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Relationship between in vitro digestion of proteins
and in vivo assessment of their nutritional quality (1)
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Département de Nutrition humaine et de Consommation,
Faculté des Sciences de l’Agriculture et de l’Alimentation
Centre de Recherche en Nutrition, Université Laval, Québec, Canada, G1K 7P4

Summary. The relationship between the nature of in vitro digestion products and protein
quality evaluation in rats was established. Eleven protein sources of animal and vegetable
origin and of various purities were digested by pepsin then by pancreatin in a dialysis bag
of 1 000 molecular weight cutoff. Animal proteins were generally better digested in vitro
than vegetable proteins. Amino acid release partly reflected enzyme specificity and varied
depending on the nature of the protein. Essential amino acids were generally released
rapidly at the expense of non-essential amino acids. The composition of protein hydrolysis
products was thus markedly different from that of the protein before digestion. Digestibility
determination in rats showed much less variation between proteins than the in vitro
method ; the two digestibility measurements did not correlate. However, by using stepwise
multiple regression analysis, the amino acid composition of in vitro digestion products was
found to correlate with the protein efficiency ratio (PER) more accurately than protein
composition (R’ = 0.981 and 0.934, respectively). A regression analysis with net protein
ratio (NPR) gave lower RZ coefficients than with PER (0.941 and 0.921, respectively). When
regression equations were employed to predict the PER and digestion products were used
instead of protein composition, an improvement was seen for almost all the test proteins,
especially beef, rapeseed and wheat gluten. Better evaluation of protein quality by the use
of protein digestion products demonstrates the possible impact of amino acid availability on
protein quality.

Introduction.

The nutritional quality of a protein is primarily related to its amino acid com-
position. However, amino acid availability is also a key factor of protein quality.
Availability depends on the process of digestion, which may be affected by many
factors such as the characteristics of the protein itself (Silano, 1976 ; Stahmann
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and Woldegiorgis, 1975), the presence of anti-nutritional factors (Green and Nas-
set, 1983 ; Liu, Means and Feeney, 19711, or interactions with other components
of the foodstuff such as carbohydrates (Forsum, 1975 ; Bloomgarden et al.,
19811. One or more of these factors can be positively or negatively influenced by
food processing.

Assays combining enzymatic hydrolysis with amino acid analysis attempt to
evaluate the availability of individual amino acids since they provide data on how
much of each is released from the protein. Different systems consisting of one or
several enzymes in one or more steps were developed (Stahmann and Woldegior-
gis, 1975 ; Sheffner, Eckfeldt and Spector, 1956 ; Buchanan, 1969). The major
limitations of these methods are the lack of a suitable way of separating the
digestion products from the digesta and, eventually, their incapacity to reproduce
in vivo digestion.

Gauthier et al. (1982) developed an in vitro digestion method based on the
original approach of Mauron et al. (1955) which considerably reduced the above-
mentioned drawbacks. It consisted of pepsin digestion of the protein followed by
enzymatic hydrolysis with pancreatin. The latter step was carried out in a highly
selective dialysis bag with a 1 000 molecular weight cutoff for the simultaneous
selection and removal of digestion products by a circulating dialysis buffer. The
design and flow parameters of the digestion apparatus were modified and a

« digestion cell » with a high analytical capacity and better accuracy and reprodu-
cibility was developed (Savoie and Gauthier, 19861. The enzymatic parameters of
the method were reevaluated and adjusted (Gauthier, Vachon and Savoie, 1986).

The purpose of the present work was to examine the degree of correspon-
dance of this method with the in vivo situation. Eleven different protein sources
were digested in the digestion cell and the data were correlated with the in vivo
nutritional evaluation of proteins in rats : protein efficiency ratio (PER), net pro-
tein ratio (NPR) and apparent digestibility.

Material and methods.

Animals and diets. - PER and NPR were measured according to Pellett and
Young (1980) using male Sprague-Dawley rats (Canadian Breeding Farm, St-

Constant, Quebec). The rats were housed individually in mesh-bottomed cages
under controlled conditions (24 °C, 50 % humidity, lights-on between 07 and
19 h). Upon arrival, they were fed a non-purified diet (Purina Rat Chow, Ralston
Purina, St-Louis, MO) with water ad libitum for 3 days. After that, the rats (mean
body weight : 70.5 ± 0.5 g) were divided into twelve groups of ten each and fed
ad libitum purified diets containing 10 % crude protein (table 1) for 28 days. A
protein-free diet containing 854 g of corn starch, 50 g of cellulose and all the

basal ingredients was given to group 12 for 10 days and used to measure the
NPR. Food was replaced every other day. Food consumption for the period was
recorded after correction for spillage. Stools were collected from day 6 to day 10



included and apparent digestibility was calculated relative to Cr203 (Christian and

Coup, 1954) as a non-absorbable marker using the following equation :

Nitrogen was determined by an automated Kjeldahl method (Model 16210 Kjell-
Foss Autoanalzer, Foss Co., Denmark).

Diet composition is given in table 1. The protein sources were of different
purity : the two caseins, lactalbumine and wheat gluten were obtained as purified
protein sources, while the others were partially purified either in the laboratory
(egg and beef) or by the dealer (rapeseed, soybean, oatmeal, peanut meal and
wheat flour). In order to keep a constant protein : energy ratio among the diets,
the energy content of the diet components was measured by bomb calorimetry
(Parr Adiabatic Calorimeter, Moline, IL) ; corn starch served to adjust gross
energy at 4.06 Kcal/g and cellulose was used as a filler. For example, it was

necessary to reduce corn starch in the oatmeal diet and to add non-nutritive cellu-
lose as a filler because the energy density of this protein source was high and
much was needed in the diet to obtain a 10 % protein level.



ln vitro digestion with dialysis. - The protein sources were digested according to
the method of Gauthier, Vachon and Savoie (1986), i.e. 30 min digestion of
250 mg of protein (N x 6.25) with 1 mg of pepsin (1 : 600, Sigma, St-Louis, MO)
at 37 °C in 0.1 N HCI adjusted to pH 1.9 with N NaOH ; the mixture was then
digested at pH 7.5 with 10 mg of pancreatin (5X, ICN) at 37 °C in a « digestion
cell » (Savoie and Gauthier, 1986) as follows : the reaction was carried out in a
dialysis bag of 1 000 molecular weight cutoff for the simultaneous selection and
removal of the digestion products in a 10 mM sodium phosphate buffer, pH 7.5.
The buffer was pumped through the digestion cell at a rate of 1.6 ml/min by a
peristaltic pump. Samples of the dialysate (digested material) were collected every
hour for 6 h and stored at - 20 °C for nitrogen determination by an autonalayzer
(method No. 329-74 W/B from Technicon Instruments, Tarrytown, N.Y.) and for
amino acid analysis. To obtain the protein and amino acid digestibilities of table 3,
the pool of the six time samples was analysed. Pancreatin was a crude prepara-
tion containing all the pancreatic enzymes ; trypsin and chymotrypsin activities
were measured giving 2.2 TAME units and 4.1 ATEE units, respectively, per mg
of protein (Gauthier, Vachon and Savoie, 1986).

Crude protein and amino acid digestibilities (%) after 6 h of digestion with
pancreatin were calculated from the following equations :

Amino acid analysis. &horbar; Acid hydrolysis of either the protein sources or the
dialysate was performed according to Simpson et al. (1976). Two mg of the pro-
tein were suspended in vacuum tubes in 1 ml of 4 N methanesulfonic acid with
0.2 % 3-(2 aminoethyl) indole added (Vacuum reaction tubes, Pierce, Rockford,
IL). Gaseous nitrogen was flowed into the tubes for 2 min to remove the air and
the tubes were frozen in a mixture of liquid nitrogen and acetone. After a vacuum
was created, the tubes were allowed to thaw slowly. This procedure was repeated
once. Hydrolysis was carried out at 110 °C for 24 h ; the hydrolysate was then
partially neutralized with 1 ml of 3.5 N NaOH and filtered successively through
Whatman No. 1 and 0.22 11m Millipore filters. The internal standard (0.2 pmole
norleucine) was added before hydrolysis. Amino acid analysis was performed by
ion-exchange chromatography (Model 4 000 autoanalyzer, LKB Instruments,
Rockwell, MD1. The tryptophan content of oatmeal, peanut meal and wheat flour
were not recorded because appreciable losses occur with methane-sulfonic acid
hydrolysis when the protein samples contain more than 20 % carbohydrates
(Simpson et al., 1976).

Statistical analysis. &horbar; In vivo data and crude protein in vitro digestibility were
submitted to an analysis of variance and evaluated with Duncan’s multiple-range
test (Duncan, 1955). The relationship between in vitro and in vivo data was esta-



blished by Pearson’s correlation test and stepwise multiple regression analysis
using a computerized system (SAS Institute, 1979).

Results.

Amino acid content of test proteins. &horbar; The great diffence between the test
proteins was their protein content (table 11 and amino acid profile (table 21. Sour-
ces of animal origin contained more protein than those of vegetable origin, with
the exception of wheat gluten. Also, the essential amino acid content of the for-
mer proteins was higher. Methionine and cysteine contents were lower than
reported values (Sarwar et al., 1983). On the other hand, the fact that amino
acids of both the protein sources and their digestion products were analysed
using the same method minimized the possibility of bias in comparing the capa-
city of both amino acid profiles to predict protein quality.

ln vitro protein digestion. &horbar; Table 3 gives in vitro crude protein and amino acid
digestibility after 6 h of pancreatic digestion. The enzymatic release of nitrogen
was linear for 6 h, except for a short lag in the first jour of digestion (data not
shown). Generally, proteins of animal origin gave better digestibility values than
vegetable proteins, with the exception of peanut meal which was highly digesti-
ble, egg proteins which were poorly digested, and ANRC casein that was diges-
ted to the same extent as vegetable proteins.

Amino acid release varied mostly with the amino acid but also with the type
of protein. Some amino acids were released rapidly from proteins while others
were liberated more slowly. Generally, leucine, phenylalanine, tyrosine, lysine





methionine, arginine and tryptophan were released rapidly. Others like threonine,
asparctic acid, glutamic acid, and especially cysteine and proline, were liberated
slowly. Essential amino acids were generally released more rapidly than non-
essential ones.

The nature of the protein also influenced amino acid release. Among the
rapidly released amino acids, the release of methionine, lysine and arginine of
wheat proteins was very rapid ; however, the phenylalanine of these proteins was
liberated more slowly than in other proteins. The release of the following amino
acids was also notably rapid : methionine of soybean, tyrosine of egg, caseins
and rapeseed, arginine of caseins, and tryptophan of all the proteins, except lac-
talbumin. However, lysine was liberated slowly in rapeseed protein, contrary to
other proteins. Finally, the liberation of valine was low in beef and in casein ICN
but high in peanut meal. With these differences in amino acid digestibilities, the
composition of the digestion products differed markedly from that of the corres-
ponding protein (table 4).

Nutritional evaluation in vivo. - The nutritional evaluation of the proteins,
placed in decreasing order according to PER, is given in table 5. Food intake
varied with the protein : animal proteins generally gave higher intakes than vege-
table proteins, especially wheat proteins. Quality varied markedly with the protein.
The PER of the poorest quality protein, wheat gluten, was only 10 % that of egg.
Animal proteins had a higher nutritional value than vegetable proteins based on
either PER or NPR, except for rapeseed protein whose quality was equivalent to
that of casein. Corrected PER values (with ANRC casein fixed at 2.5 : Bieri et al.,
1977) are also given. NPR ranked ANRC casein higher than PER. NPR gave a hig-
her nutritional value than PER to the poorest quality proteins, with wheat gluten
having as much as 40 % of the nutritional value of egg proteins. The correlation
between both tests using individual values was high (R = 0.97, P < 0.001).
Apparent digestibility did not vary much with the protein source, since all values
remained between 80 and 90 %. In spite of a good correlation with PER

(R = 0.34, P < 0.01) and NPR (R = 0.40, P < 0.003), digestibility did not

account for much of the variation in protein quality. It tended to be related to the

purity of the protein source since it decreased with the protein content of the
source.

Relationship between in vitro and in vivo data. &horbar; Evaluation of in vitro diges-
tibility of nitrogen (6-hour digestibility of table 3) did not correlate with that of in
vivo protein quality, R values being 0.05, - 0.01 and - 0.13, respectively, with
PER, NPR and apparent digestibility. The use of amino acid composition to pre-
dict PER and NPR was tested by stepwise discriminant analysis using either the
amino acid composition of the protein (Co) (see table 2) or that of the in vitro
digestion products (Cd) (see table 4). Table 6 gives the regression coefficients of
PER and NPR with different amino acid combinations. With both Co and Cd, PER
was calculated with a better degree of confidence when all the amino acids were
taken together than when only the essential amino acids were used. The same
held true when animal and vegetable proteins were taken separately, except for
the PER of animal proteins computed with Co. Maximal RI values were obtained





with all the amino acids when the vegetable proteins were taken separately ; in
this situation, R2 with Co and Cd was equivalent. However, when all the proteins
were included in the test, Cd was slightly better than Co and gave a R2 value that

was almost as high as that obtained when the vegetable proteins were taken
separately. NPR-calculated values were obtained with a lower degree of confi-
dence than those of PER, except when the proteins were divided into two groups
and the analysis made including essential amino acids only. PER (corrected) was
calculated using Co or Cd with all the proteins and amino acids by the following
equations :



These amino acids were those retained by the computer as being the discri-
minant ones by a stepwise procedure. Table 7 gives the PER-calculated values
with Co and Cd and the difference from the corrected PER. Positive and negative
differences were observed, depending on the protein source. Absolute differences
of 0.3 or more were obtained for beef, rapeseed protein and wheat gluten when
Co was used. A better calculation of PER was achieved with Cd since the diffe-
rences did not exceed 0.09 and were generally lower than 0.05 ; the differences
between measured- and calculated-PER values for the three proteins mentioned
above, i.e. beef, rapeseed and wheat gluten, were then only 0.01, 0 and 0.07, res-
pectively.

Discussion.

Test proteins were enzymatically digested in vitro in order to establish a rela-
tionship between the nature of in vitro digestion products and protein quality eva-
luated in vivo. The animal proteins generally showed better digestibilities than the
vegetable proteins both in vitro and in vivo. One explanation is that the former
contain more essential amino acids that are generally the specific targets of diges-
tive enzymes (Fruton, 1971 ; Gray and Cooper, 1971). However, vegetable pro-
teins contain more arginine, which could have obscured the above difference in
digestibility between animal and vegetable proteins. For instance, peanut meal
that had by far the highest arginine content was the most highly digested vegeta-
ble protein in vitro.

The non-protein components of a foodstuff are known to interfere with pro-
tein digestion (Silano, 1976). Apparent digestibility is generally inferior in proteins
sources of low protein content such as most of the vegetable proteins tested in



this work. Contrarily, in vitro digestion was independent of the purity of the pro-
tein source, indicating that this type of digestion is more related to the protein
itself than to its non-protein components.

Unlike in vivo digestibility, in vitro digestibility varied with the protein. The
wider range of digestibility values obtained in vitro also resulted from the fact that
digestion was intentionally stopped before it was completed. With a longer diges-
tion time, it is conceivable that the difference in protein digestibility would level
out, as has already been shown for amino acid release (Vachon et al., 1983). The
measurement of these parameters after a shorter digestion time provided a better
discrimination of the proteins, even if it probably increased the variability of the in
vitro measurements.

Raw egg protein was not well digested in vitro, probably due to the active
enzyme inhibitors present in eggs (Liu et al., 1971) and normally inactivated by
heat (Silano, 1976). Our egg preparation was not heat-treated to prevent modifi-
cation of the structure of the protein source. ln vivo, the organism adapts to die-
tary enzyme inhibitors by increasing enzyme activities (Green and Nasset, 1983)
so that digestion may be almost complete. However, in spite of the low extent of
digestion, the composition of the digestion products of this protein still reflected
its nutritional value.

It should be emphasized that apparent digestibility did not fully explain pro-
tein quality since the values ranged between 80 and 90 %. This would indicate
that amino acid availability, instead of only nitrogen digestibility, must be consi-
dered when measuring protein quality. Amino acids released in vitro reflected

digestive enzyme specificity (mostly pancreatic) and also the nature of the pro-
tein, as already observed by Vachon et al. (1982, 1983). Consequently, the amino
acid composition of the digestion products was markedly different from that of
the corresponding protein. The present finding illustrates the impact of digestion
on the biological effects of proteins since Cd gave a better prediction of PER and
NPR than Co. However, the non-protein components varied with the protein
source. Since the values of the two growth tests might vary with this parameter,
it is possible that their relationship with Co or Cd was also affected.

A high digestibility value in vitro was generally found for lysine, especially in
cereals, while the availability of this amino acid is low in vivo (Darcy et al., 1982 ;
Sauer et al., 1977). We believe that the in vitro data reflect a real biological pro-
cess occurring at the very onset of digestion. This phenomenon could be com-
pensated by intestinal absorption : the in vitro method thus provides a useful tool
for investigating phenomena that are not detectable in vivo.

The increase of R2 from 0.934 to 0.981 was relatively slight. However, not
only the differences between measured PER and PER-calculated values were

lower with Cd than with Co, but almost all the test proteins were improved
(table 7). The correction was marked with vegetable proteins such as gluten or
rapeseed that are often underevaluated by PER (Evans and Witty, 1978). When

animal and vegetable proteins were separated into two sub-groups, the predicta-
bility of animal protein PER and NPR deteriorated. This may be because the range
of nutritional values in this group was much narrower (corrected PER values from
2.50 to 3.07) than that of vegetable proteins (PER of 0.32 to 2.53).



Prediction precision was also reduced when the non-essential amino acids
were excluded from the test. In fact, the PER was predicted better by an equation
using a high positive constant that was reduced according to the content of
some, mostly non-essential, amino acids. This finding indicated the importance of
non-essential amino acids to protein quality, as indicated by other investigators
(Sheffner et al., 19801.

The relationship between in vitro and in vivo data was established using the
most global in vivo approach, i.e. by measuring the final effect of amino acids on
growth. The relationship was generally better with in vitro digestion products than
with protein amino acid composition. Also, the correlation with the protein quality
of some vegetable proteins was noticeably improved. Contrary to other procedu-
res (Satterlee et al., 19821, this can be interpreted as a correction for amino acid
digestibility that the proposed in vitro method provides. This method can be

applied to studies of variables likely to affect amino acid availability, such as alka-
line or heat treatment, protein extraction or purification or anti-nutritional factors.
However, the appropriateness of the method as a measurement of amino acid
availability must be further evaluated by comparing in vitro digestion products
with ileal digestibility of amino acids, their appearance in portal blood, and their
utilization by the liver and peripheral tissues. These studies are currently in pro-
gress in rats and pigs.
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Résumé. Corrélation entre la digestion in vitro des protéines et leur évaluation nutrition-
nelle in vivo.

La relation entre la nature des produits de digestion in vitro et l’évaluation nutrition-
nelle des protéines chez le rat a été examinée. Onze sources de protéines animales ou végé-
tales, plus ou moins pures, ont été digérées avec de la pepsine, puis de la pancréatine dans
un sac à dialyse d’exclusion moléculaire de 1 000. Généralement les protéines animales sont
mieux digérées in vitro que les protéines végétales. La libération de chacun des acides ami-
nés dépend de la spécificité des enzymes digestives et du type de protéine. Les acides ami-
nés essentiels sont en général libérés plus rapidement que les acides aminés non essentiels.
De ce fait, la composition des produits de digestion diffère fortement de celle de la protéine
au départ. Dans nos conditions expérimentales, la digestibilité in vitro varie beaucoup plus
d’une protéine à l’autre que la digestibilité mesurée chez le rat, de sorte que les deux mesu-
res ne correspondent pas. Par contre, une analyse par régression linéaire multiple montre
que le coefficient d’efficacité protéique (CEP) correspond un peu plus au profil en acides
aminés des produits de digestion in vitro qu’à celui de la protéine, avec des RZ respective-
ment de 0,981 et 0,934. L’analyse avec le coefficient protéique net donne une correspon-
dance un peu plus faible avec des RZ de 0,941 et 0,921. En utilisant les équations de régres-
sion en vue de prédire le CEP, l’amélioration qui est observée pour l’ensemble des protéines
lorsque sont utilisés les produits de digestion plutôt que la composition de la protéine, est
plus marquée pour certaines d’entre elles soit le boeuf, le colza et le gluten de blé. Ces
résultats montrent une certaine incidence de la disponibilité des acides aminés dans la qua-
lité nutritionnelle des protéines.
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