rFEgz |

Sponsors

Produktschap voor Veevoeder, The Hague, Netherlands
Gist Brocades, Delft, Netherlands

Degussa, Hanau-Wolfgang, Germany

ALKO ltd., Rajamaki, Finland

Finnfeeds International ted., Surrey, England

Ralston Purina International, St. Louis, USA

Organization

L.A. den Hartog (chairman), Research Institute for Pig Husbandry, Rosmalen, Netherlands and Dept.
Animal Nutrition, Wageningen Agricultural University, Wageningen, Netherlands

M.W.A. Verstegen (secretary), Dept. Animal Nutrition, Wageningen Agricultural University,
Woageningen, Netherlands

J. Huisman, TNO Institute for Animal Nutrition and Animal Physiology (ILOB), Wageningen,
Netherlands

B. Kemp, Dept. of Animal Nutrition, Wageningen Agricultural University, Wageningen, Netherlands

S. Bakker, IGMB-TNO, Wageningen, Netherlands

Scientific committee
MW.A. Verstegen, J. Huisman, L.A. den Hartog and B, Kemp




Digestive physiology
in pigs '

Proceedings of the Vth International Symposium on Digestive Physiology
in Pigs, Wageningen (Doorwerth), Netherlands, 24 - 26 April 1991
(EAAP Publication No. 54, 1991)

M.W.A. Verstegen, J. Huisman and L.A. den Hartog (Editors)
T T
R MARILC 0 a0 00 0 e
TEL L Dl aglan 4
Pudoc Wageningen 1991
W&




. ClIP-data Keoninklijke Bibliotheek, Den Haag

ISBN 90-220- 1040-6
NUGI 835

© Centre for Agricultural Publishing and Documentation (Pudoc), Wageningen, Netherlands, 199].

All rights reserved, Nothing from this publication may be reproduced, stored in a computerized system or
published in any form or in any manner, including electronic, mechanical, reprographic or photographic,
without prior written permission from the publisher, Pudoc, P.C. Box 4, 6700 AA Wageningen, Netherlands.

The individual contributions in this publication and any liabilities arising from them remain the responsibility
of the authors,

Insofar as photocopies from this publication are permitted by the Copyright Act 1912, Article 16B and Royal
Netherlands Decree of 20 June 1974 {Staatsblad 351) as amended in Royal Netherlands Decree of 23 August
1985 (Staatsbiad 47 1) and by Copyright Act 1912, Article 17, the legally defined copyright fee for any coplies
should be transferred to the Stichting Reprorecht (P.O. Box 882, | 180 AW Amstelveen, Netherlands). For
reproduction of parts of this publication in compilations such as anthologies or readers (Copyright Act 1912,
Article |8), permission must be obtained from the publisher.

Printed in the Netherlands.




N .
CONTENTS

Preface 1

SESSION 1 ANIMAL FACTORS AFFECTING DIGESTION AND
ABSORFTION

# A. Rerat and T. Corring
Animal factors affecting protein digestion and absorption. 5
¥ P.T. Sangild, B. Foltmann and P.D. Cranwell
The development of gastric proteases in the pre- and post-natal pig.
The effects of age and ACTH treatment 35
¥ R-I. Xu, P.D, Cranwell and D.P, Hennessy
Effects of method of feeding and meal size on the postprandial
gastrin response in pigs 41
A. Langlois, C. Juste, T. Corring, C. Philippe, J.C. Cuber and
I.LA. Chayvialle
Does pancreatic polypeptide affect gallbladder function in the pig? 47
A.F.B. van der Poel, B. Kemp, E.R. Wahle and D.J. van Zuilichem
Pig ileal digestibility associated with antinutritional factors and
protein quality in Phaseelus beans and soyabeans 50
B.R. Westrom, S.G. Pierzynowski, J. Svendsen and B.W, Karlsson
Stimulatory effect of dietary changes at weaning on the exocrine -
pancreas in developing pigs 35
J. Huisman and M.P. Le Guen
Effects of pea ANF's and pea carbohydrates on ileal protein

digestibility of piglets . 60
C. Simoes Nunes, L. Galibois, A. Rerat and L. Savoie
Simultaneous hepatic and gut balances of amino acids in the pig 67

# P.T. Sangild, P.D., Cranwell, H, S¢rensen, K. Mortensen, O. Noren,

L. Wetteberg and H. Sjostrom

Development of intestinal disaccharidases, intestinal peptidases and

pancreatic proteases in sucking pigs. The effects of age and ACTH

treatment 73
J.T. Yen, R.A. Easter and B.J. Kerr

Absorption of free or protein-bound lysine and threonine in

conscious multicannulated pigs 79
M. Schmitz, F. Ahrens, J. Schon and H. Hagemeister

Amino acid absorption and its significance for protein supply in the

pig 85
J.M. Fentener van Vlissingen, ].G.M. Bakker, L.P. Jager, N.P. Lenis, H. de

Visser, F.G.M. Russel and J.E. van Dijk

The kinetics of plasma lysine after oral and parenteral

administration to pigs 838
M.P. Le Guen, G.H, Tolman and J. Huisman
Antibodies formation against pea proteins in piglets 99

B.R. Westrom, G.M. Ekstrom, N. Pantzar and B.W. Karlsson
Mucosal cathepsin B and D activities and the relation to intestinal
macromolecular absorption during postnatal development in pigs 104
J. Huisman, A F.B. van der Poel and A.C. Beynen
Animal species differences in antinutritional effects of raw
Phasecius vulgaris beans and Pisum sativum: comparison of piglets,

. rats, chickens and mice 108
M. Nasi
Plant phosphorus responses to supplemental microbial phytase in the

diet of the growing pigs 114



J.W. Sissons and C.L. Jones
Ultrasonic and electromyographic measurements of the effects of
feed intake on digesta flow and gastro-intestinal motility in pigs

A. Pfeiffer and H. Henkel
The effect of different dietary protein levels on water intake and
water excretion of growing pigs

E.T. Fialho and T.R. Cline
Influence of environmental temperature and dietary protein levels
on apparent digestibility of protein and amino acids and energy
balance in growing pigs

A .C. Beynen, J. Huisman and C.E, West
Comparison between the ileal and fecal excretion of bile acids and
neutral steroids in pigs

SESSION 2 ENDOGENOUS LOSSES DURING DIGESTION IN PIGS

W.B. Souffrant
Endogenous nitrogen losses during digestion in pigs

L. Buraczewska, U. Pohland, J. Gdala, W. Grala, G. Janowska and
W.B. Souffrant
Exocrine pancreatic secretion of enzymes in growing pigs given
diets based on barley, pea, lupin or field bean

C.A. Makkink, B, Kemp, J.M. Fentener van Vlissingen
Evaluation of a method to study protein digestion in the proximal
digestive tract of young piglets

H. Bergner
The problem of estimation of amino acid digestibility in pigs

R-I, Xu and P.D. Cranwell :
Gastrin secretion in the neonatal pig in response to the introduction
of either colostrum or a peptone solution into the stomach

S. Furuya and Y, Kaji
The effects of feed intake and dietary fibre levels on the
endogenous ileal amino acid output in growing pigs

C.A. Makkink and T. Heinz
Endogenous N losses at the terminal ileum of young piglets fed diets
based on either skimmilk powder or soybean meal

A.F.B. van der Poel, Th. Heinz, M.W.A. Verstegen, J. Huisman and
W.B. Souffrant
Endogenous losses of protein from heat-processed beans (Phaseoius
vulgaris L.)

M.P. Le Guen, J. Huisman and C.A. Makkink
Effect of peas and pea isolates on protease activities in pancreatic
tissue of piglets

SESSION 3 IN VITRO TECHNIQUES OF MEASURING DIGESTION

B.0O. Eggum and S. Boisen
In vitro techniques of measuring digestion
F. Ahrens, J, Schon and M, Schmitz
A discontinuous in-vitro technique for measuring hindgut
fermentation in pigs
S. Boisen and J. Fernandez
In vitro digestibility of energy and amino acids in pig feeds
W. Lowgren and H. Graham
In vitro estimation of readily and less-readily available nutrients
C. Bellaver, R.A. Easter, D.A. Cook and A, Gonzalez
A comparison of in vivo and in vitto methodes for estimating
digestibility in swine

120

126

132

139

147

167

173

179

184

190

196

201

207

213

226
231

237

241



[}

G. Breves and J. Dreyer
The effects of dietary carbohydrates on microbial growth as
determined by continuous in vitro-incubations of hindgut contents
of pigs

P. Valette, H. Malouin, T. Corring and L. Savoie
Impact of exocrine pancreatic adaptation on in vitro protein
digestibility ‘

M.D. Harrison, M.R.M. Ballard, R.A. Barclay, M.E. Jackson and
H.L. Stilborn
A comparison of true digestibility for poultry and apparent ileal
digestibility for swine. A classical in vitro method and NIR
spectrophotometry for determining amino acid digestibility

P. van Leeuwen, M.W.A. Verstegen, H.J. van Lonkhuijsen and
G.J M. van Kempen
Near Infrared Reflectance (NIR) spectroscopy to estimate the
apparent ileal digestibility of protein in feedstuffs

F. Liebert, J. Tossenberger, Z. Henics and G. Gebhardt
Comparative results about amino acid efficiency estimation by
different methods in pigs

SESSION 4  METHODOLOGIES FOR THE MEASUREMENT OF
DIGESTION

M.F. Fuller
Methodologies for the measurement of digestion

5.G. Pierzynowski, B.R. Westrom and B.W. Karlsson
Chronic models for the evaluation of the GIT tract function during
porcine postnatal development

T. Kohler, M.W.A. Verstegen, J. Huisman, P. van Leeuwen and
R. Mosenthin
Comparison of various techniques for measuring. ileal digestibility
in pigs

U. Hennig, J. Wiunsche, W.B. Souffrant and F, Kreienbring
Precaecal nutrient digestibility and amino acid absorption in pigs
with ileorectal anastomoses and ileocaecal re-entrant cannulae

J. Wiinsche, T. Yolker, E. Borgmann and W.B, Souffrant
Assessing the proportion of bacteria nitrogen in faeces and digesta
of pigs using DAP estimation and bacteria fractionation

A W. Jongbloed, P.A, Kemme and Z, Mroz
Comparative studies on duodenal, ileal and overall digestibility of
dry matter, total phosphorus and phytic acid in pigs using dual-
phase markers

M.E. Fuller and A, Cadenhead
Estimation of undigested dietary protein by the use of 1*¥1-labelled
protein

AW, Jongbloed, J.G.M. Bakker, P.W, Goedhart and E, Krol-Kramer

Evaluation of chromic oxyde with lower concentration and of HCI- '

insoluble ash as markers for measuring overall apparent digestibility
of some dietary nutrients for pigs

M.F. Fuller and A. Cadenhead
Effect of the amount and composition of the diet on galactosamine
flow from the small intestine

Z. Mroz, A.W. Jongbloed, P.A. Kemme, H. Everts, A.M. van Vuuren and
R. Hoste
Preliminary evaluation of a new cannulation technique (steered ileo-
caecal valve) for quantitative collection of digesta from the small
intestine of pigs

248

250

254

260

266

273

289

296

304

310

317

322

325

330

334



V. Theodorou, J. Fioramonti and L. Buéno )
B1Cr EDTA is a digestive marker more accurate than C-PEG 4000
for measurement of net water absorption from pig’s proximat colon
D. Thomaneck, U. Hennig and W.B. Souffrant
In vitro determination of protein digestibility of feeds using a
"digestion cell” (Preliminary results)
T. Kohler, R, Mosenthin, L.A, den Hartog, J. Huisman and
M.W.A. Verstegen
Adaptative effects of ileo-rectal anastomosis on digestion in pigs
M.J. van Baak, E.C. Rietveld and C.A. Makkink
Determination of trypsin and chymotrypsin activity in pancreatic
juice, tissue and chyme: the effect of freeze-drying and storage
P. Leterme, L. Pirard, A, Théwis and E. Frangois
Comparison of the rate of passage of digesta in pigs modified by
ileo-rectal anastomosis or fitted with an ileal T-cannufa

SESSION 5 DIGESTION OF CARBOHYDRATES IN THE PIG

W. Drochner
Digestion of carbohydrates in the pig

K.E. Bach Knudsen and B. Borg Jensen
Effect of source and level of dietary fibre on microbial fermentation
in the large intestine of pigs

J. Bengala Freire, A, Aumaitre, J. Peiniau and Y. Lebreton
Apparent ileal digestibility of starch and « galactosides from peas by
early weaned pigs: effect of extrusion

H. Graham, J. Inborr and P. Aman
Definition and analysis of dietary fibre. Effect on -nutritional
evaluation

J. Inborr, MR, Bedford, J.F. Patience and H.L, Classen
The influence of supplementary feed enzymes on nutrient
disappearance and digesta characteristics in the Gl-tract of early
weaned pigs

I.B, Schutte, G.M. Beelen, G.B. Derksen and J. Wiebenga
Digestion and utilization of D-xylose in pigs as affected by age,
frequency of feeding and dietary level

“ . A.L. Sutton, A.G, Mathew, A.B. Scheidt, J.A, Patterson and DT, Kelley

Effects of carbohydrate sources and organic acids on intestinal
microflora and performance of the weanling pig

K.E. Bach Knudsen
Breakdown of plant polysaccharides in the gastrointestinal tract of
pigs

E. Chabeauti, Y. Jaguelin, C. Fevrier, B, Carré and Y. Lebreton
Digestion of plant cell wall polysaccharides in pigs fed on diets
varying in cell wall and lactose contents

J. van der Meulen and J.G.M. Bakker
Effect of various sources of dietary fibre on chemico-physical
characteristics of digesta in the stomach and the small intestine in
the pig

J. Gdala, H. Graham, L. Buraczewska and P. Aman
Tleal and faecal digestibility of polysaccharides in pigs fed diets with
different varieties of pea

R. Mosenthin, W.C. Sauer, F. Ahrens and C.F.M. de Lange
Effect of supplementation of propionic acid on ileal and fecal
nutrient and energy digestibilities and on the level of microbial

 metabolites in ileal and cecal digesta of growing pigs

340
345
349
356

361

367 |
389 |
305

401 f

405
411
a22 |
428

434

440

446

452



C. Wecke and G. Gebhardt

Maize starch digestibility from CCM with different chopping

degrees and crude fibre contents in ileorectomized and intact pigs 456
R. Kohler and F. Reinisch

Digestibility of crude fibre and non-starch polysaccharides from rye

and triticale in piglets 461
- A.G. Mathew, A L. Sutton, A.B. Scheidt, D.M. Forsyth, J.A. Patterson and

D.T. Kelly

Effects of a propionic acid containing feed additive on performance

and intestinal microbial fermentation of the weanling pig 464

C.H.M. Smits, W.A.G. Yeen, G.J. Borggreve and J.J. Heeres-Van der Tol
The effect of the carbohydrate fraction from various raw materials
on the perfarmance, the ileal and faecal digestibilities and the
energetic value of the diet 470

List of coniributors to the scientific program 477



PREFACE

This book provides a compilation of papers presented at the Vth Congress on Digestive
Physiology in Pigs held in Wageningen (Doorwerth), The Netherlands.

Background and aim of this symposium are a consequence of changes in the field of
digestive physiology of pigs.

During the last years many new advances have been made in the field of animal nutrition.
New disciplines have been used to increase our knowledge on digestion and digestive
processes. The symposium programme shows some of the new research fields in the area
of digestive physiology in the pig. It is the Vth in a series of symposia aimed at discussing
results of new studies and the development of concepts on digestive physiology in pigs.
In 1979, Dr. R, Braude and his co-workers at Shinfield, arranged the first international
seminar on digestive physiology in the pig. The proceedings of this seminar can be found
in the Technical Bulletin No. 3: "Current concepts of digestion and absorption in the pig"
(Eds. A.G. Low and L. Partridge).

Three years later (1981) the second seminar took place at Versailles, arranged b; Dr. A.
Rerat and his staff. The seminar proceedings were published in "Les Colloques de PTINRA"
no. I2 entitled "Digestive physiology in the pig" (Eds. J.P. Laplace, T. Corring and A,
Rerat).

The third symposium was held in 1985 in Copenhagen. The proceedings have been
published as "Proceedings of the 3rd International Seminar on Digestive Physiology in the

Pig" 580, Beretning fra Statens Husdyrbrugsforsgg by the National Institute of Animal
Science, Denmark (Eds. A. Just, H. J¢rgensen and J.A. Fernandez).
The fourth symposium was held in Jablonna, Poland in 1988. The proceedings have been

published by the Polish Academy of Sciences "The Institute of Animal Physiology and
Nutrition, Poland (Eds. L. Buraczewska, S. Buraczewski, B. Pastuszewska and T.
Zebrowska).

Papers in the Vth Symposium are written by many authoritive workers and are organised
in five main topics concerned with various aspects of digestive physiology in pigs. In each
session a first paper deals with a review of literature providing an update of the state of
art of knowledge in this field. This provided an essential part of the symposium and
enabled also a structured and a well organized discussiont through its chairmen and
discussion leaders.

We wish to acknowledge the financial support of the Vth Symposium by the organisation
listed in the beginning of this book.

We would like to give special thanks to Mrs. J. van de Kraats-Bos, who provided such
excellent secretarial help, essential for the preparation of the Congress and the

proceedings.
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Animal factors affecting digestion and absorption




ANIMAL FACTORS AFFECTING PROTEIN DIGESTION AND
ABSORPTION

A. RERAT(D and T. CORRING®)

(1) Unité sur 'absorption et le métabolisme hépatique
(2) Laboratoire d’Ecologie et de Physiologie du Systéme Digestif
CRJ - INRA, Jouy-en-Josas 78350 - FRANCE.

Abstract

Protein digestion and absorption is analysed in this review with a special
attention paid to some essential parameters. Enzyme secretions at the various
levels of the digestive tract are inventoried as well as their sequential action on
proteins and peptides, their adaptability, neurchormonal regulaticn and animal
factors such as age and nutritional and physioclogical status. The role of the various
transport systems for aminoacids and peptides in the brush border and basolateral
membrane of the enterocyte are examined as well as the nutritional consequences
of these systems and the possible passage of native peptides into the portal blood.
Amino acid metabolism in the enterocyte is analysed, in particular the metabolism

of glutamine originating from the blood or lumen.
<

Introduction

The digestion of food depends on a variety of physioclogical parameters related
with its physical and chemical characteristics and with other factors such as the
rhythm of intake. The rate of food passage through the gut and intestinal enzyme
capacities of the animal are of particular importance . Thus, the transit rate
determines the time of contact between food and enzymes and this may be at the
origin of a more or less complete hydrolysis of dietary constitnents and the
appearance of substrates inducing the development of some bacteria in the hindgut
whose degradating action is not necessarily beneficial. The transit rate also
regulates the time of contact between digestion products and absorptive surfaces;
this may result in the formation of more or less voluminous residues despite a real
but unfitted hydrolysis as well as in a delayed appearance of some digestion
products in the "inner medium" leading to a poor metabolic utilisation (Elman,1953).
In the same way, any abnormal secretion or any absorption failure may lead to the
presence of abnormally large amounts of nutrients in a segment of the digestive
tract which they should not have reached with the same consequences as those of
an inadequate transit. Hence, there is an interdependency between the various
mechanisms of digestion in terms of motricity, secretion and absorption (Rerat et
al, 1977a). The sequence of digestive events is therefore necessarily coordinated by
the nervous and humoral relationships between the various organs. These
relationships are characterized by the existence of retroactive systems which, at
each step of digestion, are monitoring the importance and length of the previous
and following steps. The regulatory peptides secreted by the mucosa throughout
the digestive tract and by a variety of digestive organs such as the pancreas play a
major role in the synchronization of the various digestive events,

These variabies which are characteristic for the animal may be submitted to
variations depending on the species, heredity, age, physiological stage (gestation,
lactation, nutrition) and stress. They may aiso vary according to nutrients and type
of feeding.

All the digestive events and their interrelations will not be analysed in this
report. We have chosen to focus on protein digestion and to update our knowledge
concerning:




- digestive hydrolyses en relation to enzyme productions in the various segments
of the digestive tract, their adaptation and regulation; -

- some intestinal transport mechanisms

- some aspects of enterocyte metabolism.

I. SEQUENCE OF DIGESTIVE HYDROLYSES, REGULATION AND ADAPTATION

From its enitry into the mouth and during its progression through the gut, food is
successively mixed with digestive secretions contributing to the sequential
degradation of dietary macromolecules into nutrients which are subsequently
absorbed. For proteins, these hydrolyses start in the stomach and continue in the
intestine under the combined action of pancreatic and intestinal enzymes.

1.1. Gastric hydrolysis

The stomach secretes into the gastrie lumen a complex mixture originating from
various glands and mucosal cells, i.e. electrolytes, enzymes, mucosubstances, blood
substances and other biologically active matters (such as the intrinsec factor). It
also secretes a regulatory peptide, gastrin, into the blood circulation. The gastric
Juice is mainly characterized by two compenents, an acid component containing
hydrochloric acid and water produced by the parietal cells and an alcaline
component containing pepsinogens secreted by the chief cells or peptic cells as well
as electrolytes such as chlore, ecarbonate, sodium and potassium secreted by the
cardial glands also responsible for the production of mucosubstances.

The hydrochloric acid secretion has a variety of functions, i.e; activation of
pepsinogens into pepsin, maintenance of intragastric pH at low values
corresponding to the optimal pH for the action of pepsins; chemical digestion and
stimulation of the duodenal production of cholecystokinin-pancreozymin.

Enzyme composition of the gastric juice

The gastrie juice contains several pepsins and chymosin, 1.e. proteases which
initiate protein digestion. These enzymes are synthesized and secreted in the form
of proenzymes converted into active enzymes by a limited proteolysis which
separates a fraction of the N-terminal portion from the peptide chain (Kageyama &

" Kagahashi, 1980). This process triggered by hydrochloric acid is very rapid at pH 2

and goes on more slowly at pH 4 by autocatalysis due to the pepsin formed. In
humans, distinction can be made between 7 pepsins distributed into two major
groups according to their physicochemical characteristics, their activity and
optimal pH of action (PGL:2.0 > pH » 1.5; PGII pH 3.2) (Samloff, 1971; Seijffers et al,
1965). In the pig, there are three (Folimann, 1986) or four (Vonk & Western, 1984)
pepsins, among which pepsin A is a major constituent with an optimum action at
pH 2, pepsin B which is present in small amounts and not well known, pepsin C or
gastricsin with an optimum action hetween pH 3 and 4. Young piglets (but not
infants) possess another protease, chymosin (Foltmann et al, 1981) with the same
optimum pH of action as that of pepsin C. However, gastric proteases are generally
active within a large pH range and are all capable of coagulating milk at pH 6.5. The
specific action of pepsing has been very well analysed (Taylor, 1968)i.e.
endopeptidases which cleave the peptide bonds only between L-amino acids. The
most rapid hydrolysis rate is observed for bonds near the aromatic amino acids,
tyrosine and phenylalanine. The hydrolysis rate decreases for bonds involving
glutamic acid and cystine and becomes very low for bonds between valine and
glycine, tyrosine and cystine, tyrosine and serine. Glycylpeptides are very resistant
to the action of pepsin.



Relationships between hydrolysis and gastric transit

Hydrolysis intensity depends on the length of stay of proteins within the gastric
lumen and is thus responsible for the time length of contact between enzymes and
substrates. This length of stay plays a major role for the first steps of food
degradation since the pH of the fundic and pyloric contents changes with time,
from 5 immediately after the meal to 2 after some time (Lawrence, 1972). Hence,
protein hydrolysis is first slow and then more rapid. The gastric emptying rate can
be reduced by various factors such as hyper- or hypo-osmolarity (Hunt, 1963) or an
acid p¥l (Hunt & Knox, 1972). This emptying rate is controlled by receptors located
in the duodenum which are sensitive to chyme acidity, osmolarity, levels of fatty
acids and various amino acids: tryptophan in dogs and humans, phenylalanine,
glutamate, arginine and cysteine in humans (Stephens et al., 1975; Byrne et al,
1977). Oligopeptides and proteins also participate as efficiently as their constituting
amino acids in the reduction of the gastric emptying rate (Burn-Murdock et al,
1978; Stephens et al., 1976). The enzymatic hydrolysis of proteins depends on their
amount and nature (Zebrowska, 1973) as well as on the nature of dietary lipids
(Ziemlanski et al., 1972) and sugars (Buraczewski et al., 1971).

Gastric secretion pattern

The gastric secretions change with age. The secretion of hydrochloric acid may
start at birth (Cranwell & Titchen, 1974), but seems to be delayed by the
development of lactic acid fermentations in the stomach as affected by the
environment at birth (Cranwell et al., 1976). The volume of gastric secretions
increases rapidly during the first weeks of life and then more slowly (Noakes, 1972).
There is no production of pepsin at birth while that of chymosin is rather high;
after 2-5 days, the production of chymosin decreases and disappears after 4-5
weeks (Foltmann et al, 1981) while the production of pepsin increases first slowly
then rapidly (Lewis et al., 1957; Decuypere et al., 1978)

Regulation of gastric secretion

Gastric secretion is monitored by a variety of nervous, endocrine and paracrine
mechanisms. Gastrin secreted by the G cells of the gasiric antrum as influenced by
an antral distension (Soares et al., 1977) or by small peptides and amino acids
(Richardson et al, 1976) represents one of the most important regulators of the
secretion ; it is thus favoured by the ingestion of protein rich meals (Rerat et al,
1985). The two forms of this peptide, G17 and (34, act directly on the parietal cell
and increase the acid secretion (Sachs et al., 1981). Gastrin may also act directly on
the parietal cell via a local release of histamine (Main & Pearce, 1982). Gastrin
secretion is modulated by another regulatory peptide, bombesin (Hirschowitz &
Molina, 1983).

The nervous regulation of vagal origin is also an important contrel system of
gastric secretion. This cholinergic-like vagal stimulation has been evidenced by the
existence of a secretion during sham-feeding (Feldmann & Richardson, 1981).
Acetylcholine and its analogues stimulate the secretion of pepsinogen both in intact
animals (Samloff, 1271) and in isolated preparations (Kashekar et al, 1983; Sanders
et al., 1983); this stimulation is inhibited by atropine which also inhibits the
secretion induced by direct vagal stimulation (Hirschowitz, 1967).

The gastric secretion is also subjected to a paracrine control exerted by
somatostatin. The somatostatin producing cells in the stomach are in a close
contact with gastrin producing cells and with parietal cells (Larsson et al, 1979).
Somatostatin strongly inhibits the secretion of gastrin and parietal cell secretions
(Loud et al., 1985). Somatostatin is also stimulated by hydrochloric acid and its
secretion by the gastric antrum and the parietal cell area is inhibited by the vagal
nervous system (Larsson, 1980; Holst et al, 1983).Thus, the positive action of the
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vagal nervous system may partly be due to the inhibition of the paracrine effect of
somatostatin, which in turn inhibits the gastric secretion.

There is also a humoral and nervous regulation of gastric secrétion of intestinal
origin. The release of secretin into the bloodsiream in response to the presence of
hydrochloric acid in the duodenum causes a large inhibition of HCL production
(Chey et al, 1981); it also inhibits gastric emptying (Vague & Andre, 1971) and
seems to stimulate the in vivo secretion of pepsinogen (Stening et al, 1969), but
this stimulatory action is being controversed. Somatostatin is also released by the
pyloric antrum and the duodenum as affected by HCL and in addition te its
paracrine action seems to behave as an inhibitory hormene (Larsson, 1980; Loud et
al, 1985). The presence of nutrients in the duodenum inhibits the acid secretion,
this inhibition being exerted together with several regulatory peptides whose
secretion is stimulated by the nutrients, ie. GIP (Pederson & Brown, 1972),
neurotensin (Fletcher et al, 1985; Skov-Olsen et al, 1983), peptide YY (Adrian et
al., 1985), enteroglucagon (Christiansen et al,, 1976). Glucagon inhibits peptide and
acid secretion related to meal ingestion in man (Konturek et al, 1975).

This variety of mechanisms intervene according to a given sequence at the
moment of food intake, During the cephalic phase, i.e. when the meal is perceived
or during sham-feeding, secretion of acid and of pepsin is stimulated by the
pneumogastric, Thereafter, the arrival of food in the stomach induces the gastric
phase of secretion triggered by distension of the organ and mainly the pyloric
antrum and by the dietary protein content. The secretion is stimulated both via the
excitation of the parasympathic fibres and by the release of gastrin, but also by the
inhibition of somatostatin. The next step is the arrival of the food bolus in the
duodenum which via physical (distension) and chemical stimuli (hydrochloric acid,
protein nutrients) induces the intestinal phase characterized by an inhibition of
gastric secretion, mainly acid, by various regulatory peptides secreted by the
duodenal mucosa (GIP, neurotensin, secretin, peptide YY, somatostatin).

Consequences of gastric hydrolysis

Which is the result of gastric digestion ? In wivo, the nitrogenous matters are
partly solubilized (up to 50% within lh according to the nature of proteins), the
soluble fraction being mainly composed of proteins, peptides and very few amino
acids (Miranda & Pelissier, 1983; Low, 1979) and increasing with time after the

. meal. Hence, apart from the first emissions from the stomach, the gastric

proteolysis is rather high. Protein hydrolysis is accompanied by a supply of
endogenous proteins (6-8 g/day according to Cuperlovic et al, 1975; Zebrowska et
al,, 1975). No peptides or free amino acids seem to be absorbed from the gastric
lumen (Rerat et al.,, 1988b).

The gastriec phase of digestion can be considered as a preparatory phase and
may be by-passed as shown by the consequences of gastrectomy on digestibility
and absorption (Corring & Rerat, 1983).

1.2. RESPECTIVE ROLES OF POST-STOMACHAL HYDROLYSES

When the digesta arrive in the duodenum they are mixed with bile and
pancreatic juice and as their pH value increases, their hydrolysis by pancreatic and
intestinal enzymes starts and goes on while they are moving towards the distal
segments. Digestion of proteins in the small intestine is very rapid and intense. It is
due to the combined action of pancreatic enzymes responsible for endoluminal
digestion and intestinal enzymes reponsible for membrane hydrolysis.

1.2.1. Exocrine pancreas enzymes

The pancreatic exocrine secretion of a wide spectrum of enzymes represents one
major animal factor responsible for the enzymic degradation of many dietary
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components in mammals. In the rat pancreas, twenty individual proteins have been
identified by two-dimensional electrophoresis, ie. four forms of
procarboxypeptidase, three forms of trypsinogen, two or three forms of amylase,
two forms each of chymotrypsinogen and proelastase, one form each of lipase and
RNAse and four non identified forms of glycoproteins (Poort & Poort, 1981; Schick
et al., 1984). Pancreatic proteolytic enzymes are secreted inte the intestinal lumen
in an inactive form (trypsinogen, chymotrypsinogen, procarboxypeptidases A and B
and proelastase) Trypsinogen is activated by intestinal enterokinase and forms
trypsin which in turn activates chymotrypsinogen, procarboxypeptidases A and B
and proelastases (Keller, 1968; Rovery, 1988). A distinction is usually made between
endopeptidases (trypsin, chymotrypsin and elastases) and exopeptidases
(carboxypeptidases A and B). Other proteolytic enzymes such as collagenase and
nucleases are present in the pancreatic juice. Endo- and exopeptidases cleave the
inner and terminal peptide bonds of the protein molecule. Chymotrypsin and
carboxypeptidase A cleave specific bonds near the aromatic L-amino acids
(tyrosine, tryptophan, phenylalanine) while trypsin and carboxypeptidase B cut
specific bonds near the basic L-amino acids (arginine and lysine). According to
Gertler et al,, (1980) the less specifically acting elastases as well as chymotrypsin
pldy a major role in protein digestion. However, for optimal hydrolysis, all
pancreatic proteolytic enzymes must act together.

Pancreatic enzyme deficiencies
rd

In some diseases such as cystic fibrosis, which is a familial disease of the young,
an almost complete loss of pancreatic enzyme activity is reported in 80 % of the
patients suffering from a severe malnutrition. In animals, many experiments have
shown that deprivation of pancreatic enzymes leads to a decrease in the apparent
digestibility of energy and protein as well as in the absorption of dietary nitrogen.
After total pancreatectomy, nitrogen absorption in dogs decreased by 30% one hour
after the meal (Shingleton et al., 1955). In chickens (Ariyoshi et al., 1964) about 25%
of ingested protein was used after pancreatectomy. In pigs, we found a 13%
decrease in the apparent digestibility of nitrogen after the meal (Corring &
Bourdon, 1977) and a 35 to 46% decrease in the appearance of free amino acids in
the portal blood (Rerat et al., 1977b) when pancreatic juice was removed from the
intestinal lumen. However, according to many data the exocrine pancreas possesses
a large reserve capacity (Corring, 1980). In patients with chronic pancreatitis,
maldigestion of dietary proteins was observed only when trypsin activity was
under 10% of the normal (Di Magno et al., 1973) and the apparent digestibility of
the diet was normal when only 1% of the panecreatic gland was Kept in the rat
(Uram et al., 1960). Moreover, the exocrine pancreas seems to be able to regenerate
after a 95% pancreatectomy (Hotz et al., 1973). In the pancreatic duct-ligated pig
the apparent digestibility of nitrogen markedly decreased within the first 10 days,
but increased significantly with time and the pigs grew in weight although to a
lesser extent than intact animals. This improvement was the result of adaptative
enzymatic increases reported by different authors (Senegas et al., 1976).

Pancreatic enzymes and food

It is well known today that pancreatic enzyme equipment can be markedly
altered by diet composition. Long-term protein deficiencies cause severe disorders
of the pancreas. Proteolytic enzyme activities are usually lower in the duodenal
aspirates of infants when their diet is protein deficient. Dietary protein deprivation
results in a loss of zymogen granules, shrinking and atrophy of the acinar celis and
a reduction in the amount and duration of enzyme secretion from the pancreas.
Following secretion into the small intestine, inactivation of panereatic proteolytic
enzymes increases when protein-free diets are fed. With total protein deprivation,
the protein synthetic activity of the acinar cell corresponds almost exclusively to
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the production of anionic proteases (trypsinogens 1 and 2, chymotrypsinogen 1,
proelastase 1 and procarboxypeptidases A and B) (Schick et al, 1984). As these
proteins represent almost 50% of the exocrine pancreatic enzymes in the rat, this
adaptative process is a "last chance" for the cell and the body to get amino acid
supplies for survival (Schick et al., 1984).

During protein malnutrition, is the disturbance of pancreatic digestive enzyme
secretion large enough to exacerbate this malnutrition and impair refeeding ? When
refeeding protein-deficient rats with a well balanced diet, the anabolism
considerably increased and chymotrypsin activity reached higher values than those
of the reference group (Keroua & Belleville, 1981). The exocrine pancreas modifies
its enzyme secretion in response to diet composition (Corring, 1980). In animals,
proteolytic enzyme activities either in the pancreatic tissue or juice entering the
duodenum are modified by the dietary protein content while amylase and lipase
activities, respectively depend on dietary carbohydrate and lipid contents. These
variations are related to parallel increases or decreases in enzyme biosynthesis
(Reboud et al, 1966: Poort & Poort, 1980). Five days to three weeks after
administration of diets containing normal (22%) to high (82%) protein levels, the
synthesis of most pancreatic proteins. was directly proportional to the dietary
nutritional substrate. However, chymotrypsinogen, anionic trypsinogen, proelastase
1 and procarboxypeptidases were the most markedly affected by the diet while the
biosynthesis of trypsinogen 3, proelastase 2, RNAse and lipase were not modified
(Poort & Poort, 1981; Schick et al, 1984). These findings indicate a differential
effect of the diet on the biosynthesis of serine proteases and other proteolytic
enzymes in terms of extent and timing of enzyme responses. Elastase gene
expression only significantly increased after ingestion of a 70% protein diet while
chymotrypsinogen and especially trypsinogen already increased after a 256% protein
diet. Hence, the expression of pancreatic proteolytic genes was not altered by
dietary protein to the same extent (Giorgi et al, 1985). According to Wicker et al,
(1985) at least part of the adaptative regulation of protein synthesis in the rat
pancreas is pretranslational either as a result of an enhanced transeription of the
corresponding hydrolase genes or a reduced degradation of specific mRNA species.

The idea that there are minimal and maximal limits to secretion is clearly shown
by lipase activities in response to growing amounts of dietary lipids (Sabb et al,
1986). Such limits in the adaptation have not been reported for other panecreatic
enzymes. Amylase secretion is enhanced by increasing levels of starch intake (
Noirot et al, 1981). Pancreatic proteolytic enzyme secretion is proportional or

" shows a "purposive" adaptative response to the amount of nitrogen intestinally

infused in man (Vidon et al., 1978) or orally ingested by the rat (Schick et al., 1984).
it also depends on the dietary protein quality (Valette et al, 1987) and no
adaptative response was observed with protein of poor biological value (Johnson et
al,, 1977) or with a suboptimal supply of dietary protein (Temler et al., 1984).

Role of peptides in the nutritional regulation of pancreatic enzymes

It was formerly shown that in animals adapted to a diet enriched with a specific
nutrient, the subsequent high level of this nutrient in the digestive tract induced an
increase in the corresponding enzyme levels in the pancreas. It is interesting to
note that it occurred without any contact between the nutrient and the pancreas.
Ingested nutrients very rapidly undergo a physical and biochemical degradation
which starts in the stomach. The stomach then empties a mixture of nutrients and
hydrolysis products into the duodenum. Therefore, the information sent to the
pancreas may be generated by the substrate or by its hydrolysis products. Several
studies have been performed with an attempt to identify the product responsible
for the pancreatic response and adaptation to the diet and the second messenger
involved.

It is noteworthy that almost all experimental findings emphasize the effect of
hydrolysis products on pancreatic secretion hefore their intestinal absorption
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suggesting an active involvement of the intestinal mucosa via the release of the
second messenger. Simoes Nunes & Corring (1980) reported that an intravenous
injection of duodenal extracts from pigs fed on high-starch meals into recipient pigs
elicited the secretion of pancreatic amylase. Simoes Nunes (1982) also showed in
the pig that pancreatic adaptation to dietary carbohydrates and lipids was no
longer observed after bypass of the proXimal small intestine. In contrast, the
pancreatic proteolytic enzyme adaptation to dietary proteins did not seem to
depend on the proximal small intestine (Simoes-Nunes, personal communication).
Bozkurt and Haberich (1985) reported that starch instillation into the duodenum
led to a rapid decrease in amylase secretion whereas intraducdenal amine acids
and lipids somewhat delayed the responses of proteclytic enzymes and lipase. The
intestinal mucosa seems to be involved in the adaptation of the pancreas to the
diet, but the mechanisms are probably different for each enzyme (Bozkurt &
Haberich, 1985) and most likely involve many peptides. Only little information is
available about the nervous control of the pancreatic adaptation to the diet.
According to Morisset and Dunnigan (1967) this adaptation is not affected in
vagotomized rats.

Among the regulatory peptides, cholecystokinin is often considered to be the
main intestinal factor for pancreatic adaptation to the diet (Green et al, 1986),
Stimulation with caerulein, a synthetic analogue of cholecystokinin, revealed beth
coordinate and anticoordinate rate changes (latency, Kinetics and extent) in
protein synthesis. Acute caerulein (25pg/kg/h) administred to rats decreased the
secretion of amylase and increased that of anionic trypsinogens 1 and 2,
chymotrypsinogens, procarboxypeptidases and RNAse within 3h, while cationic
trypsinogen 3, elastase 2 and lipase synthesis were not modifted (Schick et al,
1984). These findings are compatible with those observed after intake of protein-
rich diets. However, according to Bozkurt and Haberich (1985) in rats and Langlois
et al, (1989) in pigs, cholecystokinin does not have any specific effect on
proteolytic enzymes, but rather a general stimulatory action on all pancreatic
enzymes.

All peptides which are known to regulate the exocrine pancreas do not play an
essential role in the adaptation of pancreatic secretion to the diet whereas
currently unknown peptide-like components seem to be involved (Dick & Felber,
1975; Corring, 1977).

1.22. Intestinal enzymes

After hydrolysis caused by the sequential action of hydrochloric acid, gastric
pepsins and pancreatic enzymes, mixtures composed of a large proportion (70%) of
small peptides (2 - 6 amino acid residues) and free amino acids (30%) are very
quickly released into the intestinal lumen (Adibi & Mercer, 1973; Chung et al.,, 1979).
While the free amino acids are absorbed by specific transport sysiems, the peptides
undergo a new hydrolysis before being absorbed by the digestive tract. The
ultimate digestion of peptides is due to peptidases present in the brush berder and
the cytoplasm of the enterocytes of the intestinal villi. Because of these villi and
the microvilli of the enterocyte apical membrane the intestine represen&s a very
wide and a very efficient absorbant and digestive surface area (200 m® in man
according to Wilson, 1962).

Intestinal peptidases

The brush border of the enterocyte contains a large amount of peptidases whose
action is completed by other enzymes present in the cytoplasm. These enzymes are
characterized by their specific activity. Thus, in the plg and rat the following
enzymes have been identified in the brush-border membrane:

- an endopepiidase (Fulcher & Kenny, 1983 Kocna et al., 1980; Yoshioka et al,
1988) in small amounts (Danielsen et al., 1980) cleaving the peptide bonds near the
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hydrophobic amino acids (Kerr & Kenny, 1974) inside oligepeptides and proteins
such as casein {Guan et al,, 1988)

- aminopeptidases cleaving neutral amino acids in the N-terminal position (NAP,
neutral aminopeptidase; Maroux et al, 1973) or acld amino acids such as glutamic
and aspartic acids (AAP, acid aminopeptidase, Benajiba and Maroux, 1980) or
proline (aminopeptidase P; Lasch et al,, 1986) or dipeptides, mainly X-Pro and X-Ala
( Dipeptidyldipeptidase DPPIV, Svensson et al., 1978)

- one or several carboxypeptidases (Skovbjerg, 1981) releasing amino acids at the
C-terminal position, mainly proline (carboxypeptidase P: Yoshicka et al, 1988
Erikson et al., 1989).

Furthermore, in the entercoeyte brush border of humans and rats the following
enzymes have been identified: folate conjuguase which separates the
pteroylglutamic residue from folic acid (Reisenauer et al, 1877),
glutathionedipeptidase which cleaves glutathion into its constitutive elements
(Korak & Tate, 1982), dipeptidases mainly hydrolysing glycylleucine and
aspartyllysine (Tobey et al, 1985) and glutamyl-transpeptidase (Hughey &
Curthoys, 1976) which acts both as a peptidase and an exchanger of amino groups.

The action of these enzymes of which one fraction is released into the intestinal
lumen as a consequence of mucosal desquamation (Andersen et al., 1988) is
completed in the eytoplasm by that of several other peptidases:

- aminotripeptidase with a great affinity for tripeptides possessing a free oc-
amino group and those containing proline or hydroxyproline at the amino terminus
(Adibi & Kim, 1981).

- several dipeptidases cleaving only dipeptides: glycylleucine dipeptidase with a
very wide specificity, isolated in the pig (Noren et al, 1973), glycylglycine
dipeptidase hydrolysing dipeptide Gly-Gly; tryptophan-alanine dipeptidase;
prolyldipeptidase acting on Pro-X dipeptides ( Noren et al, 1973); proline
dipeptidase (prolidase) isolated in the pig (S5jostrém et al, 1978) which is only
active on aminoacylproline peptide bonds, i.e. on X-Pro dipeptides.

Other peptidases, probably present in cytosol, remain to be identified: leucine
aminopeptidase, arginine aminopeptidase, pyroglutamate aminopeptidase and
carnosinase (Sjistrém and Néren, 1986) ’

Hydrolysis by intestinal enzymes

The hydrolysis of oligopeptides present in the intestinal lumen thus begins in the
brush border of the microvilli and mainly concerns oligopeptides with more than
three amino acid residues. Endopeptidase has probably only a minor role because
of its analogy of function with pancreatic endopeptidases; its action leads to the
formation of small-sized peptides. Aminopeptidase N separates a series of individual
amino acids from the peptides, mainly leucine and methionine (Kim et al, 1976;
Feracci et al, 1981). Aminopeptidase A separates glutamic and aspartic acids from
the peptides, but has also a small activity towards arginine and N-terminal lysine
{(Danielsen et al, 1977). However, none of these two enzymes is able to separate
proline in N-terminal position. When proline is in that position it can only be
released by the joint action of two enzymes, i.e. dipeptidyldipeptidase which
separates dipeptides of the aminoacylproline N-terminal type (Walter et al, 1980;
Morita et al., 1983) in the brush border, and proline dipeptidase after transfer of
these dipeptides in the enterocyte by a specific transport system. The magnitude of
the carboxypeptidase action in the brush border has not yet been well established
(Skovbjerg, 1981).

Thus, oligopeptides (C,-Cg) present in the intestinal lumen are first broken down
in the brush border mto d: and tri-peptides and neutral and acid amino acids. A
large fraction of tripeptides (60%) and a minor fraction of dipeptides {10%) are also
hydrolysed at this level apart from those containing a proline residue (X-Pro or X-
hydroxyproline). The remaining di and tri-peptides are transferred by a specific
transport system into the cytoplasm ( Adibi & Kim, 1981) where they are
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hydrolysed to a large extent. However, part of them might not be hydrolysed and
be conveyed in the native state into the portal blood (Gardner 1284).

Topographical variations

The amounts of peptidases found in the intestinal mucosa are topographically
variable. They are inexistent in the crypts of the villi in which the enterocytes are
still non differentiated and maximum in the medium and upper part of the villi
(Nordstrom et al., 1968). The activity of some peptidases is larger in the rat ileum
(DPPIV, NAP, AAP, carboxypeptidase) than in the proximal small intestine (Norén
et al, 1980; Skovbjerg, 1981; Triadou et al., 1983); however, this is controversed for
aminopeptidase N (Miura ot al., 1983)The proximal-distal gradient is aiso observed
for lysosomal enzymes in the young rat ( Nikolaievskaia & Chernikov, 1986). The
distribution between brush border peptidases and cytosol peptidases is variabie
according to intestinal segments, the former being dominant in the ileum and the
others in the jejunum. According to Silk et al,, (1976) this might signify that luminal
peptidases play a more important role in the ileum than in the jejunum.

Regulation of peptidase activity

The aminopeptidase activity appears to be regulated by hydrolysis end products.
The hydrophobic amino acids seem to inhibit the enzyme activity of the brush
border (Kim & Brophy, 1979). Thus, alanine, methionine, leucine and histidine have
a very marked inhibitory effect on a mixture of cytoplasm and membrane &nzymes.
Furthermore, various dietary factors may play an important role. In young rats,
fasting caused a depression of brush border enzyme activity probably related with
the absence of nutritive subsirate, but it stimulated the cytosol enzyme activity
most likely because of a higher protein turnover due to neoglucogenesis. The
ingestion of casein rich meals stimulated not only the activity of brush border
enzymes (Saito & Suda, 1975), but also that of cytosol enzymes apart from proline-
leucine peptidase (Nicholson et al, 1974); these adaptative events were mainly
marked in the ileum (McCarthy et al, 1980). The ratio between aminopeptidase N
and isomaltase activity increased when the dietary protein content rose from b to
20% in the rat (King et al, 1983). Aminopeptidase activity increased in the brush
border after administration of small peptides to the rat, but not after feeding a
mixture of free amino acids (Fuse et al.,, 1989). On the other hand, aminopeptidase
N activity decreased during total parenteral nutrition (Galluser et al, 1989). A
deficit of valine led to a depression in leucine aminopeptidase activity (Kimura et
al, 1978).

Factors of variation of peptidase activity

Some factors such as the age ( Ugolev et al, 197% Kedinger et al,, 1986; Austic,
1985), physiological status (gestation, lactation; Rolls, 1975) or intestinal resection
may lead to a variation in intestinal peptidase activity. This activity can generally
be observed very early during foetal development of piglets. It is very high at birth
but is momentaneously inhibited by colostrum ingestion which in the rat and pig
contains a peptidase inhibitor (Lindbergh et al, 1975). Some peptidase activities
then increase during the first weeks of life of piglets (Tivey & Smith, 1989) and
thereafter decrease until a subnormal level at 8 weeks (Lindbergh & Carlsson,
1982). The pattern of peptidase activities is similar in the rat (Lindbergh & Owman,
1966); thus, they generally increase during late gestation, are maximum at birth
and decrease within 3 weeks till the adult level; these activities are lower in
suckled than in non suckled rats. Moreover, 2 weeks after birth there is a
provisional rise in cytosol peptidase activity parallel to that of lysosomal
cathepsins (Vaeth and Henning, 1982). This is interpreted as an adaptation to the
absence of luminal protease, the milk proteins being absorbed by pinocytosis and
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broken down by the successive action of lysosomal and cytosolic enzymes. In the
rat the aminotripeptidase activity in the jejunum remains statiopary for 2 weeks
and thereafter increases (Noack et al., 1966).

After massive intestinal resection, aminopeptidase activity increases in large
proportions when expressed by intestinal length unit, but not by DNA unit (Garride
et al., 1978). Accordingly, this increase only reflects the existence of a mucosal
hyperplasia, but does not account for any change in the cell content. These facts
have been confirmed for leucine aminopeptidase (Albert et al, 1990) and N
aminopeptidase (Chaves et al, 1987) present in the ileum after a large proximal
resection. After a pancreas shunt the intestinal secretions are also stimulated, as
shown in the hamster (Senegas et al.,, 1976), and correspond to a weight increase of
the intestinal mucosa (Corring & Bourdon, 1976).

2. TRANSPORT OF HYDROLYSIS PRODUCTS IN THE INTESTINAL CELL WALL

. After the above described hydrolyses, a mixture of non digested proteins, small
peptides and free amino acids reach the absorptive surface areas of the intestine.
The extent and mechanism of transport are different for these substrates. Although
many advances have been made the last few years in our knowledge of intestinal
transport systems, there are still many gaps and less information is available than
in the case of transport in other tissues (e.g. kidney, musele). Data concerning the
absorption of native proteins have been published in a recent review (Gardner,
1988) and will therefore not be analysed here.

2.1. Transport of amino acids

Amino acids are conveyed through the intestine by three systems i.e. an active,
specific and saturable transport, a transport with a facilitated diffusion and a
transport with a simple diffusion in the presence of high luminal concentrations of
amino acids. The demonstration of these systems is difficult because of overiapping
specificity and between-species differences. They can be ranked according to their
sodium dependence, Kt determination from saturation kinetics, crossed inhibition
profiles between pairs of amino acids and genetic deficiencies (Wellner & Meister,
1980) associated with malabsorption and often with urinary losses of a group of
amino acids or of one amino acid. A supplementary parameter is based on the
- reaction towards rare amino acids conveyed by a single transport system and
hence this system can be identified in other tissues and species (Hopfer, 1987).
Almost all the information available in this field has been obtained in other species
than the pig so that we have to use extrapolations for these animals.
Conventionally (Bannai et al., 1984) each transport system is characterized by a
letter or a group of letters indicating its specificity, expressed by capitals for the
Na' dependent system and by small letters in the opposite case , with the
exception of the L system which is not Na®t dependent. Some of the transport
systems identified in the intestine are responsible for the transport of amino acids
across the brush border membrane and others across the basolateral membrane.

The brush border

- In the brush border, the neutral amine acids are mainly transported Na*
dependently by a "public”" system used by several amino acids (Christensen, 1984}
and by three "private" systems. Most of them are conveyed by the NBB system
(meutral brush border) whose characteristics are close to the L system found in
other cell types, but different from those of the A system (Stevens et al., 1984). The
catalytic constant K, of this system Is high (20 - 40 mmol/l). Methionine and
phenylalanine are transported by the Na® dependent PHE system. Proline and

“hydroxyproline have a specific transport system (IMINO) excluding alanine and
other short-chain amino acids and their transport capacity is high (Stevens et al,,
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1984). The rabbit possesses a R-system for transport of amino acids such as £
alanine (Munck et al., 1985).

-_Cationic or basic amino acids (lysine, arginine, citrulline, ornithine) and cystine
are transported by two "private" systems, one Na' dependent (Y+) (Wolfram et al.,
1984) and the other not (y+) (the + sign indicate the necessity of a load on the
lateral chain} (Stevens et al.,, 1984).

- Anionic or acid amino acids (glutamate, aspartate) are conveyed by a "private"
Nat dependent system, Xc.A which is also responsible for the reverse transport
owing to potassium or protons (Berteloot, 1984). The catalytic constani of this
system is low (0.5 mmol/1).

The brush horder also possesses an Na* dependent facilitated diffusion system
which only represents a small fraction of the absorption (Stevens et al, 1984). This
system has the same characteristics as the L system found in many other cells; its
catalytic constant is low (K. <Ilmmol/1}. A second Na independent system makes
possible the absorption of 8-amino acids (Lerner, 1984).

The basolateral plasma membrane

The basal cell pole also exhibits routes of transport through the basolateral
plasma membrane. The largest transport is made by the Na* dependent L system
which is highly specific for neutral aminoc acids together with cysteine and
glutamine (Stevens et al, 1984; Taylor et al., 1989). There are several Na
independent systems, one (asc) responsible for transport of neutral amino acids
with 3-4 carbons , alanine, serine and cysteine {(Lash & Jones, 1984), one of low
capacity (¥ ) enabling the release of basic amino acids and another that of proline
(Davies et al., 1987),

An active Na~ dependent transport has also been observed with low substrate
concentrations (Mircheff et al., 1980); it is imputed to the presence of the A system
in the basolateral membrane which transports short-chain polar amino acids and
the ASC system which takes up neutral amino acids with 34 carbons,i.e. alanine,
serine and cysteine. This might explain the uptake of amino acids from the blood by
the enterocyte for metabolic purposes in the case of low intestinal absorption.

A special emphasis should be laid on the uptake of glutamic acid and glutamine
by the basolateral membrane as these amino acids play an important rote, one in
the transaminations and the other as an essential energy source for the enterocyte.
These amino acids accumulate in the isolated intestinal cell (Bradford & Mac Givan,
1982) or in intact epithelial cell preparations (Boyd and Perring, 1981) much more
than in the case of neutral amino acids. Although it has not yet been demonstrated,
the basolateral membrane most likely possess an Na' and K* dependent transport
system similar to that existing in the brush border membrane or in the hepatocyte
(Ghishan et al., 1990).

All these systems are responsible for the transport of all free amino acids from
the intestinal lumen to the fluids irrigating the intestinal fissues. It is, however
difficult to establish the respective role played by each type of transport (active
transport, facilitated diffusion, simple diffusion) in the absorption processes
because their interventions vary according to substrate concentrations.

Factors of variation

The transport capacities of the intestine change throughout the digestive tract
as well as with age. They are much lower in the large bowel than in the small
bowel; thus, the transport of methionine is high in the piglet colon at birth, but
becomes very low within a few days (James & Smith, 1976). The transport of amino
acids in the small intestine exists before birth in rabbits (Deren et al, 1965;
Cuandilini & Rubino, 1982) and guinea pigs (Butt & Wilson, 1968) and before
hatching in chickens (Pratt & Terner, 1971). In these three species, its efficiency
increases until the postnatal period. It decreases 2 or 3 days after birth and then
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reach the adult level; this has been confirmed in the rat (Fitzgerald et al, 1971).
There are interspecific differences in the range of changes and amino acids
involved. As the catalytic constant K; is not modified during this evolution of
transport with age (Austic, 1885), it may be assumed that it is the number and not
the type of transport systems which changes with time, but there are exceptions
(Penzes & Boross, 1974)

2.2, Transport of peptides
2.2.1. Transport in the enterocyte

It was long considered that the free amino acids constituted the only form of
appearance of protein digestion products in the portal vein (Van Slyke & Meyer,
1972). And yet, it was shown that the amounts of free amino acids appearing in the
portal blood were often much lower than those disappearing from the intestinal
lumen (Dawson & Porter, 1962). This difference was impuied to the metabolism in
the gut wall of a fraction of absorbed amino acids since the presence of small
peptides in the portal blood had not yet been demonstrated.

Demonstration of oligopeptide transport

Owing to technical improvements it has been shown in vitro and in vivo
(Newey.& Smyth, 1959, 1960) that the form of hydrolysis products entering the
enterocyte may be different from the form appearing in the serous part of the cell
or in the mesenteric blood. In other words, it was demonstrated that small peptides
could enter the intestinal cell without being previously hydrolysed and released in
the portal blood in the form of amino acids. Oligopeptides disappear more rapidly
from the intestinal lumen than mixtures of analogous free amino acids (Adibi &
Philipps, 1968; Matthews et al, 1968). Besides, humans suffering from subtotal
incapacities for the absorption of basic free amino acids (cystinuria) or neutral
amino acids (Hartnup's disease) easily use mixtures of dipeptides containing these
amino acids (Asatoor et al., 1970; Hellier et al., 1972) The numerous studies made
on this topic have been reviewed (Matihews & Adibi, 1976; Adibi & Kim, 198L
Grimble et al., 1989). Hence, it is now generally admitted that peptides can be
absorbed more rapidly in the brush border than free amino acids and that because
of the presence of di and tripeptidases in the cytosol of the enterocyte, they are
released towards the portal vein in the form of free amino acids. However, it was
recently shown that in addition to the large quantities of amino acids appearing in
the portal blood, there are rather substantial and variable amounts of small
peptides which may be absorbed in the native form (Webb, 1986)

The specific transport of oligopeptides against a concentration gradient, owing to
a system which requires energy, has been evidenced both by the absence of
competition between peptides and free amino acids (Rubino et al, 1971) and by
obtaining the inhibition of brush border peptidases in witro by hypoxia (Ugolev et
al,, 1990; Smithson & Gray, 1977) or in vivo using various substances. By the latter
method it was shown that the small peptides disappear from the digestive lumen
without being hydrolysed, but apparently not the tetrapeptides (Adibi & Morse,
1977).

Biochemical factors of variation

The affinity of peptides for the transport system depends on their molecular
structure, Thus, the number of amino acids belonging te the structure of the
peptides play an impertant role. Hence, when the number of amino acids increases
from 2 to 3, the K, increases and the affinity of the peptide for the transport
system decreases lelich results in a limitation of the transport (Adibi et al, 1975).
The sterecisomeric form of each peptide represents another factor of variation of
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peptide affinity towards its transport system. The absorption rate strongly
decreases when amino acids of the L-form are replaced by D-forms, the decrease
being less pronounced when there is only one amino acid of the D-form (Asatoor et
al, 1973). In fact, D and L enantiomorphs of the dipeptides use the same transport
system with a lower affinity for the I» forms.

The lateral chain length constitutes a major factor liable to change the affinity of
the peptide for the transport system. An amino acid with a longer lateral chain
such as leucine provides the peptide with a higher affinity for the sites of
membrane absorption (Adibi & Soleimanpour, 1974). It seems that sometimes its
position, carboxy-terminal or amino-terminal, may have a different influence. Thus,
lysine is absorbed more rapidly when placed in the N terminal position in a
dipeptide with glycine than when it is placed in the C terminal position. The
opposite is observed when it forms a dipeptide with glutamic acid (Burston et al,
1972).

Other characteristics may be involved. Thus, peptides containing basic or acid
amino acids have a lower affinity for the transport system than peptides containing
neutral amino acids (Addison et al., 1975).

A unique intestinal transport system for peptides

In contrast to amino acids, di- and tripeptides have only a single active
transport sysiem. This system has a very high specificity since it is indifferent to
the electrical load of the lateral chain of the amino acids and accept all peptides
whether they contain neutral, basic or acid amino acids. Its activity can be
allosterically modified by the most hydrophobic peptides (Matthews & Burston,
1984, Rajendran et al, 1985). The peptides are competing for this common
transport system (Matthews et al, 1975 Taylor et al, 1980). Thus,
methienylmethionine is a potent inhibitor of carnesine absorption (Addison et al,
1974) . In contrast, there may be stimulatory effects as in the case of
glutaminylglutamate for carnosine (Addison et al.,, 1974). In wivo, there is a slowing
down of peptide absorption in the presence of carbohydrates in the pig (Rerat et
al,, 1990).

Driving force of peptide transport

Although opposite arguments have been supplied by some authors (Matthews et
al, 1979), the transport of peptides seems to be Na' independent (Ganapathy et al.,
1981). The driving force of peptide transport seems te be constituted of an
electrochemical proton gradient (Ganapathy & Leibach, 1985). It was thus shown
that the accumulation of peptides in the membrane vesicles of the brush border
took place in the presence of an H' gradient {Takuwa et al., 1985; Ganapathy et al,
1987).

In addition to the active transport respensible for the absorption of peptides by
the enterocyte against a concentration gradient, there is a simple difffusion system
which is little involved at low concentrations, but which plays a major role at high
concentrations.

Topographical and physiological variations
In the rat, the transport of peptides is generally more marked in the jejunum
than in the ileum (Crampton et al., 1973). In the rabbit, (Guandilini & Rubino, 1982)

the rate of uptake (glycylproline) increases from mid-gestation, culminates at birth
and then decreases until the adult level.
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2.2.2. Transport of peptides in the portal blood
Determination of peptides in the blcod

Most peptides are hydrolysed by cytosol peptidases in the enterocyte while some
of them are not broken down but released as native petides into the mesenteric
vein. This was long ignored because of technical failures in the assessment of
peptides in the blood. Folin and Berglund (1922) were the first to make such
assumptions; they showed that there was a large increase in the concentration of
non protein, hon urea, non amino hitrogen in the blood of humans fed with gelatine.
The results of Dent and Schilling (1949) on the basis of jugular and portal plasma
concentrations of peptides after the meal in the dog showed in agreement with
Christensen (1949) that at least a fraction of proteins was absorbed as peptides.
The appearance of dipeptides in the blood plasma during digestion has been clearly
evidenced in particular cases such as that of an artificial dipeptide, glycyl-glycine
(Adibi, 1971), peptides resistant to hydrolysis by dipeptidases as those which
contain hydroxyproline and which are present in gelatine (Prockop et al,, 1962) or
carnosine and anserine, present in chicken breast proteins (Perry et al, 1967). The
appearance of peptides on the serous side of the intestine has also been shown in
vitro during perfusion of intestinal loops isolated by means of enzyme proteolysates
{Gardner et al,, 1982). In vivo it was claimed in the hamster that the proportion of
amino nitrogen appearing in the portal blood in the form of peptides after ingestion
of a casein proteolysate ranged around 10% (Gardner, 1984), but no direct evidence
for this absorption has been supplied. In the calf, the size of the peptides appearing
in the portal vein has been estimated (Schlagheck & Webb, 1984) and their
proportion found to represent 70% of the amino nitrogen appearing in the portal
vein. In contrast, quantitative studies performed in wive in the pig using enzyme
hydrolysates of milk proteins showed that the rate of appearance of amine acids in
the portal vein reached 100%; hence there was no possibility for the appearance of
native peptides in the portal blood and according to the analyses, no peptides were
found (Rerat et al, 1988a). These discrepancies clearly show the necessity of
developing well fitted techniques of analysis for determining the amounts of
peptides absorbed in the native form as well as their size and type and the
conditions which favour their absorption. In the present state of knowledge it is
impossible to estimate the range of peptide appearance in the portal blood. Such an
estimation would have interesting consequences for some types of physiologically
active peptides (Gardner, 1984).

Fate of peptides appearing in the portal biood

Which is the origin and which is the fate of these blood peptides 7 They may
originate from the gut lumen, but they may also be degradation products of
intestinal protein metabolism. Peptides appearing in the blood cannot be
hydrolysed in the plasma because its hydrolase activity is low or inexistent, as
shown for glycylglycine and glycyl-leucine (Krzysik & Adibi, 1977). In contrast,
dipeptides are easily used by the tissues since after intravenous administration of
glyeyl-leucine it rapidly disappeared from the blood plasma, but was not found in
the urine or in the intracellular spaces of various tissues (Adibi et al,, 1977). The
tissues exhibit a marked hydrolase activity towards peptides whether they are
exogenous ot originating from tissue protein degradation with a large proportion of
di- and tripeptides. Peptides are thus hydrolysed in the intracellular compartment
during a very rapid process so that the existence of an intracellular pool of
peptides has only been demonstrated by means of a specific peptidase inhibitor,
bestatine (Botbol & Scornick, 1983). Evidence for an intracellular hydrolysis of
exogenous peptides followed by the incorporation of their constitutive amino acids
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