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Summary &horbar; Even though the availability of dietary amino acids is the result of integrated
phenomena of digestion, absorption and transport, it may be mainly affected by the stage of luminal
digestion. In this case, amino acid availability could be predicted by an in vitro method designed to
reproduce in vivo proteolysis conditions. In order to check this hypothesis, the essential amino acid
(EAA) profiles of digesta collected at 8 intervals during a 24-h in vitro enzymatic proteolysis of casein
and rapeseed proteins were compared to the pattern of appearance of dietary EAA in portal vein of
pigs fed the same proteins, determined at each hour over a 8-h postprandial period by coupling
blood flow rate with porto-arterial differences in plasma EAA concentrations. Comparisons of in vitro
and in vivo data first bore on overall EAA profiles measured at each interval, and then on the
individual kinetics of each EAA. Regarding total profiles, the highest correlations for casein
(r : 0.8!0.98) were found when comparing EAA patterns determined during the first half of in vitro
digestion and in vivo absorption periods. Similar r values were obtained with rapeseed proteins, but
over longer periods of measurement. Concerning individual kinetics, the highest correspondences
were found with rapeseed proteins, with 5 out of 9 EAA (methionine, isoleucine, leucine,
phenylalanine and arginine) having their in vitro sequence of release significantly correlated with
their in vivo sequence of absorption. With casein, correlations were significant for threonine, valine,
isoleucine and leucine. These results suggest that sequential hydrolysis in the digestive tract, as
reproduced by the in vitro technique, is a key determinant of amino acid appearance in the portal
blood to a degree varying with the protein source and with the nature of the amino acid.
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Résumé &horbar; Relation entre l’estimation in vitro et in vivo de la biodisponibilité des acides
aminés. Bien que la disponibilité des acides aminés alimentaires résulte de phénomènes imbriqués
de digestion, d absorption et de transport, elle est probablement surtout affectée par l’étape de
digestion luminale. Dans ce cas, la disponibilité des acides aminés pourrait être prédite à l’aide
d’une méthode in vitro conçue pour reproduire les conditions de protéolyse in vivo. Dans le but de
vérifier cette hypothèse, nous avons comparé les profils d’acides aminés essentiels (AAE) de
digestats de caséine et de protéines de colza, recueillis à 8 périodes lors d’une protéolyse
enzymatique in vitro de 24 h, aux profils d’apparition des AAE dans la veine porte de porcs ayant
ingéré les mêmes protéines. Ces profils ont été déterminés pour chaque heure au cours d’une
période postprandiale de 8 h, en couplant le débit sanguin aux différences porto-artérielles dans les



concentrations dAAE plasmatiques. Les comparaisons des données in vitro et in vivo ont d’abord
porté sur les profils complets dAAE mesurés à chaque intervalle, puis sur les cinétiques
individuelles de chacun des AAE. Avec les profils complets, les plus fortes corrélations
(r : 0,80-0,98) pour la caséine ont été obtenues en comparant les profils dAAE mesurés pendant
la première moitié des périodes d’observation in vitro et in vivo. Des coefficients similaires ont été
obtenus avec les protéines de colza, mais sur de plus longues périodes. En ce qui a trait aux
cinétiques individuelles, les plus fortes correspondances ont été notées avec les protéines de colza,
la séquence de libération in vitro étant significativement reliée à la séquence d’absorption in vivo
pour 5 des 9 AAE (méthionine, isoleucine, leucine, phénylalanine et arginine). Avec la caséine, les
corrélations ont été significatives pour la thréonine, la valine, l’isoleucine et la leucine. Ces résultats
suggèrent que l’hydrolyse séquentielle dans le tractus digestif, telle que reproduite par la technique
in vitro, est un facteur clé de l’apparition des acides aminés dans la veine porte, à un niveau
dépendant de l’origine de la source protéique et de la nature de l’acide aminé.
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INTRODUCTION

The availability of amino acids is a

primary determinant of protein nutritional
quality, but it is not readily measurable in
an in vivo situation. According to Tanksley
and Knabe (1985) its availability not only
implies that a nutrient is digested and
absorbed, but also that it is available at
cellular sites for synthesis reactions.

Furthermore, for dietary amino acids,
availability has a time-related dimension,
since it is concerned with the
simultaneous presence of all essential
amino acids for an optimal protein
synthesis in the organism (Geiger, 1947).

As the ultimate measure of amino acid

availability at cellular level is not yet
feasible, it is of interest to evaluate the
fate of dietary amino acids at various

steps of their arrival in the organism, and
to examine the most determinant

processes. A possible in vivo procedure is
the rather elaborate method of Rérat et
al. (1979) in the pig, which allows

qualitative and quantitative measurement
of the kinetics of appearance of dietary
amino acids in the portal bloodstream,
just before their distribution to the liver
and to the other sites of protein synthesis.

At that point, the measure of amino acid
availability is already the result of many
imbricated phenomena of digestion,
absorption and transport. Of these, the

sequence and form of release of amino
acids during luminal digestion process
might be two of the key factors. If such
were the case, amino acid availability
could be conveniently studied and partly
predicted by an in vitro method imitating
in vivo proteolysis conditions.

Savoie and Gauthier (1986) have

developed such a technique, where the
luminal hydrolysis of proteins is

reproduced in a pepsin-pancreatin diges-
tion cell, and where the end-products of
proteolysis are continuously collected as
they are released from the substrates.

In order to check to which extent the

step of luminal proteolysis is a deter-
minant factor of amino acid availability, the
amino acid patterns of digesta collected at
various intervals during an in vitro

enzymatic proteolysis of casein and

rapeseed proteins (Savoie et al., 1988)
were compared to the pattern of

appearance of dietary amino acids in

portal vein of pigs fed the same proteins
(Galibois et al., in press). Special attention
was paid to peptide-bound amino acids



found in the in vitro digesta, as it was
shown that peptide absorption is an

important mechanism for assimilation of

dietary protein (Adibi and Kim, 1981). ).

MATERIALS AND METHODS

Protein sources and amino acids (AA)

The casein and rapeseed protein sources were
from the same origin and batches for both in
vitro and in vivo studies. Their composition is
described in Table I. For calculation of

correlation between in vitro and in vivo data,
the following 9 essential amino acids (EAA)
were used : threonine, valine, methionine,
isoleucine, leucine, phenylalanine, histidine,
lysine and arginine. (Tryptophan was not
measured in blood samples and thus was not
included in the calculations).

In vitro data

The in vitro experimental procedure reprodu-
cing in vivo luminal proteolysis conditions has
already been described in detail (Savoie et al.,
1988). Briefly, after a 30-min pepsin
predigestion, the protein sources (250-mg
aliquots) were submitted in 4 replicates to a
24-h pancreatin hydrolysis in dialysis tubes

(molecular weight cut-off of the membrane :
1000 Da), with the continuous removal of

digestion products by circulation of a

phosphate buffer. Digesta were collected at 3-h
intervals, and analyzed for content of peptides
(isolated by fractionation with copper-Sephadex
G-25 columns) and total AA. All

aminoacidograms were determined using an
amino acid autoanalyser (Bekman, model

6300, Palo Alto, CA). Tables II and III give the
mean EAA compositions of the digesta, either
for total amino acids collected or for the peptide
fractions only. In this last case, values are

given only for the first 4 intervals (up to 12 h of
digestion), as the feeble quantity of material
collected thereafter did not permit a reliable

separation of peptides from free AA fraction.

In vivo data

A more complete description of the in vivo

experience is available in Galibois et aL (in
press). In short, 6 pigs, fitted with permanent
catheters in the portal vein and in the carotid
artery as well as with an electromagnetic flow
probe around the portal vein, successively
received three 800-g test meals containing
either 12 % rapeseed proteins or 12 % or 24 %
casein. (In the present paper, only data relating
to the 12 % protein diets will be used.) Blood
samples were collected and portal blood flow
rate recorded during a postprandial period of
8 h. For each 1-h interval, the quantity of AA
absorbed was determined by coupling blood
flow rate with porto-arterial differences in

plasma amino acid concentration. Tables IV
and V report these AA patterns.



Statistics

All statistical analyses were performed with the
statistical analysis system (SAS Institute, Cary,
NC). The levels of correspondence between in
vitro and in vivo AA profiles were calculated
with Pearson’s test of correlation.

The first analyses of correlation were made
using the whole of essential amino acids. The
patterns of EAA collected at each in vitro
interval (rows; Tables II and III) were compared
to the patterns of EAA appearing in portal
blood at each in vivo interval (rows; Table IV).
First, all EAA collected in vitro (mixture of free
AA and of low molecular weight peptides) were

comprised. In a second analysis of correlation,
only EAA from the in vitro peptide fraction were
compared to the in vivo EAA profiles.

The degree of correspondence between in
vitro and in vivo values was also calculated for
each EAA considered separately. For these

analyses, the pattern of the 8 values

sequentially measured in vitro for each EAA

(columns; Table 1 was compared to the pattern
of the 8 values sequentially measured in vivo
(columns; Table IV) for the same EAA. For the
analyses bearing on the EAA from the peptide
fractions (Table III), only values from the first 4
intervals were used.



RESULTS

Correspondence betrveen patterns of
EAA from in vitro digestion products
and patterns of EAA released in portal
blood

Tables V and VI indicate the coefficients
of correlation obtained when comparing
in vivo profiles to free and peptide-bound
AA collected in vitro. With casein (Table
V), only the in vitro EAA pattern measured
up to the fifth interval (from 0-3 h to

12&horbar;15 h) had significant correlations with
all the in vivo patterns up to 7 h. The

strongest correspondences involved the
in vivo patterns of the first 4 postprandial

intervals. With rapeseed proteins (Table
VI), correspondences between in vitro

and in vivo patterns were distributed

differently. The EAA pattern of the first in
vitro interval (0--3 h) was poorly
correlated to the in vivo patterns.
Contrarily to casein, all EAA patterns of
the subsequent digesta had significant
coefficients of correlation with most in
vivo patterns. However, as with casein, no
correspondence was noted between in
vitro patterns and the patterns of EAA
released in the portal blood of pigs from
7&horbar;8 h after the rapeseed protein meal.

When only the EAA released as

peptides in the in vitro digesta were taken
into account for calculation of correlation,
the pattern of only one interval (U-3)
presented some resemblance with the





EAA patterns measured in vivo in the

portal blood of pigs, in the case of casein
(Table VII). On the other hand, with

rapeseed proteins (Table VIII), strong
correlations were noted for all in vitro
intervals. Particularly, peptides of the in
vitro digesta collected between 0 and 3 h
had a EAA composition which was very
similar to those measured in vivo from
2&horbar;7 h after the meal, while low
correlations had been observed when
EAA from total digestion products of this
in vitro interval were considered.

Correspondence between the kinetics
of release in the in vitro digesta and
the kinetics of release in portal blood
for EAA considered individually

Results of the analyses of correlation

performed for single EAA are presented in
Table IX. With the casein diet, the in vivo
kinetics of absorption of threonine, valine,
isoleucine and leucine were significantly
correlated to their in vitro kinetics of
release in the total digestion products of



casein. For the 5 other EAA, correlations
did not reach the 95 % significance level.

With rapeseed proteins, strong positive
correlations were observed between both
kinetics for methionine and arginine (P <

0.001), as for isoleucine (P < 0.01), ),
leucine and phenylalanine (P < 0.05).
Contrary to what had been noted with

casein, the in vivo absorption kinetics of
valine from rapeseed proteins presented
no correspondence to its in vitro kinetics
of release in total digestion products.

In order to test if the release of EAA in
low molecular weight peptides rather than
in total digestion products was a better
indicator of their in vivo kinetics of release



in portal blood, correlations were

calculated with the 4 first intervals using
for the in vitro values only the EAA
amounts found in peptide fractions. The
lowest correspondences were found with
casein and the highest with rapeseed
proteins (Table X). With these, significant
positive correlations were noted for

phenylalanine, isoleucine and leucine. For
these two latter EAA, the correspondence
was about the same as when amounts in
total digestion products (peptides and free
AA) were used for calculations.

DISCUSSION

The availability of nutrients is the result of
a complex physiological process of

digestion and metabolism, and it is of
interest to estimate the contribution of
each step in this process. The aim of the
present study was to determine the role of
luminal digestion using an in vitro

technique. The specific purpose was to

verify to which extent the characteristics
of in vitro hydrolysis of EAA from 2

different protein sources, casein and

rapeseed concentrate, were indicative of
their in vivo sequence of release in portal
blood of pigs.

In a previous study (Galibois and

Savoie, 1987), good correlations were

already found when comparing EAA

patterns of digestion products released
after a 6-h in vitro proteolysis with

qualitative plasma essential amino acid

profiles, measured by porto-arterial
differences at given intervals in the rat.

These results were in agreement with the
fact that this in vitro hydrolysis method,
when used for relatively short-time

proteolysis, allows collection of amino
acids that are preferentially released by
the action of digestive enzymes (Vachon
et al., 1983). The free amino acids and
short peptides thus obtained are most

likely those which are rapidly delivered to
the enterocytes in an in vivo situation. A
more elaborate comparative study was
undertaken in the present work, where the
almost complete in vitro proteolysis of

proteins was carried out, with digesta



obtained over 24 h. The in vivo method in
the pig was more fitted for comparison to
the in vitro technique, as both allowed
qualitative and quantitative measurement
of EAA profiles. In this work, 8 profiles
sequentially measured in each method
were compared. The discrepancy
between the overall lengths of measure-
ment periods in the 2 methods did not
affect the adequacy of the comparison,
since by the end of the sampling periods,
comparable average values were found
for EAA released in the in vitro digesta
(> 95 % for casein and 88 % for

rapeseed; Savoie et al., 1988) and EAA
released in portal blood (91 % for casein
and 94 % for rapeseed; Galibois et al., in
press). In the in vitro technique, the speed
of digestion is largely dependent upon the
choice of enzymatic conditions and buffer
flow rate, and duration of proteolysis is
then only a relative value.

Some majors points arose from the
assessment of the 2 methods. First, many
strong correspondences were found for
both types of proteins when comparing in
vitro and in vivo EAA patterns. This very
large number of highly significant
correlations gave a first indication of the
fact that luminal digestion is indeed a

determinant step of EAA availability. In

many cases, these nutrients tended to

appear in the portal blood in about the
same proportions as in the in vitro

digesta. However, the agreements
between in vitro and in vivo patterns were
not necessarily distributed according to a
time-parallel fashion, and varied with

protein nature.
The fundamental difference between

the two methods of measurement should
be pointed out. During in vitro digestion,
the protein substrate was only once in
contact with the enzyme mixture and the
kinetics of release was measured for
each amino acid until the exhaustion of

substrate. In the in vivo situation, the

protein meal stayed in the stomach for a
more or less long period, and was only
gradually released into the duodenum.

Then, contrary to the in vitro method, the
substrate was progressively in contact

with the enzymes. The rates of gastric
emptying of the 2 diets were not

measured in the in vivo study, but they
were likely to be somewhat different, since
protein nature as well as non-protein
constituents may affect the length of stay
of digesta in the stomach (Darcy, 1984).

As the digestion proceeded, there was
a continuous mixing of the protein from
the meal, and also a dilution with protein
from endogenous source (Laplace et al.,
1985). As the measure of absorption was
made in the portal vein, it was not

possible to appreciate the difference
between the amino acids arising from the
proximal part and those from the distal

part of the digestive tract.
With a rapidly hydrolysed protein such

as casein (Savoie et aL, 1988),
significative correlations appeared mostly
between EAA patterns measured during
the first in vitro and in vivo intervals. Later

on, in the animal, the absorbed material
became more and more diluted with
amino acids from endogenous proteins,
and displayed EAA compositions different
from those of the last 3 in vitro periods,
which accounted for only 15 % of the EAA
in the original substrate. On the other

hand, the rapeseed proteins were

digested more gradually, as shown by the
in vitro hydrolysis (Savoie et aL, 1988),
and correspondences between in vitro
and in vivo patterns were sustained over
longer periods of measurement. A

possible explanation could be that the
various protein fractions of rapeseed were
digested according to their different

solubilities, and within similar kinetics in
both methods.



Regarding the analyses involving the
EAA from peptides in digestion products
that were made to verify a preferential
absorption of amino acids in the form of
di- or tri-peptides suggested by some
authors (Silk et aL, 1979; Adibi and Kim,
1981), this seemed from the present
results as from previous ones (Galibois
and Savoie, 1987) to be related to the

protein nature. Many good correlations
were found with rapeseed proteins and
less with casein.

From these observations about the

correspondence between in vitro and in

vivo EAA profiles, the idea that the in

vivo pattern of absorption as measured in
portal circulation depends directly on the
in vitro pattern of release of digestion
products should be modified. It is in fact

difficult, on the only basis of in vitro

hydrolysis, to predict the site of release in
the digestive tract and the conditions of
saturation of active transport mecha-

nisms.

The second type of comparison of in
vitro and in vivo data reported here,
concerning individual essential amino

acids, was related to the sequential
release over given time periods. This kind
of analysis allowed the determination of
which amino acids would be the least

affected by endogenous dilution,
absorption and transport across the

enterocytes, and would appear in the

portal blood at a rate similar to their in

vitro kinetics of release.

In many instances, the sequence of
release of EAA during the in vitro

proteolysis was a good predictor of their
in vivo sequence of appearance in portal
vein. But an important effect of the protein
nature was once more evidenced. The

highest correlation levels were observed
with rapeseed proteins, using either total
EAA or only peptide fractions. The lack of
correlation in certain cases was most

likely indicative of the fact that some EAA,
although well released during in vitro

proteolysis, may have their in vivo

absorption delayed due to competition for
transport sites. It is well known, in

particular, that free amino acids of the
same class share the same systems of
active transport (Munck, 1981). With
rapeseed proteins, this could have
reduced the absorption of valine, to the
benefit of that of isoleucine and leucine. In
the same way, the absorption of arginine
could have been enhanced to the

expense of lysine. However, with casein,
such possible competition was less

evident, and again no beneficial effect of
the peptide form was evidenced for this
protein. It is then important not to

oversimplify the statement according to

which amino acids are better absorbed as

peptides than as free amino acids. The
various compositions of the peptides
derived from the primary structure of the
protein from which they originate could
induce specific rates of absorption.

Another explanation for the lack of
correlation between in vitro hydrolysis and
in vivo release in portal blood could be the
existence of a larger metabolism in the

intestinal wall, which is a very active
tissue (Christensen, 1982; McNurlan and
Garlick, 1984). For instance, a large part
of histidine released in portal blood may
come from the hydrolysis of endogenous
blood dipeptides such as carnosine, that
would take place in the intestinal tissue

(Rérat et al., 1988). As this kind of

phenomenon could not be quantified, the
comparison of the in vitro rate of release
and in vivo sequence of absorption of

dietary histidine is made difficult.
In spite of the fact that some details

are still obscure, it is nevertheless

interesting to note from this work that the
strongest correspondences were consis-
tently obtained with the EAA of rapeseed
proteins, which were generally released



much more gradually than those of casein
during the in vitro digestion. A gradual
rate of hydrolysis might thus be a good
indicator of an efficient absorption and
bioavailability of amino acids, as in this
case transport across the enterocyte
would not be a limiting step.

To our knowledge, no other study has
established the agreement between the
form and kinetics of release of EAA

during their enzymatic hydrolysis, and
their kinetics of appearance in blood
circulation. Our results suggest that the
sequence of hydrolysis in the digestive
tract, and not only the form of release, is
a key determinant of amino acid

bioavailability, varying to a degree with
the protein source and with the nature of
the amino acid. These results, however,
also give rise to many questions. For
instance, the advantage of a rapid
proteolysis in the case of casein as

compared to a more gradual one with
rapeseed could be examined in the

perspective of nutritional quality. A

possible adaptation of enterocyte
metabolism to the nature of dietary
protein could also be investigated. Finally,
interesting studies could be carried out on
the comparative nutritional effects of
different peptide mixtures as derived from
the hydrolysis of various dietary proteins.

In conclusion, it can be stated that the
in vitro hydrolysis technique with dialysis
seems a practical and useful method for
the study and prediction of availability of
dietary amino acids. In its present form,
this technique may present some

drawbacks : for instance, it cannot take
into account the varying rate of gastric
emptying observed in vivo for different

proteins (Laplace, 1979), and the

important role that peptidases from the
intestinal brush-border and from

enterocytes play in the digestion of

proteins (Silk et aL, 1985). Nevertheless,
it permits the luminal digestion step to be

isolated, and the kinetics of nitrogen and
amino acid digestibility to be readily
measured.

ACKNOWLEDGMENT

This work was supported by a France-
Quebec grant in Biotechnology.

REFERENCES

Adibi S.A. & Kim Y.S. (1981) Peptide
absorption and hydrolysis. In : Physiology of
the Gastro-Intestinal Tract (L.R. Johnson, ed.),
Raven Press, New York, pp. 1073-1095

Christensen H.N. (1982) Interorgan amino acid
nutrition. Physiol. Rev. 62, 1193-1234
Darcy B. (1984) Availability of amino acids in
monogastric animals. Variations of digestive
origin. Diabete & M!tab. 10, 121-133
Galibois I. & Savoie L. (1987) Relationship
between amino acid intestinal effluent in rat and
in vitro protein digestion products. Nutr. Res. 7,
65-79

Galibois I., Simoes-Nunes C., Rérat A. &
Savoie L. (1989) Net appearance of amino
acids in portal blood during digestion of casein
or rapeseed proteins in the pig. Can. J.

Physiol. Pharmacol. (in press)
Geiger E. (1947) Experiments with delayed
supplementation of incomplete amino acid
mixture. J. Nutr. 34, 97-111 1

Laplace J.P. (1979) Motricit6 et evacuation

gastrique chez le porc. Med. Nutr. 15, 17-23
Laplace J.P., Darcy-Vrillon B., Duval-iflan Y. &
Raibaud P. (1985) Proteins in the digesta of the
pig : amino acid composition of endogenous,
bacterial and fecal fractions. Reprod. Muff:
Develop. 25, 1083-1099
McNurlan M.A. & Garlick P.J. (1984)
Contribution of rat liver and gastro-intestinal
tract to whole-body protein synthesis in the rat.
Biochem. J. 186, 381-383



Munck B.J. (1981) Intestinal absorption of
amino acids. In : Physiology of the Gastro-
Intestinal Tract (L.R. Johnson, ed.), Raven
Press, New York, pp. 1097-1122

R6rat A., Vaissade P. & Vaugelade P. (1979)
Absorption kinetics of amino acids and

reducing sugars during digestion of barley and
wheat meals in the pig : preliminary data. Ann.
Biol. Anim. Biochim. Biophys. 19, 739-747
Rérat A., Jung J. & Kande J. (1988) Absorption
kinetics of dietary hydrolysis products in
conscious pigs given diets with different
amounts of fish proteins. II. Individual amino
acids. Br. J. Nutr. 60, 105-120
Savoie L. & Gauthier S.F. (1986) Dialysis cell
for the in vitro measurement of protein diges-
tibility. J. Food Sci. 51, 494-498
Savoie L., Galibois I., Parent G. & Charbon-
neau R. (1988) Sequential release of amino
acids and peptides during in vitro digestion of

casein and rapeseed proteins. Nutr. Res. 8,
1319-1326

Silk D.B.A., Chung Y.C., Berger K.L., Conley
K., Beigler M., Sleisenger M.H., Spiller G.A. &
Kim Y.S. (1979) Comparison of oral feeding of
peptide and amino acid meals to human

subjects. Gut20, 291-299
Silk D.B.A., Grimble G.R. & Rees R.G. (1985)
Protein digestion and amino acid and peptide
absorption. Proc. Nutr. Soc. 44, 63-72

Tanksley T.D. Jr & Knabe D.A. (1985) Direct
measurement of amino acid digestibility in
swine. In : Digestibility and Amino Acid

Availability in Cereals and Oilseeds (J.W.
Finley & D.T Hopkins, eds.), Am. Ass. Cereal
Chem. Publ., St. Paul, Minnesota, pp. 259-272

Vachon C., Gauthier S.F., Jones J.D. & Savoie
L. (1983) In vitro enzymatic release of amino
acids from alkali-treated proteins containing
lysinoalanine. Nutr. Rep. Int 27, 1303-1313 3


