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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 I. Partridge). 

Three years later (1981) the second seminar took place at Versailles, arranged by Dr. A. 

Rerat and his staff. The seminar proceedings were published in "Les Colloques de 1TNRA" 

no. 12 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 Husdyrbrugsfors^g 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 discussion 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. 



SESSION 1 
Animal factors affecting digestion and absorption 



ANIMAL FACTORS AFFECTING PROTEIN DIGESTION AND 
ABSORPTION 

A. RERAT*1) and T. CORRING(2) 

(1) Unité sur l'absorption et le métabolisme hépatique 
(2) Laboratoire d'Ecologie et de Physiologie du Système 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, neurohormonal regulation and animal 
factors such as age and nutritional and physiological 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 physiological 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 constituents 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 variables 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 also 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 entry 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 s tart 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 gastric 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 components, 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, carbonate, 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 gastric juice contains several pepsins and chymosin, i.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 
s'eparates 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 (PGI:2.0 > pH > 1.5; PGII pH 3.2) (Samloff, 1971; Seijffers et al., 
1965). In the pig, there are three (Foltmann, 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 between 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 pepsins 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 pH (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 gastric 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 G34, 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 control 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, 1971) 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; Hoist et al., 1983).Thus, the positive action of the 



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 secretion of intestinal 
origin. The release of secretin into the bloodstream 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 to its 
paracrine action seems to behave as an inhibitory hormone (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, i.e. 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 vivo, 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 gastric 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 s tarts 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 



components in mammals. In the rat pancreas, twenty individual proteins have been 
identified by two-dimensional electrophoresis, i.e. 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 into 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 
play a major role in protein digestion. However, for optimal hydrolysis, all 
pancreatic proteolytic enzymes must act together. 

Pancreatic enzyme deficiencies 

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 pancreatic 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 cells and 
a reduction in the amount and duration of enzyme secretion from the pancreas. 
Following secretion into the small intestine, inactivation of pancreatic 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 



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 25% 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 transcription 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 pancreatic 
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 s tarts 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 before 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 intraduodenal amino acids 
and lipids somewhat delayed the responses of proteolytic 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 both 
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 1̂  and 2, 
chymotrypsinogens, procarboxypeptidases and RNAse within 3h, while cationic 
trypsinogen 3, elastase 2 and lipase synthesis were not modified (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). 

1.2.2. 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 systems, 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 border and 
the cytoplasm of the enterocytes of the intestinal villi. Because of these villi and 
the microvilli of the enterocyte apical membrane the intestine represente 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 pig and rat the following 
enzymes have been identified in the brush-border membrane: 

- an endopeptidase (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 oligopeptides 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 acid 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: Yoshioka et al., 1988; 
Erikson et al., 1989). 

Furthermore, in the enterocyte 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., 1977), 
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 cytoplasm 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), glycyl-glycine 
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 (Sjöström 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 (Sjöström and Nören, 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 into di-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 s tate into the portal blood (Gardner 1984). 

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 et al., 1983)The proximal-distal gradient is also observed 
for lysosomal enzymes in the young rat ( Nikolaievskaia & Chernikov, 1986). The 
distribution between brush border peptidases and cytosol peptidases is variable 
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 -enzymes. 
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 substrate, 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 5 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., 1979; 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 stationary 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 (Garrido 
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 t ransport '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, muscle). 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 overlapping 
specificity and between-species differences. They can be ranked according to their 
sodium dependence, K t 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+ 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 amino 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 
(neutral 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 t of this system is high (20 - 40 mmol/1). Methionine and 
phenylalanine are transported by the Na dependent PHE system. Proline and 
hydroxy proline 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 ß-system for transport of amino acids such as ß 
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" 
Na+ dependent system, X Q A which is also responsible for the reverse transport 
owing to potassium or protons (Berteloot, 1984). The catalytic constant of this 
system is low (0.5 mmol/1). 

The brush border 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 t<lmmol/l). A second Na+ independent system makes 
possible the absorption of ß-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 amino 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 amnio acids 
with 3-4 carbons , alanine, serine and cysteine (Lash & Jones, 1984), one of low 
capacity (y+) 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 3-4 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 role, 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 tissues. 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; 
Guandilini & Rubino, 1982) and guinea pigs (Butt & Wilson, 1968) and before 
hatching in chickens (Pratt & Temer, 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 t is not modified during this evolution of 
transport with age (Austic, 1985), 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 imputed 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 (Matthews & Adibi, 1976; Adibi & Kim, 1981; 
.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 vitro 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 to the structure of the 
peptides play an important role. Hence, when the number of amino acids increases 
from 2 to 3, the K t increases and the affinity of the peptide for the transport 
system decreases which results in a limitation of the transport (Adibi et al., 1975). 
The stereoisomeric form of each peptide represents another factor of variation of 

16 



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 D 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 system. 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, 
methionylmethionine is a potent inhibitor of carnosine 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 vivo, 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 to 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 responsible 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 blood 

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, non urea, non amino nitrogen 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 a l , 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 vivo in the pig using enzyme 
hydrolysates of milk proteins showed that the rate of appearance of amino 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 s tate 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 blood 

Which is the origin and which is the fate of these blood peptides ? 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 
glycyl-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 or 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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into the tissue proteins has been obtained by a comparative injection of C glycine 
or 1 4C glycyl-glycine (Krzysik & Adibi, 1979) the labelling of tissue proteins being 
generally the same in both cases. 

2.3. Adaptation of the intestinal transport 

The absorption of nutrients by the samll intestine varies according to a variety 
of natural factors such as the physiological s tatus (lactation, gestation) or diet 
changes and according to experimental factors such as intestinal resection. The 
events involved can be divided into two categories, either a rise of the non specific 
overall absorption capacities, i.e. concerning all nutrients and related to an 
increase in the absorptive surface area, or the induction or repression of specific 
transport mechanisms, variable according to the availability of transported 
substrate or their stock in the body. 

Non specific adaptation 

The most striking examples of non specific adaptation concern the intestinal 
resection and the lactation status. Intestinal resection reduces the absorptive area 
and causes a decrease in the time of passage of food through the digestive tract. 
However, when the resection involved less than half the digestive tract, no 
malabsorption phenomena were observed in the rat, dog or man (Young & Weser, 
1974; Weser, 1979). This was also the case for pigs subjected to enterectomy of the 
proximal or distal small intestine (Laplace, 1976). Hence, there was a compensatory 
absorption in the remaining intestine, the mechanism of which has been studied 
mainly in the pig, but also in the rat subjected to resection of the proximal small 
bowel. The absorption per cm of intestine increased for all nutrients whether they 
were amino acids and peptides (Garridio et al., 1978; Menge et al., 1981) or glucose 
(Dowling and Booth, 1967). This resulted from an increase in the surface area per 
cm of intestine due to an increment in the height of the villi and in the number of 
enterocytes per villus (Menge et al., 1983), but without any increase in the capacity 
of each enterocyte for the transport of amino acids. A similar adaptative 
mechanism can be observed in lactating females whose feed intake increases in 
large proportions during this period. In lactating rats, the digestibility of the diet 
was thus maintained (Fell, 1972); glucose and amino acids were absorbed more 
rapidly than in control animals (Cripps & Williams, 1975), proline exhibiting the 
opposite trend (Datta & Sharma, 1985). Non specific adaptative phenomena of the 
same kind can also be observed during other types of hyperphagia such as after 
exposure to cold (Jacobs et al., 1975) or after destruction of the ventromedian 
hypothalamic nuclei (Brobeck et al., 1943). 

Specific adaptation 

The specific adaptation concerns the change in the absorption of a single 
nutrient subsequently to a change in the dietary supply of this nutrient, and this 
may lead to a response in the same direction as the change in the supply or in the 
opposite direction (Diamond & Karasov, 1987; Obata et al., 1989). Thus, the amino 
acid absorption ability of the intestine increases both after adaptation to high and 
low levels of protein intake (Christensen, 1984). A comparative study of the 
intestinal absorptive capacities using everted intestinal rings after adaptation to 
two diets, either rich in carbohydrates with a moderate casein content (15%) or 
poor in carbohydrates and rich in casein (75%), showed that the uptake of proline 
was much higher with 75% than with 15% proteins and the opposite occurred with 
glucose (Karasov et al., 1983). For each substrate and each change in the dietary 
regimen, the stimulation of the transport is completed in one day while its 
inhibition requires several days . Thus, a diet switch causes an acceleration in the 
uptake of a nutrient (proline) and a reduction in the uptake of another nutrient 
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