FULLER & TOME: JOURNAL OF AOAC INTERNATIONAL VOL. 88, No. 3, 2005 923

SPECIAL GUEST EDITOR SECTION

In vivo Determination of Amino Acid Bioavailability in Humans

and Model Animals

Mavcorm F. FuLLer!

Rowett Research Institute, Bucksburn, Aberdeen AB21 9SB, United Kingdom

DanNieL TomE

Unité INRA 914 Physiologie de la Nutrition et du Comportement Alimentaire, Institut National Agronomique
Paris-Grignon, 16 Rue Claude Bernard, 75231 Paris, Cedex 05, France

Because the digestion of many dietary proteins is
incomplete, and because there is a continuous (but
variable) entry into the intestinal lumen of
endogenous protein and amino acid nitrogen that
is also subject to digestion, the fluxes of nitrogen,
amino acids, and protein in the gut exhibit a rather
complicated pattern. Methods to distinguish and
quantitate the endogenous and dietary
components of nitrogen and amino acids in ileal
chyme or feces include the use of a protein-free
diet, the enzyme-hydrolyzed protein method,
different levels of protein intake, multiple
regression methods, and stable-isotope labelling
of endogenous or exogenous amino acids.
Assessment of bioavailability can be made, with
varying degrees of difficulty, in man directly but,
for routine evaluation of foods, the use of model
animals is attractive for several reasons, the main
ones being cost and time. Various animals and
birds have been proposed as models for man but,
in determining their suitability as a model, their
physiological, enzymological, and microbiological
differences must be considered. Fecal or ileal
digestibility measurements, as well as apparent
and true nitrogen and amino acid digestibility
measurements, have very different nutritional
significance and can, thus, be used for different
objectives. Measurements at the ileal level are
critical for determining amino acid losses of both
dietary and endogenous origin, whereas
measurements at the fecal level are critical in
assessing whole-body nitrogen losses. A
complementary and still unresolved aspect is to
take into account the recycling of intestinal
nitrogen and bacterial amino acids to the body.

Guest edited as a special report on "Dietary Protein Quality For
Humans" by Paul J. Moughan.
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availability of dietary nutrients is required for the

formulation of nutritionally adequate diets. Animals and
humans require a diet supplying a well balanced pattern of
indispensable amino acids as well as sufficient total nitrogen
for the synthesis of dispensable amino acids and other
substances. Protein usually represents 10-20% of the human
diet, and the optimization of this protein fraction requires that
the quantities of available nitrogen and indispensable amino
acids are matched to those required by the organism. The
nutrient composition of foods is obtained from chemical
analysis, whereas the estimation of the availability of nitrogen
and amino acids usually requires an in vivo assay.

Information on the composition of foods and on the

Amino acids have been recognized as essential nutrients
for over a century; for most of that time, however, estimates of
dietary requirements have been expressed simply as total
intakes, without regard for the fact that not all of the amino
acid present in a food can be absorbed and utilized.
Bioavailability is the term used, for amino acids as well as
other nutrients, to express the proportion of the total amount
of dietary amino acid that can be absorbed and utilized. It can
be considered as having 3 components: digestibility, chemical
integrity, and freedom from interference in metabolism.

The concept and measurement of digestible protein and
amino acids for nonruminant species, including humans, has
received a lot of attention. Most of the methods developed for the
determination of nitrogen and amino acid bioavailability have
focused on the intestinal absorption step, i.e., protein and amino
acid digestibility, calculated as the percentage of amino acid
intake that does not appear in digesta or feces. Bioavailability can
also be estimated from the postprandial portal uptake of amino
acids, or from the nutritional efficiency of protein utilization
determined from nitrogen and amino acid retention.

In most instances, digestibility is the most important
component of bioavailability, but the other aspects are also
frequently important with specific foods and food processing
methods. Assessment of bioavailability can be made, with
varying degrees of difficulty, in man directly but, for routine
evaluation of foods, the use of model animals is attractive for
several reasons, the main ones being cost and time. Various
animals and birds have been proposed as models for man but,
in determining their suitability as a model, their physiological,
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enzymological, and microbiological differences must be
considered.

The Digestive Processes

The processes that lead from the ingestion of food proteins
to the intracellular utilization of amino acids are very different
in ruminant and nonruminant animals. For this reason, only
nonruminants are considered as potentially suitable models
for digestion in man. Among nonruminants, the processes
vary in their detail from one animal species to another but
follow the same general sequence outlined below. More
complete descriptions of the various aspects are given in
several reviews (1-4).

Prehension and Selection

While all species have some ability to select parts of a food
presented to them, food selection behavior differs greatly among
species. Birds, for example, can use their beaks accurately to
select specific particles for ingestion and reject others. Small
rodents use their paws for this purpose. These behaviors are
important when relatively coarsely processed foods are to be
evaluated. Pigs, being larger, tend to consume their food without
any selection, although they will reject large unpalatable
fragments or unpalatable food in its entirety. Although food
selection can be avoided by processes such as grinding,
homogenizing, and pelletting, these processes may alter the
native structure of the food being evaluated in such a way that the
derived value may no longer apply to the original material.

Comminution

In animals, this is achieved almost entirely by the
mouthparts (lips, tongue, cheeks, palate, and teeth) but, in
birds, which lack teeth, the gizzard plays the major role. In
humans, food may be extensively comminuted by various
types of processing before being served, when knives and
forks may further reduce the size of morsels conveyed to the
mouth. Thereafter, as in animals, further comminution
depends on the extent of chewing. The degree of comminution
achieved may affect the measured nutrient bioavailability and
is, thus, a factor in the choice of model species.

Hydration and Solubilization

For many food proteins, the initial phases of digestion
involve mixture with ingested water or saliva, creating a
medium in which digestive enzymes can diffuse and act on
their substrates. In many plant foods, however, proteins are
enclosed within cell walls that are resistant to mammalian and
avian enzymes, and it may only be by the actions of microbial
enzymes, especially in the more distal parts of the
gastrointestinal (GI) tract, that such proteins are released.
Thorough comminution, either by prior processing
(mechanical, thermal, or both) or by the physiological
mechanisms outlined above, is, therefore, necessary for their
maximum utilization.

Digestion by Acid Pepsins

The mammalian stomach secretes HCI and pepsinogens,
which are converted to pepsins by an autocatalytic process in
which a peptide is cleaved from the N-terminal in the presence
of HCI. In birds, HCI and pepsinogen are secreted by the
proventriculus, a glandular structure at the lower end of the
esophagus just above the gizzard. Residence time of digesta in
the proventriculus is very limited, but the action of acid pepsin
continues while food is ground in the gizzard, a very muscular
organ in which ingested grit is retained to aid the process of
grinding coarse food such as whole grains.

Digestion by Pancreatic Proteases

In both mammals and birds, the pancreas secretes a number
of proteases, of which the principal activities are contributed
by the endopeptidases trypsin, chymotrypsin, elastase, and the
exopeptidases carboxypeptidase A and B. All of these
proteases are secreted as inactive zymogens. The duodenal
mucosa secretes enterokinase, which activates trypsinogen by
cleaving a peptide from its N-terminal end; trypsin then
activates trypsinogen and all the other pancreatic zymogens.
The proportions of the major pancreatic enzymes are broadly
similar among several species studied (5—7), although in avian
pancreatic secretions, chymotrypsin rather than trypsin is the
predominant enzyme.

Digestion by Intestinal Proteases

The oligopeptides released by the actions of pepsin and the
pancreatic proteases are further hydrolyzed by enzymes of the
small intestine, some expressed in the brush border and others
in the cytoplasm of apical enterocytes. The brush border
proteases include amino-oligopeptidase, which cleaves single
amino acids from the N-terminal end of oligopeptides. Its
activity is complemented by dipeptidyl-peptidase IV and
aminopeptidase A. The end products of the aminopeptidases
are di- and tripeptides that, together with free amino acids, are
absorbed by a variety of transport mechanisms across the
brush border membrane of villous enterocytes. Their
hydrolysis to free amino acids is completed by cytoplasmic
aminopeptidases, so that almost all amino acids entering the
portal vein are in free form, although some quantities of
peptides, and even of intact protein, may enter the portal
circulation. The essential features of protein hydrolysis are
broadly similar among all of the species being considered and,
in general, enzymic sufficiency is not considered to be a
limiting factor in amino acid bioavailability.

Amino Acid Metabolism by the Gastrointestinal (Gl)
Microflora

The endogenous proteases are not the only agents for the
dissimilation of dietary proteins. The GI tract is the habitat for
a very large number of microorganisms, each of which has its
own range of enzyme activities. These activities include not
only the hydrolysis of proteins, but the deamination and
decarboxylation of amino acids as well. In addition, the
microflora synthesize amino acids de novo. They derive
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energy for these syntheses from the breakdown of a variety of
substrates, but especially those such as nonstarch
polysaccharides that are resistant to the digestive enzymes of
the host. Finally, certain microflora possess ureolytic activity;
the hydrolysis of urea secreted into the intestine allows urea
nitrogen to be recycled both by microbial amino acid
synthesis and by the uptake from the gut of ammonia. The
ammonia is captured by a number of carriers, especially
alanine, aspartate, and glutamate, from which, by
transamination, it may be incorporated into most amino acids.
This mechanism of urea recycling may be of value in
conserving nitrogen (8).

Nitrogen and Amino Acid Metabolism in the Small
and Large Intestines and Nutritional Significance of
Digestibility Measured at Different Sites

Because the digestion of many dietary proteins is
incomplete, and because there is a continuous (but variable)
entry into the intestinal lumen of endogenous protein and
amino acid nitrogen that is also subject to digestion, the fluxes
of nitrogen, amino acids, and protein in the gut exhibit a rather
complicated pattern. In humans, ingested dietary proteins
(40-110 g/day), protein secreted into the gut (20-50 g/day),
and secreted nonprotein nitrogen (urea and other
nitrogen-containing molecules) are mixed in the lumen of the
stomach and the small intestine and are subjected to transit,
digestion, and absorption. The main part is transferred into the
body by absorption across the intestinal mucosa, but a small
part remains in the lumen and reaches the terminal ileum.
This, along with other undigested luminal components, passes
from the terminal ileum into the large intestine, and the whole
is subjected to fermentation by the microflora.

The consequence of the activities of the gastrointestinal
microflora is that, by the time digesta are excreted as feces,
they consist largely of microbial protein (9-10). Fecal amino
acid excretion is, thus, more a reflection of the activities of the
gut microflora than of the amino acid absorption of the host. In
the case of amino acids, therefore, the premise of the classical
digestibility measurement (i.e., that the difference between the
amount of a nutrient consumed and the amount excreted in
feces represents the amount absorbed) is not valid. Compared
with the amount of amino acid actually absorbed from the diet,
the difference between intake and faecal output may be
greater as a result of amino acid degradation by the microflora,
or less by the addition of amino acids synthesized de novo by
the microflora. Given that most of the nitrogen in feces is in
microbial protein, much of it the product of de novo amino
acid synthesis, estimation of the proportion of the dietary
amino acid intake that is actually absorbed depends upon
distinguishing those events that result in the absorption of
dietary amino acids from the transformations brought about
by the activities of the microflora, which are capable of both
degrading amino acids and synthesising them de novo.

The microflora of the large intestine alter not only the
amino acid composition of the digesta but the quantitative
passage of nitrogenous compounds as a whole. For example,

Zebrowska (11) showed that, when hydrolyzed casein was
infused into the terminal ileum of pigs, little of the nitrogen
was excreted in feces, but there was an increase in urinary
nitrogen equivalent to 83-90% of the amount infused. In
contrast, when the same amount of casein was given orally, a
large proportion of the nitrogen was retained. Evidently, much
of the amino acid nitrogen entering the caccum was absorbed
from the large intestine but not in a form that could be utilized,
that is, not as amino acids. It has also been shown that
infusions of starch into the caecum increase the excretion of
nitrogen in feces (12), with reduced urinary nitrogen
excretion; this is evidence of microbial incorporation of
endogenous nitrogen into biomass that is eventually excreted
in the feces. From this brief overview, it is clear that any
attempt to identify the proportion of a dietary amino acid
absorbed during its transit of the gut must exclude the
transformations in the large intestine of that fraction of dietary
protein that escapes absorption in the proximal intestine. This
has led over the past 40 years to the development of a variety
of methods to estimate the digestibility of amino acids up to
the point at which they enter the large intestine, a measure
usually called ileal digestibility.

Depending on the amino acid and on the diet, digestibility
values obtained by the fecal analysis method may
overestimate (usually the case) or underestimate those
obtained by the ileal analysis method (13). This can be
attributed to the fact that the microflora in the large intestine
have the capacity to deaminate amino acids and to use the
carbon skeletons for energy. A part of the amino-derived
nitrogen can be absorbed from the large intestine in the form
of ammonia, transported to the liver, converted to urea, and
excreted in the urine. In this case, apparent amino acid
digestibilities obtained by the fecal analysis method are higher
than those determined by the ileal analysis method. Cystine,
threonine, and tryptophan usually disappear, to a large extent,
in the large intestine (14—16). On the other hand, microbial net
synthesis of methionine and, sometimes, of lysine, has been
reported in some studies, resulting in lower fecal than ileal
digestibility values (15, 17, 18). The anabolic activity of the
intestinal microflora depends on diet composition, but
between 50 and 90% of the total nitrogen in feces is of
bacterial origin (18-20).

Under those conditions, fecal or ileal digestibility
measurements, as well as apparent and true nitrogen and
amino acid digestibility measurements, have very different
nutritional significance and can, thus, be used for different
objectives. Measurements at the ileal level are critical for
determining amino acid losses of both dietary and endogenous
origin, whereas measurements at the fecal level are critical in
assessing whole-body nitrogen losses. A complementary and
still unresolved aspect is to take into account the recycling of
intestinal nitrogen and bacterial amino acids to the body. This
aspect is discussed further below.
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The Sampling of lleal Effluents for Measurement of
Endogenous and Dietary Nitrogen and Amino
Acids

Metabolism by colonic bacteria implies that ileal outflow
represents the critical parameter for determining both
endogenous and dietary amino acid losses. For their
measurement and characterization, it is necessary both to
collect ileal effluents and to differentiate secreted from dietary
nitrogen fractions.

The estimation of ileal digestibility requires some method
to relate the flow of amino acids out of the ileum to the
corresponding amino acid intake. The simplest method used
with experimental animals (21) is to sample digesta from the
terminal ileum of animals post mortem or, better, under
terminal anaesthesia. This approach has the advantage of
avoiding surgical intervention, but has several disadvantages.
First, it does not allow the repeated measurements that help to
reduce variability. Second, the sample obtained represents the
digesta of only one short part of the feeding cycle and may,
therefore, not be representative of 24 h flow. Third, especially
with small animals, insufficient sample may be obtained from
one animal, so that digesta from 2 or more animals may need
to be combined to provide sufficient sample. In consequence
of those disadvantages, several surgical approaches have been
developed that allow digesta to be removed more or less
continuously from the terminal ileum. The simplest of these is
a T-cannula in the terminal ileum, through which some
proportion (variable and uncontrolled) of the passing digesta
flows by the natural propulsive forces of the intestine. Both
the slaughter method and methods using T-cannulas (because
only a proportion of the digesta flow is removed) require an
indigestible marker to be added to the diet to measure flow.
The principle of the marker is essentially that, if the digesta
collected contain, e.g., 20% of the marker fed in the day, the
collected digesta represent 20% of the daily flow. Note that
calculation of the volume flow is not necessary for the
calculation of apparent digestibility (AD), which can be
derived from simple proportions according to the equation

AD =1-nM/Nm

where N and n are the concentrations [g/kg dry matter (DM)]
of an amino acid in the diet and digesta, respectively, and M
and m are the corresponding concentrations (g/kg DM) of the
marker in the diet and digesta, respectively. However, it
should be borne in mind that the marker makes up part of the
dry matter in each sample. For the strictest accuracy, this
should be taken into account.

Markers can be avoided by the use of a re-entrant cannula,
by which all of the flow is collected and then sampled and
returned via the distal part of the cannula. Re-entrant cannulas
require constant attention and tend to block when the diet
contains fibrous matter. This problem can be alleviated by
grinding the diet very finely, but that, in turn, may mean that
the diet as tested is not the same as the diet as normally eaten,
for which the measured digestibility value may, therefore, be

inappropriate. Markers are also avoided by an ileostomy or an
ileorectal anastomosis, when the entire output can be collected,
although it may still be desirable to add a marker as a check on
the completeness of collection. One of the sequelac of
ileostomy or ileorectal anastomosis is that the terminal ileum is
modified to assume some of the functions of the absent (or
dysfunctional) large intestine. The ileum becomes colonized to
an extent that may be quite uncharacteristic of the ileum in an
intact subject. The steerable postvalvular cannula has been
developed in several variants to overcome many of the
objections given above. First, it involves minimal interference
with the function of the small intestine; second, it allows the
unfractionated ileal effluent to be collected; third, it can be of
large diameter to minimize the possibility of its being blocked
by fibrous matter in the digesta; and fourth, when not in use, it
allows a normal flow of digesta into the large intestine.

In humans, intestinal effluents are obtained either from
ileostomy patients (ileostomates) or in healthy volunteers by
using nasointestinal tubes; these approaches are, however, not
straightforward. They can be wused as reference
methods (22, 23) but are too demanding for routine food
evaluation. An alternative is the use of model animals, and
among the most commonly used models are the rat and pig.
The growing pig appears to be a satisfactory model animal for
determining protein digestion for the adult human. However,
pig ileal amino-acid digestibility assays are labor-intensive
and relatively expensive, and the rat may be a useful
alternative model for quality control purposes (24-28). The
rat is used for the determination of protein quality in human
diets (29) and has been shown to be an accurate animal model
for estimating the ileal digestibility of amino acids of protein
sources of other animal species (27, 30). However, for the
reasons outlined above, the rat may not be suitable for all
foods, and some differences in digestibility have been
observed between rats and pigs (24, 31, 32).

Endogenous Secretion and Methods of
Distinguishing Endogenous and Dietary Amino
Acids

Both direct and indirect methods have been proposed to
distinguish and quantitate the endogenous and dietary
components of nitrogen and amino acids in ileal chyme or
feces (2,33-36). These approaches include use of a
protein-free  diet; the enzyme-hydrolyzed protein
method (37, 38); different levels of protein intake (39—41); or
multiple regression methods, in which it is assumed that the
quantity and amino acid composition of endogenous losses is
constant and independent of diet (42, 43). Substantial
advances in the ability to discriminate between exogenous
(dietary) and endogenous nitrogen have been achieved,
however, using stable isotopes (2, 34).

Endogenous amino acid losses were first estimated by
feeding a protein-free diet, as in the measurement of net
protein utilization (NPU) or biological value. However, the
protein-free diet approach has been criticized as creating an
unphysiological state that may result in a reduction in the
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amount of gastric and pancreatic enzymes secreted (44, 45) and
a general decrease in the rate of protein synthesis in the body
and gut (46). The accumulating evidence suggests that the
endogenous secretions are influenced by the amount and nature
of protein in the diet (47) and by other factors, and that the
amino acid losses observed under conditions of protein-free
feeding are not appropriate as corrections to apply under
conditions in which protein is given. This has led to the
development of several methods by which endogenous amino
acid losses may be measured in the presence of dietary protein.

Successful methods of distinguishing endogenous and
dietary amino acids in digesta are based on one of the
following approaches:

The Amino Acid Patterns of Diet and Digesta

In this approach, a protein with an amino acid pattern very
different from that of the endogenous protein in ileal digesta (as
estimated on a protein-free diet) is given in the diet. The amino
acid component of the digesta is assumed to consist of a simple
mixture of undigested dietary protein and endogenous protein
so that, by solving a series of simultaneous equations, the
proportion contributed by each can be calculated. The method
rests on 2 assumptions: first, there is no selective digestion of
dietary protein, i.e., that the undigested fraction has the same
composition as that fed; and second, although the amount of
endogenous protein may change with the diet, its composition
does not. Neither of these assumptions has been proved.

Giving Peptides Rather Than Protein in the Diet

The peptide alimentation method, sometimes called the
enzyme-hydrolyzed casein method (48, 49), involves giving
dietary amino acids as enzymically hydrolyzed protein
(usually casein) having peptides with a molecular weight of
<5000 daltons (Da). Ileal digesta are separated by
ultrafiltration to remove peptides smaller than 10 000 Da and
free amino acids. The fraction >10 000 Da is assumed to
represent the endogenous material. The main uncertainties
with this method are the assumption that the endogenous
contribution to ileal digesta is entirely in the form of proteins
(or peptides >10 000 Da). It is also assumed that the effects of
dietary protein on endogenous losses are exactly replicated by
small peptides. The first assumption was tested by analyzing
the peptide size distribution of ileal digesta from animals
(pigs) given a protein-free diet. The proportion of peptides
<10 000 Da was found to range from 14 (48) to 33%. Leterme
et al. (50) found a value in the same range, 22%. The second
assumption has been tested by comparing the effect on
endogenous flow of giving peptides of different sizes. From
evidence summarized by Moughan (4), it appears that peptide
size has little effect. However, it should be noted that, in all of
these experiments, purified proteins have been used. Whether
the same would be true with complex protein mixtures in a
food matrix remains to be determined.

Feeding Proteins Labeled with Homoarginine

By guanidinating food proteins with O-methylisourea,
lysine residues are converted to homoarginine, an amino acid

that does not occur naturally in proteins. Thus, undigested
dietary protein recovered in digesta can be recognized, and
then the endogenous component can be estimated by
difference. The method relies on several assumptions, the
most important being that the guanidinated protein is digested
to the same extent as the native protein and, if less than 100%
of lysine residues are guanidinated, that there is no
disproportionate digestion of the labeled parts. Moreover, this
method cannot be applied in humans.

Labeling Endogenous Protein

Labeling of intestinal endogenous secretion has been
performed by infusion of labeled amino acids. In this
approach, the body tissues are labeled by a prolonged
administration of, usually, a PN-tracer (ISN—leucine; 50-55).
The method has the undoubted advantage that, once the
tissues are labeled, a succession of different diets can be given.
As discussed by Fuller and Reeds (3), the results obtained are
influenced by the choice of tracer and the tissue sample
chosen to represent the labeling precursor. This method has
been shown to be, in some cases, inappropriate for the
assessment of endogenous nitrogen and  amino
acids (53, 56, 57). As a result of the rapid incorporation into
endogenous secretions of amino acids from the diet, the
isotopic enrichment of endogenous secretions may be diluted
very soon after feeding by the rapid incorporation of dictary
amino acids. Nevertheless, despite these shortcomings, the
method has provided the most extensive and coherent body of
information on the quantitative contribution of endogenous
secretions to digesta outflow.

Using Labeled Diets

By giving diets that are isotopically labeled (usually with
carbon or nitrogen), the endogenous flow is estimated from the
dilution of the isotopic enrichment in the digesta. Because
special methods are needed to produce labeled proteins (e.g.,
fertilizing plants with >N ammonium salts), the method is not
suited to routine evaluation of true digestibility but serves to
provide data on the contribution of endogenous amino acids to
digesta in different dietary and other circumstances. It is, of
course, assumed that, during the course of the experiment, there
is no labeling of endogenous secretions by recycling of dietary
amino acids. However, it has long been known that absorbed
amino acids may be utilized by mucosal cells and, because
these cells are continuously shed from the villous tips they may
be expected to contain amino acids of immediate dietary origin.
Furthermore, amino acids taken up from the gut lumen may
also reappear very rapidly in pancreatic and possibly other
digestive secretions, so that the method probably
underestimates the true contribution of endogenous proteins to
'%Isle ileal digesta. Labeled foodls;[uffs, including uniformly

N-labeled dietary protein or [ “N]-leucine-labeled dietary
protein, have been used for dietary nitrogen and amino acid
absorption studies (58-61). Recycling of the tracer into
(endogenous) secretion has been questioned, but the final error
on digestibility figures may be small (3, 54, 61, 62).
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Dietary Nitrogen and Amino Acid Digestibility—
Apparent versus True Digestibility—Human versus
Animal—Nitrogen versus Individual Amino Acids

The earliest and simplest measurements of ileal
digestibility were based on the total nitrogen and amino acid
fluxes at the terminal ileum and are, thus, referred to as
“apparent ileal digestibilty” because they do not differentiate
between endogenous and dietary components. Apparent ileal
amino acid digestibilities represent an improvement over the
older values of AD based on fecal analysis, but the results
obtained may be confounded by the influence of the diet on
endogenous nitrogen secretion (63—65) and may lead to
nonadditive values. Ileal digesta contain variable amounts of
endogenous protein from digestive secretions, sloughed-off
epithelial cells, and mucins. Adjustments for endogenous
protein and amino acid recoveries, which may be influenced
by the diet, allow for the determination of true ileal protein and
amino acid digestibility values.

From the different studies, it has become clear that the flow
of endogenous protein from the ileum varies with the amount of
protein given. It is also affected by the total amount of feed
given and the presence in the diet of so-called antinutritional

factors, such as trypsin inhibitors, certain lectins, nonstarch
polysaccharides, and a whole range of substances found in
specific plants. The estimates of endogenous amino acid loss
made with protein-free semipurified diets are, therefore,
minimal values; with normal diets, the losses are substantially
higher. The correction of ileal digestibility from apparent to true
requires values of endogenous amino acid losses appropriate to
the protein intake and total amount of diet given. Some authors
prefer to use a standard rather than a specific correction, and the
resulting values are referred to as "standardized true ileal
digestibility." Endogenous losses can, in principle, be
considered either as part of the amino acid requirement or as a
factor reducing digestibility. The advantage of correcting
digestibility values is that it gives rise to a system in which the
digestible amino acid concentrations of foods are additive; this
cannot be achieved by using AD values. The important point is
that, whatever correction is applied to apparent digestibility
estimates, it must be consistent with the way that amino acid
requirements are expressed.

The availability of dietary nitrogen and amino acids are,
therefore, best estimated using true digestibility, and it is also
agreed that, due to the presence of microbes that metabolize
amino acids entering the large intestine, ileal measurement is

Table 1. True digestibility of dietary nitrogen and amino acids after the ingestion of milk or soy protein in healthy

human volunteers

Milk Soy Wheat
Human? PigP Rat? Human? PigP Rat? Pig®
Aspartate + asparagine 94.3 98 96 93.2 97 95
Serine 92.0 97 90 93.2 97 98
Glutamate + glutamine 95.3 98 93 96.6 100 98
Proline 96.1 — — 92.8 — —
Glycine 91.6 90 86 90.1 90 87
Alanine 95.9 96 97 92.3 96 95
Tyrosine 99.3 99 100 96.8 97 99
Threonine 934 95 94 89.0 91 92 921
Valine 95.9 98 97 925 96 96 925
Isoleucine 954 98 95 93.5 97 97 954
Leucine 95.1 99 99 93.3 96 95 954
Phenylalanine 95.6 98 100 95.5 96 97 95.3
Lysine 94.9 99 99 95.0 97 98 914
Histidine 94.9 99 96 91.7 95 93 93.9
Cysteine — 89 99 — 85 95
Methionine — 100 98 — 97 98
Arginine — 98 98 — 98 99
Avg. amino acid digestibility 95.3 93.8 95.1
Nitrogen digestibility 95.3 91.7 95.8

@ Gaudichon et al. (ref. 77).
b Rutherfurd and Moughan (ref. 28).
¢ Jondreville et al. (ref. 43).
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preferred to the fecal method as a means of determining the
digestion and absorption of dietary amino acids in
simple-stomached species (66, 67). True ileal digestibility is,
thus, considered as the critical biological parameter for
availability of the dietary indispensable amino acids because it
represents the specific behavior of the dietary protein source,
taking into account the effect of the particular food on
endogenous nitrogen secretion. The determination of true ileal
digestibility requires a means of estimating the contribution of
endogenous sources to ileal amino acid outflow.

The quantities of amino acids entering the GI tract from the
diet are augmented and, sometimes, exceeded by those
entering from endogenous sources. These include not only
salivary, gastric, biliary, pancreatic, and other secretions, but
also the constitutive proteins of mucosal cells, especially those
of the villi that are continuously shed from the villous tips at
the end of their migration from the crypts of Lieberkiihn. In
addition, mucus is secreted from all parts of the GI mucosa.
Two characteristics of mucus are particularly important in the
present context. First, in keeping with its function of
protecting the mucosa from hydrolytic attack, mucus is highly
resistant to the digestive enzymes of the host; second, its
amino acid composition is markedly different from the
generality of body proteins, being distinguished by high
proportions of proline, serine, glycine, and threonine. Mucus
also contains significant amounts of amino sugars that,
although not contributing to amino acids entering the lumen,
add to intestinal nitrogen flux.

Much of the endogenous nitrogen that enters the gut lumen is
later reabsorbed. By the use of ! N-labeling, Krawielitski et al.
(67) estimated that, in growing pigs, approximately 90% of the
endogenous nitrogen entering the gut was reabsorbed proximal
to the terminal ileum. The proportion that is not reabsorbed but
enters the large intestine is, like undigested dietary protein,
exposed to the wider range of enzyme activities expressed by the
resident flora. However, as described above, little if any of the
nitrogen released by these activities is absorbed as amino acids.
In addition, the presence of endogenous nitrogen secretions
means that it is necessary to discriminate between exogenous
(dietary) and endogenous nitrogen.

In human subjects adapted to 0.8—1.0 g protein/kg/day with
a standard occidental diet, the total nitrogen flux at the
terminal ileum entering the colon, which is made up of
luminal dietary and endogenous nitrogen products that have
not been absorbed in the small intestine, is estimated as 2—4 g
N/day. Of this total nitrogen fraction, the luminal dietary
products that have not been absorbed in the small intestine are
estimated as 0.6-1.2 g N/day, consisting of a dietary
amino-acid fraction (0.5-0.8 g N/day) and a (usually lower)
dietary-derived non-amino-acid fraction (0.1-0.4 g N/day).
Values for dietary nitrogen and amino acid ileal digestibilities
of different protein sources in humans and in animal models
are given in Table 1. In healthy humans, the true ileal
digestibility of dietary protein nitrogen varies, depending on
the type of protein (ranging, e.g., from 51% for raw egg to
94% for milk protein), but it is only slightly sensitive to
variations in gastric emptying rate and intestinal transit for

standard diets (58-60, 62, 69-76). It ranges from 90 to 95%
for most of the traditional sources.

Regarding the dietary amino acid fraction, it is also
questionable whether protein (overall nitrogen) digestibility is
a good proxy for individual ileal amino acid digestibility
because some studies have reported modest ranges of
variation of individual amino acid digestibility around the
value for nitrogen digestibility (77). However, individual
amino acid fluxes are still poorly documented, and no data are
available in humans consuming high fiber-containing diets.
Experiments in animals showed that, in some cases, there are
substantial differences in true digestibilit]}g among amino
acids (53, 61,78). The digestibility of ~N-amino acids
determined in pig intestine varied from 82% (isoleucine) to
95% (methionine; 57). Experiments in pigs have also shown
that true ileal digestibility for cysteine in peas was 13—16%
lower than nitrogen digestibility, whereas for methionine it
was 17-28 % higher (54). Differences in the true ileal
digestibility of amino acids in human milk have also been
demonstrated. Among the indispensable amino acids,
digestibility ranged from 86% for threonine to 100% for
methionine and tyrosine. This emphasizes the need to account
for amino acid availability in establishing an amino acid
requirement profile.

Nitrogen and Amino Acid Metabolism in the Distal
Lumen

Three distal intestinal metabolic processes contribute
indirectly to dietary nitrogen and amino acid efficiency
because they can be modified by the nature of the diet: (/) the
intestinal losses of indispensable amino acids of endogenous
origin as a part of indispensable amino acid requirements; (2)
the fecal excretion of nitrogen as a part of body nitrogen losses
and requirement; and (3) the possible recycling to the body of
intestinal nonprotein nitrogen and indispensable amino acids
derived from bacterial metabolism.

lleal Losses of Endogenous Amino Acids

These losses appear to reach significant levels, as was first
assessed in ileostomized subjects fed on protein-free
diets (22,79) and confirmed in healthy subjects receiving
protein meals (76). In humans, the flux of endogenous
nitrogen at the terminal ileum represents 1.6-2.2 g N/day and
is constituted by an endogenous amino acid nitrogen fraction
(0.6-1.0 g N/day) arising from luminal-secreted proteins and
peptides, and a non-amino-acid nitrogen fraction
(1.0-1.1 g N/day) that is mainly urea arising from hepatic
recycling (77). The endogenous indispensable amino acids
entering the colon and being further deaminated are
considered to be an important pathway for indispensable
amino acid losses, contributing to the maintenance
requirement (Table 2). Their contribution to the daily
requirement reaches dramatic levels for some amino acids,
such as threonine, and this may explain some of the
differences observed between amino acid requirement
estimates made using different methods, depending on their
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Table 2. Daily ileal endogenous amino acid losses in
adult humans

Protein-free diet?, Protein-containing

Amino acids mg/kg/day meal®, mg/kg/day
Aspartate + asparagine — 8.7-13.5
Alanine — 3.7-5.2
Glutamate + glutamine — 6.1-11.5
Glycine — 7.5-9.2
Proline — 6-6.8
Serine — 3.5-54
Isoleucine 1.7 3-3.7
Leucine 3.2 4.2-58
Valine 29 4.8-6
Lysine 3.9 27-55
Aromatic amino acids 3.9 4.8-71
Histidine 1.9 1.9-2.1
Threonine 4.2 5.6-6.8
Sulphur amino acids 1.8 —

@ Fuller et al. (ref. 22).
b Gaudichon et al. (ref. 77).

ability to take these losses into account. Endogenous ileal
amino acid excretion is higher in carnivorous animals (cats
and dogs) than in omnivorous animals such as rats and pigs.
Whereas the pattern of endogenous amino acid excretion was
similar in rats and dogs, dogs excreted a significantly greater
amount of nitrogen (1.91 vs 2.27 and 1.63 vs 4.12 g/kg dry
matter intake for the protein-free and peptide alimentation
method, respectively) and all amino acids, except for glycine,
isoleucine, and leucine (80).

Fecal Excretion of Nitrogen

Endogenous and dietary amino acids, as well as urea,
entering the colon are mainly deaminated. The nitrogen of the
colonic ammonia pool is used either for microbial amino acid
synthesis or reabsorbed through the ammonia/urea
enterohepatic recycling. Some may be excreted in feces.
Protein infused into the caecum of growing pigs has been
demonstrated to be completely digested, but the absorbed
nitrogen was almost fully recovered in urine, with no nitrogen
retention, in contrast to the same protein given orally.
Similarly, lysine infused into the caccum of growing pigs
given a lysine-deficient diet did not improve nitrogen
retention, whereas the same amount given orally did. Fecal
losses—because they incorporate specific (i.e., diet-induced)
nitrogen losses—represent an important parameter reflecting
nutritional status in the longer term, as measured by nitrogen
balance, with a complex diet. When referring to a mixed
protein diet (i.e., human nutrition), these losses probably
depend on several dietary parameters apart from the specific
dietary protein (amount of food, total fibre, and type of
fiber; 81). For these purposes, measurements in humans are

recommended, but pig values can be used when human results
are not available.

Microbial Activity in the Upper Digestive Tract

Although less abundant than in the caecum and colon,
microorganisms also populate the upper digestive tract.
Notwithstanding their smaller numbers, it has been shown in
pigs that their metabolic activity is as high in the terminal
ileum as in the large intestine (82, 83). The fermentative
capabilities of the small intestinal microflora of the pig are
demonstrated by the substantial digestion of various classes of
nonstarch polysaccharides (34, 84—87), none of which can be
degraded by mammalian enzymes. This is accompanied by
the synthesis of microbial amino acids, as shown by Mason et
al. (10), who reported an ileal diaminopimelic acid (DAPA)
outflow of 23 mg/day, a quarter of the amount excreted in
feces (95 mg/day). Poppe et al. (19) estimated from ileal
DAPA flow of pigs given diets with different proteins that
25-55% of ileal protein was microbial. Similarly, Hennig et
al. (88) estimated from the ileal excretion of p-alanine that,
depending on diet, 19-47% of the nitrogen passing out of the
ileum was in the form of microbial protein. Unfortunately,
comparable information on other species is not available.
These observations leave no doubt that "ileal amino acid
digestibility" does not entirely exclude the activities of the GI
microflora. The effect of microbial amino acid synthesis in the
upper GI tract on estimates of amino acid digestibility depends
on several factors and is still unclear. From evidence reviewed
by Fuller (89), it appears that amino acids in microbial protein
entering the colon are predominantly preformed, with only a
small proportion being derived by de novo synthesis. The
error introduced by the presence of an upper intestinal
microflora is, therefore, expected to be correspondingly small.

Utilization of Microbial Amino Acids

Astill unresolved issue with respect to protein and amino acid
requirements concerns nitrogen and amino acid recycling by the
distal intestine. Measurements of the recycling of urea have
revealed the quantitative importance of nitrogen flux in the
colon, estimated as 15 g/day in adult humans, which is equivalent
to one third of the daily total body nitrogen flux and comparable
to the daily dietary nitrogen supply (3). The absorption of
indispensable amino acids synthesized by the GI microflora has
been documented in rats, pigs, and humans (90, 93). In rats, this
absorption is attributable to coprophagy (90), but in
pigs (92, 94, 95) and humans (95, 96), there is direct absorption.
Recent evidence in pigs (93, 94) points to the importance of the
small intestine as the site of absorption, but the origin of the
recycled nitrogen remains unclear; this is critical to establishing
the nutritional importance of the phenomenon (3).

In the present context, the significance of the phenomenon
is that the net absorption of amino acids from the GIT includes
not only dietary and endogenous amino acids, but also amino
acids synthesized de novo by the microflora. In a conventional
ileal digestibility assay, this additional quantity would be
ascribed to the diet and enhance its true value. Elucidating the
magnitude of the microbial amino acid supply to the host is,
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Table 3. Daily intake of amino acids, the amounts
apparently absorbed from the small intestine, and the
amounts appearing in the portal circulation in 50 kg

pigs®

Portal removal,

Amino acid Intake, g/24 h  Uptake, g/24 h g/24 h
Aspartate 12.9 12.0 223
Threonine 7.2 6.6 8.3
Serine 9.4 8.5 13.8
Glutamate 39.5 37.9 3.5
Proline 19.7 19.1 214
Glycine 3.4 2.8 10.3
Alanine 54 4.9 26.8
Valine 11.3 10.7 14.9
Isoleucine 9.0 8.4 10.8
Leucine 16.5 15.7 16.3
Tyrosine 6.6 6.0 10.7
Phenylalanine 9.5 9.2 9.8
Lysine 13.3 12.9 20.1
Histidine 4.9 4.8 6.1
Arginine 0.3 6.0 10.2
Cysteine 0.9 0.7 1.3
Methionine 4.2 4.1 5.8

2 Data of Darcy-Vrillon et al. (ref.13).

therefore, critical to refining the accuracy of digestibility
measurements, as well as for assessing its impact on the
estimation of amino acid requirements.

Dynamic Aspects of Nitrogen and Amino Acid
Metabolism

During the postprandial phase, dietary protein nitrogen and
amino acids pass transiently through the metabolic pools of
the body. Acute amino acid uptake and utilization during the
postprandial phase is critical in terms of the deposition of
dietary amino acids in the tissues, and assessment of the
postprandial utilization of dietary proteins is an appropriate
approach to determining dietary amino acid bioavailability
and nutritional efficiency. The rate of amino acid uptake into
the portal circulation reflects not only the rate of absorption by
the enterocytes, but also the metabolic activity of the GI tissue.
In Table 3, the amount of each amino acid consumed is
compared with the amount apparently absorbed from the
lumen of the small intestine (i.e., intake minus ileal outflow)
and the amount appearing in the portal circulation. For all
amino acids except glutamate and glutamine (which are an
important energy source for enterocytes), a greater quantity
appears in the portal circulation than is supplied by the diet.
The difference represents, in part, the reabsorption of amino

acids from endogenous secretions and also the metabolism of
amino acids by the gut tissue itself.

Studies have been undertaken to assess the acute postprandial
utilization of dietary protein during the repletion phase of the
diurnal cycle. The key steps concerning the fate of dietary
nitrogen are considered to be: (/) the amount of nitrogen actually
absorbed; (2) the amount that has been deaminated and
recovered, mainly in the form of urea; and (3) the level of
nitrogen retained in the body. The problems of measuring the
postprandial utilization of dietary protein nitrogen in terms of
ileal nitrogen digestibility and short-term retention of dietary
protein nitrogen can be circumvented by the use of [1 5N]-labeled
proteins. This technique makes it possible to follow the
metabolic fate of dietary nitrogen after its ingestion in humans
(58, 74, 98—101). Methods based on digestibility and short-term
protein retention are of interest when looking at the short-term
utilization of dietary proteins, but few protein retention values are
available in humans. Net postprandial protein utilization (NPPU)
is calculated using true ileal digestibility and true [ 5N]-labeled
protein deamination parameters, and adding the dietary nitrogen
collected in the urine and that retained in the body in the form of
urea, as follows:

15 15 15 15 15
NPPU = [""Nabsorbed ~ ( "Nileal T Nbody urea ™ Nurine)l/ Ningested

Using this approach, NPPU values of 75 and 71% were
obtained for milk protein and soy protein, respectively,
measured during the 8 h following ingestion of a standard
meal by healthy human subjects. Furthermore, the
relationship between protein characteristics and protein intake
require additional study. This approach makes it possible to
demonstrate differences in postprandial nitrogen retention
according to the protein source, the protein fraction, and the
nature of other nutrients in the meal (59, 101).

To improve our understanding of the acute phenomena
following dietary nitrogen ingestion, and because of limited
access to the compartments of interest in human experiments, a
compartmental modeling approach can also be used.
Compartmental modeling enables simulation of the distribution
of exogenous nitrogen in the major body nitrogen pools
(including those not experimentally monitored) based on
experimental measurements. This tool also allows prediction of
the future evolution of the system (23, 72, 73, 102, 103). This
has been made possible by the development and validation of
an 11-compartment model that makes a particular distinction
between free and protein-bound amino acids in both the
splanchnic and peripheral areas, in order to describe the
cascade of transient metabolic processes that control the
distribution of exogenous nitrogen throughout the body. The
results obtained by modeling the pattern of dietary nitrogen
distribution into the different body compartments after
ingestion of a protein meal is a useful tool to better define
protein quality in a period of protein gain, because it simulates
the relative ability of a protein source to promote dietary
nitrogen retention in different organs. It can also be used to
discriminate between different nutritional conditions (type of
protein ingested and energy content of the meal) and to
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describe the processes involved in the differential metabolic
utilization of various protein meals.

Chemical Integrity

Although digestibility is the major component of
bioavailability, the chemical integrity of amino acids is also
important. It has been known for some 50 years that, during
heat processing of proteins, chemical reactions may result in
some of the amino acids becoming at least partly nutritionally
unavailable. This is especially true of lysine, of which the
exposed g-amino group is subject to reaction with
carbohydrates in the food and formation of so-called early
Maillard compounds. Although these conjugates may be
released during digestion and absorbed, they have no
nutritional value; they cannot be converted back to lysine but
are excreted in urine. During the acid hydrolysis of
conventional amino acid analysis, however, the Maillard
reactions are largely reversed so that so-called "available
lysine" is not distinguished from "unavailable" lysine.
Although the term available lysine was originally
used (104, 105) to describe just this aspect of bioavailability, it
is perhaps less confusing to use the term "reactive lysine" (106).
Methods of estimating the reactive lysine in foods use some
detection reagent such as fluorodinitrobenzene (FDNB) that
binds to the free e-amino group of lysine, but not to those
g-amino groups that have undergone Maillard reactions.
Heat-damaged proteins may be incompletely hydrolyzed in the
upper digestive tract so that the ileal digestibility of amino acids
may also be reduced. A complete assessment of bioavailability,
particularly with foods that have been processed by heat and
moisture, therefore involves estimating the digestibility of
reactive lysine (106). Damage to food proteins can also be
caused by chemical processing, especially by strong alkalis,
that can result in the formation of cross-linked compounds,
such as lysinoalanine. Damage by heat and chemical treatment
is not limited to lysine, but may result in losses of
bioavailability of other amino acids, especially methionine,
cysteine, threonine, and tryptophan.

Freedom from Interference in Metabolism

In estimating the bioavailability of dietary proteins, it is
rare that isolated proteins are evaluated. Most food protein
sources, whether of animal or plant origin, contain not only a
mixture of proteins but a host of other substances as well. The
third aspect of bioavailability relates to the effects of those
other substances that accompany food proteins on the estimate
of bioavailability. Substances such as digestive enzyme
inhibitors directly affect the bioavailability of the protein by
their interference in the dynamics of digestion, but other food
components, although not truly altering the bioavailability of
the protein, may apparently do so by their influence on a
bioassay such as the slope-ratio assay, described below, in
which the animal’s growth response may be affected by
substances contained in the test food that are quite
unconnected to the true bioavailability of amino acids. Such

substances include alkaloids, goitrogens, hemagglutinins, and
phytoestrogens.

Integrative Bioavailability Assays

A direct determination of ileal digestibility accounts for
most of the variation in amino acid bioavailability and, for most
food proteins, estimates of true ileal digestible amino acids
provide the best practical basis for diet formulation. For
proteins that have undergone heat or chemical processing,
however, a bioassay may provide the best estimate of the
overall amino acid bioavailability, integrating the effects of all 3
components. The preferred bioassay, usually conducted with
model animals, is a slope-ratio assay in which the test amino
acid source is compared with a pure standard. For example, to
estimate the bioavailability of lysine in processed beans, a basal
lysine-deficient diet is supplemented with graded quantities of
either the beans or of pure lysine (that is assumed to be 100%
available) in amounts equal to those provided by the beans. The
responses to the supplements are measured as growth, nitrogen
retention, or some other suitable criterion of lysine adequacy.
The slopes of the 2 responses (which should both pass through
the point of the basal diet) are compared, and the bioavailability
of the lysine in the beans is estimated as the ratio of the two. It is
important that the response to the beans should be attributable
only to the bioavailable lysine they supply and not to the other
nutrients that the beans supply. To ensure this, the increments of
pure lysine must be accompanied by increments of
carbohydrates, lipids, and other nutrients to simulate those
provided by the beans. This includes the pattern of other amino
acids. Such assays are, however, laborious, especially because a
separate assay with a specially formulated diet is required for
each amino acid, and several groups of animals are needed for
each assay. For routine purposes, therefore, it is likely that
assays of true ileal digestibility, coupled with in vitro
determination of chemical integrity and of interfering dietary
substances, will remain the procedure of choice.
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