastrics, they are source of fermentation in the gut and
may result in flatulence, diarrhoea and disconfort in the animals (Saini, 1989).

On a nutritional point of view, compared to soya proteins, pea proteins contain more lysine
{+ 20%, LYS) but less tryptophar (-35%, TRP), threcnine (-5%, THR) and sulfur amino
acids (-5%, MET+CYS) (Table 2). As for the proportion of these amino acids relatively to
lysine, pea proteins are less similar to the ideal protein for pigs (Wang and Fuller, 1989;
MET+CYS 61 %, THR 64%, TRP 20%, of lysine content) than soya proteins {Table 2).

Table 2. Content of some essential amino acids in raw pea protein and soya protein (in % of
crude protein and in % of lysine content)

| % in CP % of LYS content

| pea soybean pea soybean
LYS 7.39 6.26 100 100
MET+CYS 2.69 2.84 36 45
THR 3.74 3.9 51 63
TRP 0.87 1.35 12 22

from RPAN 1989

To become a substitute for soya bean products, peas should be as efficient as these to support
growth in monogastric animals. However growing pigs or weaned piglets show sometimes
lower performance when they are fed raw peas instead of soya bean meal (Grosjean et al.,
1986; Bengala Freire ef al., 1989), This was confirmed in a more recent experiment in which
piglets fed a diet containing 40% raw peas had a lower growth rate than piglets fed a soya
bean meal diet, although the diets were balanced for the total amount of essential amino acid
(Jondreville er ai., 1992).

It is not clear which factor is responsible for the inefficient utilisation of peas. The
proteinaceous ANFs present in peas may be one factor. When dietary PI inhibit secreted
pancreatic proteases in the intestine, digestive processes may be modified. For instance, the
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pancreas may be stimulated to secrete more proteases (Gertler and Nitsan, 1970; Laportes and
Trémolidres, 1973; Temler et 2f., 1984) and as a result may show hypertrophy (Gertler et al.,
1967). Increased pancreatic secretion represents a loss of sulfur amino acids with regard to the
part not reabsorbed from the intestinal lJumen. This is therefore a loss of amino acids for body
protein synthesis. However, with peas, hypertrophy of the pancreas is not observed in all
animal species (Huisman er al., 19904), A literature review on the exocrine pancreas (Chapter
IT) showed that indeed pancreatic functioning is submitted to many sources of variation. The
lecting could also be considered as they can increase mucus secretion and desquamation rate of
the intestinal mucosa and decrease intestinal absorption efficiency (Kik, 1991). However no
adsorption of pea lectins on intestinal mucosa has been abserved in rats (Aubry and Boucrot,
1986) and in piglets (Bertrand er af., 1988), but binding of pea lectins to intestinal
disaccharidases and proteases has been observed in rats by Jindal et al. (1982).

The hypothesis that PI would be partly responsible for the inefficient utilisation of raw peas
by pigs has been derived from experiments in which several batches of peas differing by their
level of PI activities were tested (Huisman, 1989; Leterme ¢f al., 1989). However PI activity
may not be the only source of variation in performance of pigs fed different batches of peas.
This was shown in the present thesis in which low apparent ileal N digestibility coefficients
were found for raw peas with a high as well as with a low PI activity, fed to piglets (Chapter
HDn.

These low apparent ileal N digestibility coefficients were the base of the present study.
Various experiments were designed to find an explanation for these results. The protocol
chosen was to isolate the main components in peas according to Guéguen {1983): a protein
isolate without PI and lectins, a protein concentrate rich in PI and lectins which was called
ANF concentrate, and a carbohydrate isolate. Diets based on isolated pea proteins without
ANFs were made. The effects of adding ANF concentrate or pea carbohydrates to these pea
protein isolate diets were studied. The reactions of the piglets with regard to N apparent ileal
digestibility with each of these diets were evaluated (Chapter II}. The resuits concerning pea
carbohydrate addition were reported in Huisman e al. (199056). In addition to the nutritional
evaluation, the proportions of endogenous N in the ileal digesta from piglets fed raw peas or
pea protein isolate were evaluated using a mathematical mode!l developped by Duvaux er al.
(199Q) (Chapter IV). This was based on the amino acid compositions of reference proteins and
of ileal digesta.

The reactions of piglets were studied also with regard to pancreatic enzymes in relation to PI
intake. Trypsin and chymotrypsin activities were measured in the pancreatic tissue and its
secretions (Chapter VY) but also in different parts of the gastrointestinal tract (Chapter V). The
measurements of these physiological parameters was to get insight into the mode of action of
PI and into the interaction between pancreatic enzyme activities and ileal digestion of N,
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In the general discussion (Chapter VII) other factors such as antigenicity of pea proteins or
non starch polysaccharides were discussed to fully explain the low digestibility of raw peas
measured in the first experiments (Chapter III), A general model for mode of action of pea Pl,
taking into account dietary variations, is also proposed (Chapter VII).
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ABSTRACT

Raw peas exhibit a low apparent digestibility when fed to young pigs. They are know to
contain chemical substances called antinutritional factors (ANFs) which are partly responsible
for the low nutritional value of raw peas. Among ANFs, a large group of proteins, called
protease inhibitors is present. A variable relation between protease inhibitors and pancreatic
function has been reported in many studies. As the pancreas plays a major role in digestive
processes, it is important to understand the effects of pea ANFs on the pancreas of piglets in
order to pin-point the low nutritional value of raw pea. A literature review on the physiology
of the exocrine pancreas and the effects of protease inhibitors on pancreatic function was
prepared.

INTRODUCTION

Growth performance and digestibility values are sometimes unsatisfactory when piglets are fed
diets containing raw peas (Grosjean, 1985; Grosjean and Gatel, 1986; Savage and Deo, 1989;
Matre et al., 1990; Jondreville et al., 1991).

Some pea proteins exhibit antinutritional properties which can affect digestive and metabolic
processes in animals and in humans. They are called antinutritional factors (ANFs). One class
of pea ANFs which have the property to bind trypsin and chymotrypsin, is generally referred
to as protease inhibitors (PI). Another class of ANFs generally encountered in pea seeds, is
also protein in nature with an ability to bind carbohydrates of the glycoproteins of the small
intestinal brush border membrane and the lectins. These latter proteins, called lectins, appear
to have no deleterious effects on piglets as reported by Aubry and Boucrot {1986) and
Bertrand et al. (1988), although they were shown to damage the gutwal! in rats (Jindal er al.,
1982).

Protease inhibitors bind pancreatic proteases in the small intestine. If is thought that the result
of this enzyme inactivation is a decreased digestibility of dietary proteins and therefore
decreased growth performance of the animals. However Liener er of. (1949} showed that
addition of soybean PI to a diet based on predigested proteins fed to rats still reduced their
growth rate. These effects may originate in the regulation mechanisms of the pancreas. From
studies carried out om soybean Pl, it was shown that the pancreas reacts to protease
inactivation in the small intestine (Liener, 1979; Liener and Kakade, 1980; Gallaher and
Schneeman, 1986; Birk, 1989). The physiological responses observed upon feeding PI were
enlarged pancreas in rats (Gertler er al., 1967; Kakade e al., 1973; Roy and Schneeman,
1981, Grant et al., 1992; Pusztai et al., 1992) and in chickens (Gertler and Nitsan, 1970),
hypertrophy of the pancreas in rats (Green et al., 1986), and increased secretion of pancreatic
enzymes in chickens (Gertler and Nitsan, 1970). However these physiological effects on the
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pancreas are not observed for every animal species (Struthers et afl., 1983a; Rascon er al.,
1985; Schneeman and Gallaher, 1986). No enlargment of the pancreas or no increase of its
protease content or its secretions were ohserved in guinea-pigs (Hasdai et al., 1989), piglets
(Yen et al., 1977; Huisman ez al., 1990a) and calves (Guilloteau ef al., 1986; Le Dréan et al.,
1992) upon feeding diets containing P1.

To understand the complex role of the pancreas in the digestion of diets rich in PI, such as
raw pea diets, by piglets, physiology and regulation factors of the exocrine pancreas were
reviewed.

MORPHOLOGY OF THE PANCREAS

In the pig, the pancreas is located under the [umbar area. It is crossed by the portal vein but
no exchange occurs between the pancreas and this vein, It represents 0.17 - 0.18% of the live
weight in 8 week-old piglets.

The pancreas is a dual digestive gland that secretes, on the one hand hormones in the blood
(endocrine part) and on the other digestive fluids in the intestinal lumen {(exocrine part). The
endocrine and the exocrine parts are not physically separated in the organ (Figure 1),

Blood vesse)
Endocrine cells -
(islet of Langerhans} \
\

Figure 1. General view (x1500) of a histological section of a pancreas from mammals.
(adapted from Rieutort, 1982)

The exocrine part of the pancreas is the most voluminous. It represents about 99% of the total
mass in the rat (Rieutort, 1982), The endocrine pancreas consists of the islets of Langerhans,
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¢clusters of cells scattered throughout the exocrine pancreas. Four hormones secreted by the
endocrine pancreas directly into the blood have been detected (Rieutort, 1982):
- glucagon: a 29-amino-acids polypeptide. It induces an increase in blood glucose by
stimulating glycogenolysis in the liver.
- insulin: a two polypeptide chains. It acts to reduce the level of blood glucose.
- somatostatin; a 14-amino-acids polypeptide. It inhibits the secretion of the somatrope
hormone from the hypothalamus.
- pancreatic polypeptide: its complete functions are unknown. Among other functions, it
would inhibit the exocrine pancreas.

Due to its secretory activity, the protein turnover in the pancreas is very high. In pigs of 30
kg body weight, the average proportion of protein mass which is replaced each day in the
pancreas has been found to equal 111% per day, as compared to 50% in the small intestine
and 8% in the heart (Simon er al., 1978). The RNA content of each pancreatic cell is one of
the highest of the body (Rieutort, 1982).

THE EXOCRINE PANCREAS

1. Structure and Physiology

1.1, Structure

The exocrine pancreas is divided into two functional parts - acinar cells and duct cells (Figure
2).

Lobule

Pancreatic
duct to small
intestine

Intercalated duct

Interlobular duct

Intralobular duct

Figure 2. Schematic representation of the exoerine pancreas (adapted from Darnell er af.,
1986)
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Six to eight acinar cells form a functional unit called the acinus. These units are sometimes
lined by centro-acinar cells. The fluid formed by the acinar cells is released into the lumen of
the acinus, transported into the intercatated duct, then into the intralobular duct (merging of
intercalated ducts). This structure of acind and ducts is called a lobule. The lobules are
connected by interlobular ducts to the main pancreatic duct that enters the duodenum
(Rieutort, 1989).

'1.2. Physiological role

The pancreatic fluid secreted by the exocrine pancreas into the duodenum is the most
important digestive fluid. It contains enzymes and bicarbonates, the former being secreted by
the acinar cells, the latter by the centro-acinar cells and the duct cells (Schulz, 1987). The
enzymatic composition of the fluid has been studied in pigs by Marchis-Mouren (1965) and
Marchis-Mouren et al. {1961) by means of chromatography. Most of the enzymes are secreted
in an inactive form, as precursors called zymogens. In this form, the enzymes do not degrade
the pancreatic tissue in which they are produced.
The proteases are classified into two categories :

- endopeptidases: they hydrolyse peptide bonds inside the polypeptide chains. Examples of

endopeptidases are : trypsin, chymotrypsin, elastase and coliagenase.
- exopeptidases: they hydrolyse peptide bonds at the carboxyl-end of the polypeptide chains.
Examples of exopeptidases are carboxypeptidases A and B.

Amylase and lipase are the other main enzymes also found in the pancreatic juice. Elastase
and collagenase also present in pancreatic fluid hydrolyse elastic fibres and collagen
respectively, allowing accessibility to the other endopeptidases (Simoes Nunes, 1982). The
other components of the fluid are water and elecirolytes. The major role of bicarbonate
secretion is to ensure a correct intraluminal pH for the enzymes to exert their activity.
Trypsin hydrolyses peptide bonds where the carboxyl is contributed by an amino acid with a
basic side chain (lysine and arginine). Pig pancreatic juice contains two types of trypsins: an
anionic trypsin and a cationic trypsin (Kidders and Manners, 1978}
Chymotrypsin hydrolyses peptide bonds where the carboxyl group is derived from a neutral
aromatic amino acid such as phenylalanine, tyrosine and tryptophan (chymotrypsin A), or
derived from leucine (chymotrypsin B) or from glutamic acid and methionine (chymotrypsin
Q).
The exopeptidases, complementary to the endopeptidases, act at the carboxyl end of
polypeptides, on bonds of the neutral aromatic amino acids (carboxydase A) and the basic
amino acids {carboxydase B).
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Peptide bonds involving proline aming acid are not hydrolysed by pancreatic proteases but by
specific peptidase of the enterocytes of the brushborder membrane (Simoes Nunes, 1982).

1.3. The acinar ¢ells

a. Cellular polarity (Figure 3)

The acinar cells of the pancreas have a strong polarity for their structure as well as their
physiology, meaning a specific pathway taken by newly synthesized secretory proteins
(Darnell et al., 1985). The cells have the shape of a pyramid. The large base (basal pole) is
orientated towards the blood vessels for nutritional supplies. The narrow top (apical pole) is
turned toward the lumen of the acinus. The apical zone is full of granules containing
zymogens (1um &), During fasting, the concentration of granules is high in this area. This
large reserve capacity allows the pancreas 10 secrete a large amount of protease in a short
postprandial time (Corring, 1980). The basal zone contains the nucleus, the mitochondries,
the rough endoplasmic reficulum and the Golgi sacs. The physiological polarisation of the
acinar cells can be represented by an arrow from the basal to the apical pole, indicating the
pathway of the secretory proteins. The large cavities of the rough endoplasmic reticulum are
orientated according to this direction. The rough endoplasmic reticulum represents about 60%
of the cytoplasm volume in the acinar cells (Rieutort, 1982).

Figure 3. Schematic representation of the acinar cell with indication of its physiological
polarity (adapted from Darnell ef al., 1986; Rieutort, 1982)
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b. Pathway of secretion (Figure 3)

Immediately after synthesis, the secretory proteins are found in the lumen of the rough
endoplasmic reticulum. The transfer vesicles which have budded off the rough ER, fuse with
the membranes of the Golgi complex, The vesicles budding off the Golgi sacs contain the
zymogens. The exocytosis of the secretory vesicles is triggered by hormonal and/or neural
stimulation. The zymogens are then released into the acinus lumen, then into the pancreatic
ducts and finally into the intestine where they are transformed into active digestive

enzymes (Darnell et af., 1986).

1.4. Pancreatic trypsin and chymotrypsin in the ntestine

a. Zymogens activation
The zymogens in the intestine undergo specific irreversible proteolytic cleavages (Darnell er
al., 1986). The activations of the zymogens are dependent upon each other. It starts with
trypsinogen activated by enterokinase present in the intestinal juice. The active trypsin can
then activate trypsinogen, chymotrypsinogen, procarboxypeptidases and proelastase (Keller,
1968; Rovery, 1988) (Figure 4).

carboxypeptidases A

Procarboxydases N
. carboxypepildases B
.+
Pancreatic |Proelastase : - » olastase
M .
Chymotrypsinogen _______ __, chymotrypsin :
proteases REANES T . :
v L. L. :
Trypstnogen TRYPSIN :
+ : :
intastinal :
enterokinase :
A d v - -
(+: activationy NH2 COOH
i¥Ys TRP neulral
or or aliphatic
ARG TYR An
or
PHE
Figure 4. Activation and specificity of the main pancreatic proteases in the intestine of

monogastric animals (+: indicates activation, NH2--COOH: polypeptidic
chain)
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b. Substrate binding

The binding of an enzyme to its substrate occurs at a specific site. For chymotrypsin, this site
is an hydrophobic cleft, consistent with the substrate amino acids specificity of this enzyme,
For trypsin, the amino acids lining the site have negatively charged side chains, thus
facilitating the binding with only positively charged residues (lysine, arginine).

Most water-soluble proteins are globutar. They are folded so that most of the hydrophobic
amino acids are in the interior part of the molecule, away from the water. If such proteins
arrive in the intestine in their native form, they are not accessible to chymotrypsin for
hydrolysis. Normally stomach acids partly denature ingested proteins, and pepsin degrades
them partially before they enter the duodenum. In that way the proteins are partly unfolded
and can be reached for hydrolysis by the enzymes,

2. Stimulanis of pancreatic secretion

In the absence of food in the stomach and small intestines, there is a basal pancreatic secretion
which accounts for about 10 to 30% of the maximal secretory rates (Solomon, 1987). Further
secretion is stimulated as soon as the meal i copsumed. .

2.1. Postprandial stimulation of the exocrine pancreas

The secretion of pancreatic juice of an appropriate composition and amount for efficient
neutralization of gastric acid and digestion of macronutrients is the resule of interaction of
various stimulants (Corring, 1977; Corring et al., 1989). The stimulation is initiated and
maintained during the first 5 hours by action of dietary nutrients at different fevels of the
proximal small intestine (Corring et al., 1989).

The first phase of the stimulation of secretion is called the gephalic phase. Stimuli such as
sight, smell, taste and act of eating food result in increased secretion (Corring et al., 1972).
The stomach also takes part in the stimulation (gastric phase). As the animnal starts eating, the
volume of pancreatic juice or the concentration of proteins in the juice increases, resulting in a
higher amount of enzymes secreted in the duodenum (Corring et al., 1972). The distension of
the stomach due to the meal would lead to subsequent reflex stimulation of the pancreas
(Cargill and Wormsley, 1979).

Almost simultaneous to the gastric phase is the jntestinal phase of pancreatic secretion. The
initiation of it is largely due to the gastric acid and intragastric digestion products (peptides,
amino acids, fatty acids, monogiycerides) coming into the duodenum. The gastric acid and the
digestion products are partly responsible for postprandial secretion of pancreatic bicarbonate
and enzymes specific for the digestion of the nutrients present in the Jumen (Solomon, 1987).

-
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In man, alterations of gastric digestion or emptying lead to abnormal postprandial pancreatic
enzyme secretion (Mayer et al., 1982), The intragastric digestion and stomach emptying
therefore seem important in determining the pattern and magnitude of the intestinal phase of

the pancreatic secretion.

2.2, Stomach emptying and influence on pancreas

The length of stay of the meal in the gastric lumen have consequences on the intensity of
dietary nutrients hydrolysis in the stomach, and on the amount of digestion products entering
the duodenum to stimulate the pancreatic secretion of enzymes.

Stomach emptying is the result of two positive forces (pressure in the stomach and propulsion
of the antral part) and two negative forces (passage resistance due to the pylorus and to
pressure in the duodenum).

The evacuation from the stomach starts at the beginning of the meal, Its rate is very high
during the first 30 minutes (Cuber and Laplace, 1979). It corresponds to the liquid phase
being evacuated by help of the stomach pressure. The liquid emptying can be delayed by
certain types of dietary fibres, especially the hydrophilic types (Low, 1989},

The second phase, when the evacuation rate decreases and stays steady (Cuber and Laplace,
1979), corresponds to the reduction of large particles. They are retained much longer in the
stomach than the liquid phase; the bigger the particle size, the longer the retention. The solid
phase is pushed by antral contractions. The particles too large to go through the pylorus are
pushed back in the centre of the stomach. The intensity of these contractions is related more to
the particle size than the stomach fuliness (Laplace et al., 1986). The second phase of the
emptying kinetics is thus relatively independent of the size of the meal.

The length of stay of the meal in the gastric lumen also depends on several other factors. The
main factors are acidity, osmolarity, levels of fatty acids and various amino acids in the chyme
entering the duodenum where the receptors for these factors are located (Rérat and Corring,
1991).

The pH in the stomach is the result of the acidic juice released by the stomach mucosa and the
buffering capacity of the diet. The pH is not constant during the digestion. The secretion of
juice from the gastric mucosa, mainly acid and pepsinogen, starts immediately at the meal
consumption. The pH reaches a peak 1 to 2 hours later, and stays at that level during 4 or 5
hours (Laplace ef al., 1986). But the pattern of pH changes can be affected by dietary factors
(Lawrence, 1972). As acidic chyme enters the duodenum from the stomach, the duodenal pH
decreases and the pylorus closes itself, The acidity simultaneously stimulates the pancreas to
secrete a bicarbonate solution which neutralizes the gastric acid, raises the pH and allows the
pylorus to open again.




26 CHAPTER Il - PANCREAS AND PROTEIN DIGESTION - REVIEW

In dogs, a pH 4.5 for the chyme entering the ducdenum seems to be a threshold level above
which the bicarbonate secretion from the pancreas is weak (Grossman and Konturek, 1974). In
other species, the available information on the regulation of pancreatic secretion by acid in the
intestine does not allow final conclusions (Solomon, 1987).

2.3. Dietary stimulants of pancreatic secretion
a. Carbohydrates

The amount and type of dietary fibre given to pigs affect the volume of pancreatic juice, and
sometimes the protease activity (Low, 1989). As the amount of fibre increases in pig diets, the
volume of pancreatic juice and the electrolyte output increase according to studies of Partridge
et al. (1982), Zebrowska and Low (1987) and Langlois et @l (1987). The increased
electrolyte output may be due to the higher volume of acid secreted by the stomach (Low
1989). The output of proteases was unchanged in the studies of Partridge er al. (1982),
Zebrowska and Low (1987) but increased in a study of Langlois et al, (1987). The stimulation
of pancreatic enzyme secretion under some circumstances may be refated to an inhibition of
pancreatic enzyme activity by dietary fibres, depending on their sources (Low, 1989).
Intravenous glucose injection in pigs limits pancreatic juice volume and total protein output
(Simoes Nunes and Corring, 1980).

b. Amino acids, peptides, proteins

The dietary stimulants of proteolytic enzymes secretion from the pancreas are mainly their
own substrates or by-products such as amino acids, peptides, proteins,

In contrast to intact proteins, aming acids and peptides solutions introduced in the proximal
small intestine of dogs are efficient stimulants of pancreatic enzyme secretion (Meyer and
Kelly, 1976). Only some amino acids such as leucine, phenylalanine and tryptophan are
effective stimulants in dogs (Solomon, 1987). In human also, only some amino acids such as
phenylalanine, methionine or valine, stimulate pancreatic secretion when perfused in the
intestine (Solomon, 1987). In contrast to human and dogs, intestinal perfusion of amino acids
or completely hydralysed casein does not stimulate pancreatic protein secretion in rats but
perfusion of intact casein doubles the amount of pancreatic protein secreted (Schneeman ef al.,
1977; Schneeman, 1982; Green and Miyasaka, 1983). The synthesis of chymotrypsin in the
pancreas can even decrease in rats when amino acids are used in the diet as the only nitrogen
source (Johnson et al., 1977).
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The effects of intravenous administration of amino acids on pancreatic secretion are
confusing. In only a few studies an effect was observed. Among various amino acids
administered intravenously to chicks, phenylalanine stimulated pancreatic proteases secretion
(Yang et al., 1989b). In dogs however, intravenous amino acids do not affect pancreatic
secretion (Stabile et al., 1984),

Qligopeptides and large peptides, being the main fractions of protein hydrolysis in the
stomach (Rérat, 1981), may be more important than amino acids in initiating the intestinal
phase of pancreatic secretion in all animal species as amino acids do not accumulate in the
intestine during digestion of a meal (Schneeman, 1982). Di- or tripeptides containing
phenylalanine or tryptophan are effective intraluminal stimulants of pancreatic proteases
secretion in dogs (Meyer and Kelly, 1976; Meyer et al., 1976).

The type of dietary proteins itself may influence the characteristics of pancreatic secretion.

In rats, the content and synthesis of chymotrypsinogen in the pancreas can be affected by the
sources of the ingested proteins, eg. zein, fish, gluten or casein (Johnson et al., 1977), or the
pancreatic secretions by the proteins infused in the duodenum (Berger and Schneeman, 1986).
In calves, the pancreatic juice volume, protein content and enzyme activities were lower with
a soybean protein diet than with a milk protein diet, both at the same level of crude protein
(Gorill and Thomas, 1967).

In pigs, the volume of pancreatic juice was lower but the chymotrypsin specific activity was
higher with rapeseed protein isolate than with casein in the diet (Valette et el., 1950).

The quality of the proteins themselves would be partly responsible for the different pancreatic
responses observed. When poor quality proteins either due to their difficult digestion or their
amino acid deficiency are fed to rats, the pancreas would be unable to modify its secretion if
required {Schneeman et Gallaher, 1986).

The role of specific proteins as protease inhibitors is discussed further in this review.

The gquantity of protein in the diet is also a factor of variation of pancreatic response. As the
quantity of nitrogen orally ingested by pigs or rats increased, the specific and total protease
activities increase both in the pancreatic tissue and juice (Corring and Saucier, 1972; Schick et
al., 1984). The adaptation to a new quantity of protein can be very fast, as fast as 20 min
(Johnson et al., 1977), or 30 min (Corring, 1980} in rats, thus preceding changes in tissue
levels of enzyme, or 24 hours (Dagorn and Lahaie, 1981). The adaptation to dietary protein
changes is stabilized after 5 to 7 days on a new diet (Ben Abdeljlil and Desnuelle, 1964).

Low protein diets (3% cereal pratein) fed to rats during 21 days result in decrease of volume
and enzyme activity in pancreatic juice determined over 48 hours (Kheroua and Belleville,
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1981). The protein content, mitotic ability and enzyme activity in the pancreas were also
decreased. Amino acids deficiency was supposed to be the main inhibitor (Kheroua and
Belleville, 1981).

Dietary protein deprivation results in a loss of zymogen granules, shrinking and atrophy of the
acinar cells and a reduction in the amount and duration of enzyme secretion from the pancreas
(Rérat and Corring, 1991). The effects appear in the composition of pancreatic juice with a
considerable delay in time because of the presence of large numbers of preformed zymogen
granules (Malfertheiner er ol., 1988). In case of complete protein deprivation, the protein
syathetic activity of the acinar cell is directed to an almost exclusive production of a group of
anionic proteases (Schick ef al., 1984).

The adaptation for the first time to the new diet is quick as mentionned earfier. It occurs
without any contact between the nutrients and the pancreas, and before any intestinal
absorption of hydrolysis products, suggesting an active involvement of the stomach via gastrin
release during the cephalic and gastric phases (Solomon, 1987), and {or) of the intestinal
mucosa via a messenger (Corring ef af., 1989). Dick and Felber (1975) suggested that the
variation in the size of the intestinal pools of hydrolysis products might be the sensor for
pancreatic adaptation and might be at the origin of a process of messenger release.

The mechanisms that mediate the pancreatic response to dietary changes or intestinal infusion
of amino acids appeared to be confined to the duodenum and jejunum, in dogs (Konturek et
al., 1972). In pigs, however, the adaptation of the pancreas to modified dietary protein
content would not be limited to the proximal small intestine, as the increased pancreatic
protease secretion resulting from an increased protein content of the diet, occurred even when
the first three meters post-pylorus were shunted (Simoes Nunes, 1982; Corring ef al., 1989),

3. Regulators of pancreatic secretion

3.1. Trypsin activity as a regulator: feedback regulation

Numerous studies have demonstrated that pancreatic enzymes exert a feedback control of
pancreatic exocrine secretion in several animal species. In pigs and rats, the control operates
at the level of the duodenum (Corring, 1974; Schneeman and Lyman, 1975).

Removal of pancreatic juice from the intestine results in a large increase in pancreatic enzyme
secretion in rats (Green and Lyman, 1972), and in volume of juice and amount of proteins
secreted by the pancreas of pigs (Corring, 1974). By reintroducing the juice in the intestine,
the secretion comes back quickly to its initial level (Corring, 1973 and 1974) (Figure 5),
which is not the case when only the bicarbonate solution or the enzyme-free juice is
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reintroduced. Therefore, it is only the protein part of the pancreatic juice that is involved in
the observed feedback mechanism (Corring, 1974).

The feedback regulation is based on the enzymatic activity of trypsin and chymotrypsin, not
on the molecule itself (Iwai er al., 1988; Fushiki and Iwai, 1989). Therefore the inhibition of
trypsin and (or) chymotrypsin activity by soybean trypsin inhibitors can result in a large
increase in pancreatic enzyme output in rats (Laporte and Trémolidres, 1973; Temler ef al.,
1984) and in pigs (Fukuoka et al., 1986), as does the diversion of pancreatic juice.
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Figure 5. Effect of diversion and reintroduction of pancreatic juice in the duodenum in

pigs. Effect of intraduodenal infusion of bicarbonate or enzyme-free solutions
(adapted from Corring, 1974)

Mediation of the effects of a meal on pancreatic secretion is ascribed to neurotransmitters and
to hormones. But the function of many regulatory peptides has not been fully evaluated.

3.2. Neural regulators

There is strong evidence that during the cephalic, gastric and intestinal phases of pancreatic
stimulation, intrapancreatic neurons are activated, via central input and vagovagal reflexes
(Sclomon, 1987). Acetylcholine released by these neurons acts directly on receptors, on
acinar and duct cells to elicit enzyme and bicarbonate secretion (Solomon, 1987). Vasoactive
intestinal polypeptide and gastrin releasing peptide nerves zre likely to be involved in the
neural stimulation of the exocrine pancreas (Holst, 1985).

The effect of intraduodenal amino acids on the pancreas would be mediated at Jeast in part by
the neural mechanism (Singer, 1983).
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3.3. Hormonal regulators

Secretin and cholecystokinin are considered to be the major hormonal regulators of the
exocrine pancreatic response to meals.

a. Secretin

Secretin is a 27-amino-acid peptide secreted by open cells of the proximal small intestine.
According to Holst (1985), it would be secreted from the upper jejunal mucosa but according
to Kidder and Manners (1978) it would predominantly originate from the proximal part of the
duodenum. In pigs, the release of secretin is stimulated by HCIl, which would be the
transmitting link between emptying of gastric acid into the duodenum and pancreatic
bicarbonate secretion (Hotst, 1985). According to Holst (1985), dietary nutrients or mixed
food preparations would not stimulate the secretion of secretin. Corring et al. (1985) observed
that when the pancreatic juice secreted by pigs was removed, the plasma level of secretin
increased by 150%. As the ingestion of soybean trypsin inhibitors by pigs results also in an
increase of secretin level in the blood (Corring er al., 1986), gastric acid is not the only
stimulant but also the protein part of the pancreatic juice.

An increase of dietary fibre may also increase circulating level of secretin (Langlois ez al.,
1987), perhaps because of the higher amount of gastric acid.

Exogenous secretin administered intravenocusly increased total pancreatic protein secretion in
rats (Haarstad and Petersen, 1988). In pigs, secretin stimulates the flow rate (Corring, 1974;
Hermann and Cier, 1979) and the concentration of bicarbonates in the pancreatic juice
(Hermann and Cier, 1979; Corring and Chayvialle, 1982). The pig pancreas is extremely
sensitive to secretin (Holst, 1985),

In a few animal species, secretin induces acetylchofine neural stimulation (Solomon, 1987).

b. Cholecystokinin

Cholecystokinin (CCK) is a gut hormone, located in neuroendocrine cells of the proximal
small intestine and is not exclusively confined to the duodenal mucosa in the pig (Kidder and
Manners, 1978). It is released into the blood when dietary proteins are ingested by rats
(Liddle et al., 1984) or amino acids ingested by chicks (Yang er al., 198%a). In chicks, plasma
CCK level can increased 30 minutes after tube-feeding of an amino acid mixture, or 60
minutes after tube-feeding a soy-protein diet (Yang et al., 1989a),
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Multiple molecular forms of CCK, ranging in size from 4 to 58 amino acids, have been
identified in the intestine and plasma. CCK8 and CCK33 are the most abundant forms of CCK
in plasma. Both are biological active peptides.

CCK, by linkage to specific receptors on the pancreatic cells stimulates the pancreas to secrete
more pancreatic enzymes. When CCK is administered intravenously to chicks, with or without
amino acids, the enzyme secretion is extensively increased as compared to amino acids alone
(Yang et al., 1989b). In rats, in addition to an increased secretion of pancreatic enzymes,
exogenous CCK induces an increase of the mass, the total enzyme and DNA content and the
mumber of cells in the pancreas (Miazza and Loizeau, 1985). The magnitude of the trophic
effect depends on the dose administered. According to Malfertheiner er al. (1988), the
pancreatic response of rats 10 released CCK would be regulated by the protein content and
quality of the diets; the pancreas would not be able to supply more enzyme under a CCK
stimulation, in case of a protein deficiency or a poor guality protein.

The release of CCK would be related with trypsin and chymotrypsin activity in the intestine.
The mechanism underlying this relation (trypsin « CCK) is not yet fuily understood. Fushiki
and Iwai (1989) developed a meodel for this regulatory mechanism. The pancreas would
release a monitor-peptide into the duodenum. During the preprandial phase, this monitor
would be hydrolysed and thus inactivated, by trypsin and chymotrypsin in the duodenum.
When dietary proteins come into the lumen, trypsin and chymotrypsin would rather cleave
these proteins than the moniter-peptide, Ieaving it active to stimulate the release of CCK into
the circulation.

However there would be another peptide originating from the small intestine involved in the
regulation, as diversion of pancreatic juice also induces a hypersecretion of pancreatic
proteins. Lu er al. (1989) found in rats a trypsin-sensitive peptide secreted by the proximal
small intestine that stimulates the release of CCK into circulation.

¢. Inhibitory hormones

Ingestion of a meal could stimulate the release of inhibitory hormones or activate inhibitory
reflexes that act directly on the pancreas or on the release of stimulatory hormones such as
secretin or CCK, or on the release of intrapancreatic neurotransmitters such as acetylcholine
and vasoactive intestinal polypeptide (Solomon, 1987).

Three hormones - glucagon, somatostatin, pancreatic polypeptide - secreted by the endocrine
pancreas are potential inhibitors of postprandial pancreatic secretion (Holst, 1985).

In pigs, exogenous pancreatic polypeptide has been shown to induce a significant inhibition of
pancreatic juice protein concentration and output without changes in volume and bicarbonate
(Langlois er al., 1989). In dogs, these characteristics of pancreatic juice were significantly
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reduced after injection of PP (Lonovics er al., 1981; Shiratori ef al., 1988). Glucagon injected
intravenously in pigs induced a sharp decrease of the secretion of pancreatic volume and
proteins (Corring, 1974).

MEASUREMENT OF PANCREATIC ACTIVITY

Evaluaticn of in viwo pancreatic adaptation to dietary changes depends on the selection of
products that will reveal this adaptation, on the selection of measurements and on the selection
of assay procedures for protease activity.

1. Products

Three main categories of products providing data on the pancreas exist. These include the
organ itself, its secretions and the digesta mixed with the secretions.

The measurement of the enzyme activity in the pancreas is a way to assess the pancreatic
adaptation to an experimental feed. It requires the slaughter of the animals at a determined
post-prandial time, and a rapid freezing of the organ. However this measurement is not
adequate when an evaluation of the short-term effect of a meal is required for example, to
kmow the total amount of pancreatic enzyme produced by the pancreas for this meal. The
amount of enzyme activity in the pancreas a few hours after the meal is the result of secreted
enzyme activity via the juice and of newly synthesized enzyme activity. As the amount
secreted in the juice is not known in that way, the total amount produced for the meal is then
unknown.

As for pancreatic juice, it can be collected via a cannula, either directly placed in the
pancreatic duct (Corring ef al., 1972} or in an isolated segment of the duodenum where the
pancreatic duct opens (Zebrowska et al., 1983; Hee er al., 1988). In any case, the pancreatic
juice has to be returned in order to maintzin a normal functional pancreas without interfering
with the feedback mechanism. Pancreatic secretion can also be studied in intact isolated
pancreas, kept in vitro and perfused with an oxygenated medium (Jensen et al., 1978).

As for the other type of products, the digesta, they can be collected from different parts of the
small intestine, from cannulated animals or at slaughter of the animals. The collection should
be made in relation to the feeding time.

Small amounts of pancreatic enzymes can also be found in faeces (Nitsan and Liener, 1976b;
Struthers er al., 1983). In blood plasma or serum small enzyme molecules, as lipase, can be
detected (Frobish er al., 1971).
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2. Measurements

According to the products selected for data on pancreas, different measurements are possible.
In the pancreatic tissue, in addition to the weight of the organ, biochemical parameters can be
determined:

- enzyme activity,

- protein content,

- DNA as a measure of cell number,

- protein/DNA as an index of cell size,

- RNA content,

- enzymatic mRNA concentration (Corring ef al., 1989),

- protein biosynthesis, by determining the protein-bound radioactivity in the pancreas
after infusion of Pselenomethionine for example, in the pig (Haarstad and Petersen, 1988).
Histological and ultrastructural examinations can also be made, giving informations about:

- cellular proliferation (nodular hyperplasia or not},

- acinar adenoma or not,

- nuclear density and size,

- mitotic index (number of mitotic figures per 1000 nuclei),

- granules size and density.
The most common measurements are volume, protein content and enzyme activity in
pancreatic juice, and enzyme activity in digesta.

3. Protease activity

3.1. Assay procedures

The most common method used to assay protease activity is based on the use of a substrate
specific for the enzyme under consideration (Schwert and Takenaka, 1955; Bundy, 1963;
Erlanger er al., 1966). The activated enzyme of the product is placed in contact with such a
substrate that contains arginine (for trypsine) or tyrosine (for chymotrypsine). The enzyme
splits the substrate at the carboxyl end of its specific amino acid, leaving an ionized carboxyl
end -COO". The activity can be measured by titration, or by spectrophotometry if the selected
substrate was one of those capable of releasing a coloured product directly upon hydrolysis.
The activity is then expressed by the quantity (umol) of substrate hydrolysed per minute under
assay conditions.
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3.2. Variations

Direct comparison of enzyme activity datz in the literature is difficult due to a number of
factors involved.

The sampling and storage conditions of pancreatic juice are important elements in that respect.
Chymotrypsin activity for example decreased after one day storage at 4°C (Makkink e al.,
1990).

The time interval between last feed intake and slaughter is an important factor for enzyme
activity in the pancreas (Nitsan and Liener, 1976b; Crass et al., 1987). If the pancreas is
collected a few hours after the meal, the enzyme activity is then the resultant of secretion and
biosynthesis of the enzyme. However, in a fasted state, the result reflects the adaptation of the
pancreas to a dietary variation.

A third element in the comparison of literature data is the substrate used when measuring
trypsin or chymotrypsin activity. The ratios of chymotrypsin/trypsin activity can be as high as
5 to 6 (Aumaitre, 1971; Corring e al., 1978, 1984) or 15 to 20 {(Gertler and Nitsan, 1970),
when measured by titrimetry using the substrates benzoyl-L-arginine-ethylester (BAEE) for
trypsin and N-acetyl-L-tyrosine-ethylester (ATEE) for chymotrypsin. However these ratios are
between 0.1 and 0.5 when measured by spectrophotometry using the substrates p-
toluenesulfonyl-L-arginine-methylester (TAME) and benzoyl-L-tyrosine-ethylester {(BTEE) (Yen
et al., 1977; Partridge er al., 1982; Zebrowska er al., 1983).

For the measurement of trypsin activity in the chyme, there are several other factors to be
considered. The measurement is sometimes carried out without activation of the zymogen,
assuming it to have already occurred in the intestine before collection. However, the extent of
activation depend on several factors (Scheele and Palade, 1975). The recovery of activity in
the chyme is another important aspect. The loss of activity and its variation during the time
course in the small intestine is unknown. Moreover trypsin binds avidly to small food
particles, but the extent of this phenomenon differs according to the diet.

PROTEASE INHIBITORS AND PANCREAS
1. Protease inhibitors
1.1. Definition
Naturally occuring protease inhibitors (PI) which are protein in nature, are an important class

of antinutritional factors (ANFs) in legume seeds (Liener and Kakade, 198Q; Liener, 1989).
They differ in specificity and stochiometry when bound to their substrates (Richardson, 1980;
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Birk, 1989). Within this broad category of protease inhibitors, the main ones in legume seeds
inhibit specifically trypsin and chymotrypsin, and some other serine proteases (Hathcock,
1991).

Protease inhibitors have been intensively studied in soybeans because of their wide use in
human and animal nutrition. They constitute at least 6% of the proteins of soybeans (Ryan,
1973). Two major types of PI have been precisely identified in soybeans: the double-headed
Bowman-Birk inhibitor with one binding site for trypsin and another for chymotrypsin (MW
8000 daltons); the single-headed Kunitz inhibitor with one binding site for trypsin only (MW
20000 daltons) (Brandon er al,, 1988). The Bowman-Birk inhibitor and the Kunitz inhibitor
are proteins consisting respectively of 71 and 181 amino acids. The former contains seven

disulfide bridges, compared to two in the latter.

1.2. Reactive site

The protease inhibitors react in @ competitive manner with the enzymes and form z very stable
complex (Kygeoo = 108 -1013 M1}, thus completely removing the activity of the enzyme
(Burns, 1987; Birk, 1989). To form such a complex, a section of 10 to 15 amino acids of the
inhibitor enters into direct molecular contact with the active centre of the enzyme (Birk,
1989). A specific peptide bond of the inhibitor, recognized by the active site of the target
enzyme, is hydrolysed. This hydrolysis does not change the conformation of the inhibitor
because the reactive site is held within disulfide bridges in contrast to the target substrates of
the enzyme (Birk, 1989). The modified inhibitor forms a stable complex with the enzyme. The
specificity towards trypsin or chymotrypsin is due to the type of one of the amino acids
involved in the peptide bond of the inhibitor; lysine or arginine for trypsin and phenylalanine,
tyrosine or tryptophan for chymotrypsin,

2. Nutritional effects of protease inhibitors

The protease inhibitors family is of particular interest for animal nutrition as their
characteristics are directly related to digestive enzymes secreted by the pancreas. The
nutritional consequences of dietary protease inhibitors have been reviewed by Liener and
Kakade (1980), Gallaher and Schneeman {1986) and Huisman and Jansman {1991). After an
overview of the main effects, the factors that could affect the response to dietary protease
inhibitors are discussed.
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2.1. Hypothesis on mechanisms

Feeding soybean protease inhibitors to animal results generally in a low growth rate, along
with a low nitrogen ileal or fecal apparent digestibility and a high deficiency of sulfur-
containing amino acids (Nitsan and Liener, 1976b; Hasdai and Liener, 1983; Khorasani et al.,
1989).

It is generally accepted that the low nitrogen apparent digestibility can be due to:

- a high amount of endogenous nitrogen in the ileal digesta because of an increased secretion
of enzyme from the exocrine pancreas or a reduced proteolysis and absorption of the
endogenous protein in the small intestine (Nitsan and Liener, 1976a; Gallaher and
Schneeman, 1986),

- a high amount of dietary proteins escaping digestion because of pancreatic proteases
inhibition.

Increased secretion of pancreatic enzymes has been observed in several studies using rats,
mice and chicken fed diets including protease inhibitors (Gertler and Nitsan, 1970; Laporte
and Trémolidres, 1973; Roy and Schneeman, 1981; Temler er al., 1984). Upon entering the
intestinal lumen, the protease inhibitors would inactivate pancreatic trypsin or chymotrypsin,
thereby preventing the normal feedback regulation and stimulating pancreatic secretion via
CCK hormone (Liener and Kakade, 1980). This increased secretion may also cause a
pancreatic enlargement mediated by the CCK stimulating effect (Liener and Kakade, 1980).
Growth depression has been observed on rats fed diets containing free amino acids which do
not require intestinal digestion, when protease inhibitors preparations were incorporated in the
meal (Liener and Kakade, 1980). Therefore the antinutritive effects of protease inhibitors
cannot be explained only by the inhibition of protease activity in the gut.

The physiological response to ingestion of PI-containing diet is species dependent (Struthers ef
al., 1983; Gallaher and Schneeman, 1986; Huisman er al., 1990a, 1990¢). Tables | and 2
review the effects of PI feeding on pancreatic tissue and enzyme activity in pancreatic
secretions and in ileal chyme of piglets and calves. It is shown that pancreas weight is almost
unaffected in these animal species. Total output of proteases in the pancretic secretions did not
increase. Enzyme activities in the pancreas and in the intestinal chyme decreased or remained
at the same levels upon PI feeding. Increases of enzyme activities were rarely observed.
Several explanations could be expressed. Protease inhibitors would bind trypsin and prevent
the complete activation of chymotrypsinogen as observed by Lyman er al, (1974) in rats, Less
oligo-peptides would then be released, and available to suppress the negative feedback
mechanism and stimulate the pancreas. More dietary proteins would then escape digestion,
leading to a poor digestibility and a growth inhibition. It could also be that, although part of
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the proteases are inhibited, there would still be enough active enzymes to hydrolyse the
dietary proteins. The differences could also be due to an inability of the pancreas to respond to
the CCK stimulation in relation to the nutritional status of the animal (Gallaher and
Schneeman, 1986). A low digestible diet could for instance lead to a lack of specific amino
acids at a specific time, impairing pancreatic function.

There are numerous reports in literature about the effects of PI on pancreatic enzymes.
However, their interpretation and comparison are difficult because several factors affect the
response of the pancreas to PI, such as quality and quantity of the protein, or total sulfur
amino acids content of the diet (Gumbmann and Friedman, 1987).

2.2. Fagtors of variation
a. Protein sources in diets

The protein sources of a diet containing PI are important with regard to the supply of nutrients
to the animal.

Feeding mice with a 24% casein diet with or without a PI fraction led to the same growth
rates (Roy and Schneeman, 1981). Green and Nasset (1983) measured in rats a lower
pancreatic response to a casein diet than to & soy protein isolate diet devoid of P1, which is in
agreement with Berger and Schneeman (1986). Likewise an unheated inhibitor-free soybean
extract fed to rats did not have a much better nutritional value than raw soybean extract
(Kakade er al., 1973). The refractory nature of native soybean proteins to protease attack was
believed to be responsible (Kakade er al., 1973). Two aspects can be discussed for the
contribution of protein quality towards variable results.

First, the proportions of endogenous preteins in the ileal chyme can be enhanced irrespective
of PL. It can be due to a slower turnover of the endogenous proteins as intraluminal pancreatic
proteases can accumulate when the dietary proteins are poorly digestible (Percival and
Schneeman, 1979). Also, the binding of intraluminal proteases to dietary proteins could
reverse protease-induced inhibition of CCK release, resulting in an increased pancreatic
secretion (Kakade et al., 1973; Green and Nasset, 1983). This mechanism could explain why
in pigs, peir-feeding of one meal resulted in an increased protease content of the pancreas
when the PI were given in the form of raw soybean meal, and in an unchanged content when
they were given in an isolated form added to heated soybean meal (Yen et al., 1977) (Table
1.

The second aspect concerns the amino acid availability. If the dietary proteins are poorly
digestible or lack essential amino acids, the pool of amino acids available for protein
metabolism may be unbalanced in the essential ones. In such conditions, the pancreas, when







