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Abstract

The nutritive value of food protein sources is dependent on the amino acid composition and the bioavailability of the nutritionally indis-
pensable amino acids. Traditionally the methods developed to determine amino acid bioavailability have focused on intestinal absorption
or digestibility, which is calculated as the percent of amino acid intake that does not appear in digesta or faeces. Traditional digestibility
based methods do not always account for gut endogenous amino acid losses or absorbed amino acids which are unavailable due to the
effect of heat processing and the presence of anti-nutritional factors, though methods have been developed to address these issues. Fur-
thermore, digestibility based methods require the use of animal models, thus there is a need to develop in vivo methods that can be
applied directly in human subjects to identify the proportion of dietary amino acids which is bioavailable, or metabolically available to
the body for protein synthesis following digestion and absorption. The indicator amino acid oxidation (IAAO) method developed in
our laboratory for humans has been systematically applied to determine almost all indispensable amino acid requirements in adult
humans. Oxidation of the indicator amino acid is inversely proportional to whole body protein synthesis and responds rapidly to changes
in the bioavailability of amino acids for metabolic processes. Using the IAAO concept, we developed a new in vivo method in growing
pigs, pregnant sows and adult humans to identify the metabolic availability of amino acids in foods. The stable isotope based metabolic
availability method is suitable for rapid and routine analysis in humans, and can be used to integrate amino acid requirement data with
dietary amino acid availability of foods.
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determine the capacity of food protein sources to satisfy the
metabolic demand for both amino acids and total nitrogen®.
The quality of dietary proteins is ultimately related to the
amount of metabolically available amino acids provided at
the cellular level (termed “bioavailable”) for the various func-
. . L . . tions that protein and amino acids serve in maintaining normal
Especially of importance are the concentrations of lysine, sul-

phur amino acids (methionine and cysteine) and threonine'?. growth and health. In otber words, protein qu?lity 15 a F?mbi_
nation of the amino acid content and the bioavailability of

those amino acids. The amino acid content (or composition)

Optimal dietary protein intake will provide the 20 a-amino
acids (dietary indispensable, conditionally indispensable and
dispensable amino acids) in the correct proportions to meet
the body’s need for metabolic functions including protein
(D

synthesis . Amino acid composition of foods varies greatly.

In cereals, such as rice and wheat, lysine concentrations are

significantly lower than in foods of animal origin. In legumes,
such as chickpeas and soyabeans, methionine concentrations
are significantly lower than in animal foods®. Thus, the
study of “protein quality evaluation” of foods aims to

of common protein sources is reasonably well described
however, there is no direct measure of amino acid bioavail-
ability'®. Batterham defines bioavailability as “the proportion
of the total amino acid that is digested and absorbed in

Abbreviations: BCAA, branched chain amino acids; DAAO, direct amino acid oxidation; DRI, dietary reference intakes; EAR, estimated average requirement;
TAAO, indicator amino acid oxidation; IDAA, indispensable amino acids; MA, metabolic availability; NPU, net protein utilization; NPPU, net postprandial
protein utilization; PDCAAS, protein digestibility-corrected amino acid score; PER, protein efficiency ratio; RDA, recommended dietary allowance; SAA,
sulphur amino acids; TD, true digestibility.

*Corresponding author: P. B. Pencharz, fax +416-813-4972, email paul.pencharz@sickkids.ca

ssaud Aussanun sbpuquied Ag auluo paysiignd 862007 LS L£000S/£L0L'0L/B10"10p//:sdny


https://doi.org/10.1017/S0007114512002498

o

British Journal of Nutrition

Metabolic availability of amino acids S307

a form suitable for protein synthesis™”. Thus, the bioavailabil-
ity of amino acids is dependent not only on the digestibility of
the dietary proteins, but also on the subsequent absorption,
and potential utilization of the absorbed amino acid for meta-
bolic processes.

Within the context of protein quality evaluation for human
nutrition, numerous methods have been developed to assess
protein quality; however, based on the definitions above
most of the methods provide an estimate of bioavailability
rather than “protein quality” per se. Tomé and colleagues®~'
suggest that protein quality evaluation methods that encom-
pass both digestibility and protein retention, and thus account
for short-term protein utilization, are of primary interest. They
also conclude, “that protein quality, in terms of protein utiliz-
ation, is more than a simple function of the indispensable
amino acid content”. The focus of this review is on methods
used to define the nutritional value of proteins in relation to
the proportion of bioavailable amino acids and protein from
protein sources as it relates to practical application in
humans. In this context, experimental methods that determine
digestibility and/or protein utilization are considered to pro-
vide an estimate of bioavailability.

Traditionally, bioassays using growing rats were the pre-
ferred approach to assess the nutritional value of proteins
for humans, and were expressed as protein efficiency ratio
(PER), net protein utilization (NPU), biological value and
more recently as the protein digestibility-corrected amino
acid score (PDCAAS). The PER, NPU, and biological values
measure whole body protein utilization and thus provide an
estimate of bioavailability, whereas, PDCAAS is a measure of
protein quality as defined above. Several shortcomings of
these methods have been identified'"'?; therefore, there is
a need to develop more sensitive and appropriate techniques
directly in humans to estimate amino acid bioavailability.
Using the minimally invasive indicator amino acid oxidation
(IAAO) technique developed to determine amino acid require-
ments in humans, we have recently developed a new method
to estimate the whole body bioavailability, termed “metabolic
availability”, of IDAA from dietary protein sources*>®. The
current review will outline the concerns related to existing tra-
ditional methods and describe the development of the new
stable isotope based metabolic availability method in pigs
and humans.

Earlier Methods and Related Concerns
Protein Efficiency Ratio

One of the earliest approaches to assess the nutritional quality
of proteins for humans was the use of bioassays using growing
rats. The Protein Efficiency Ratio (PER) method, which deter-
mines the ability of a protein to support growth in young
rapidly growing rats, has been applied since 1919 for the rou-
tine assessment of protein quality of foods®. The PER is cal-
culated as the body weight gain in g per g of test protein
consumed. However, the PER overestimates the value of
animal proteins and underestimates the value of vegetable
proteins. This is primarily because the rapid growth rate of

rats increases the proportion of the protein that needs to be
IDAA, in comparison to the slow growth rates in humans™>.
Additionally, PER is a measure of total protein and not individ-
ual amino acid utilization.

Protein Digestibility-Corrected Amino Acid Score
(PDCAAS)

Due to the disadvantages of the PER method, an alternative
method, the amino acid score method, was proposed for
the routine assessment of protein foods during a joint Food
and Agriculture Organization/World Health Organization
(FAO/WHO) Expert Consultation on Protein Quality Evalu-
ation in 1989">. The amino acid score is defined as the
concentration of the limiting amino acid in the food protein
and is expressed as a percentage of the concentration of the
same limiting amino acid in a reference amino acid pattern,
which is the essential amino acid requirements of preschool-
age children, as recommended by the 1985 FAO“. The
amino acid score for each protein derived by the above
described procedure is subsequently corrected for the true
faecal protein digestibility (TD) of the test protein, as deter-
mined by using a rat model. TD is defined as the difference
between the dietary intake of protein N and faecal N
excretion, expressed as a % of the dietary N intake.
Endogenous faecal N is taken into account by feeding rats
a protein free diet'®. This modified amino acid score
method is referred to as the Protein Digestibility-Corrected
Amino Acid Score (PDCAAS). The PDCAAS is unique com-
pared to other methods of protein quality evaluation because
it is primarily a function of the gross amino acid content of a
protein source. However, it is currently recommended as the
method of choice for the routine assessment of protein qual-
ity of foods for humans">'® and therefore has been
included in the current discussion.

Since its introduction in 1991, the PDCAAS has been
extensively studied and various limitations have been
reported(m'”‘). Specific concerns regarding the PDCAAS
method include:

(1) The use of Estimated Average Requirement (EAR) esti-
mates as the reference rather than the safe or RDA
estimates. As well, the current reference pattern is
restricted to the IDAA and does not take into account
the conditionally IDAA”®;

(2) The PDCAAS method does not adequately recognize the
nutritional value of high quality proteins because values
higher than 100% are truncated to 100%. Therefore,
differences between two proteins such as milk and soya
proteins are not distinguished, although the actual con-
centrations of some IDAA and the capacity to comp-
lement other food sources are higher in milk than in
soya protein(m;

(3) The PDCAAS method utilizes digestibility values derived
from faecal digestibility coefficients in a rat model. This
has many problems at several levels, including the use
of rat digestibility values and the use of faecal versus
ileal digestibility values.
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(4) The PDCAAS method does not take into account the large
variations that exist between digestibility values for entire
proteins and individual amino acids"*®. For example, in
human milk, indispensable amino acid digestibility
ranged from 86 % for threonine to 100% for methionine
and tyrosine'®.

(5) Another key concern with the PDCAAS method is
with respect to application of the method to foods that
have been heat processed. Protein foods subjected to
heat/alkaline processing to improve food flavour and
texture, or sterilization /pasteurization may cause the for-
mation of compounds that render the amino acids una-
vailable for protein synthesis; for example: Maillard
compounds, oxidized forms of sulphur amino acids,
D-amino acids, and cross-linked peptide chains, such as
lysinolalanine'?.

(6) Furthermore, some foods naturally contain antinutritional
factors, such as trypsin inhibitors in soya protein,
tannins in legumes and cereals, and phytates in cereals.
These decrease the bioavailability of amino acids from
the food sources®”; the PDCAAS method does not take
into account these factors and thus tends to overestimate

the protein quality of such products™??".

Protein and amino acid digestibility

Digestibility is the percentage of protein or amino acid intake
that has disappeared from the digestive tract and has become
the standard measure to estimate bioavailability. Digestibility
can be divided into faecal (or total tract) and ileal digestibility.
Ileal digestibility can be further separated into apparent, stan-
dardized, or true depending on the method of correction for
endogenous losses'®. Nearly all of the absorption of amino
acids occurs in the small intestine, prior to the end of the
ileum, which means that faecal digestibility is a poor estimate
of actual amino acid bioavailability. There is extensive evi-
dence demonstrating microbial degradation of protein and
amino acids in the hindgut"'*?. Therefore, faccal digestibility
values tend to overestimate the bioavailability of many amino
acids in dietary protein’”. Conversely, microbes in the hind-
gut also synthesize many amino acids, which can lead to
underestimation of the ileal availability.

Extensive research in pigs® clearly demonstrates that ileal
digestibility coefficients, which are determined by measure-
ments made of the quantity of amino acids remaining at the
end of the small intestine, or ileum, provide a more accurate
estimate of protein and amino acid bioavailability. Despite
being a major improvement compared to faecal digestibility,
ileal digestibility of amino acids is not equal to the true
amino acid bioavailability. The reader is directed to detailed
reviews of the advantages and potential limitations of ileal
digestibility methods®!” and these will not be discussed in
detail here. Briefly, three limitations with traditionally deter-
mined ileal digestibility are: (1) not all absorbed amino acids
are in a form that is biologically available; (2) the quantity
of amino acids excreted into the gut, called endogenous

protein loss™”, with different foods®” and must be accurately

accounted for; (3) the method requires sampling of ileal
digesta. Surgical implantation of a simple t-cannula is a popu-
lar technique for collection of ileal digesta in animals®® but is
not applicable to humans. Healthy adult ileostomates™® and
intestinal intubation® have been used to determine ileal
amino acid digestibility values for humans, but the methods
are not suited for routine application thus animal models
such as the growing pig or rat are used.

As described earlier, heat processing may cause the for-
mation of compounds that render the amino acids unavail-
able for protein synthesis. Although unavailable for protein
synthesis, these altered amino acids are partly digested and
absorbed. Because of the presence of chemically altered AA
in heat damaged protein, and their interference during
amino acid analysis, traditional estimates of amino acid
digestibility can be in error for processed foods. Methods
have been developed to address these problems. The reac-
tive lysine assay may be used to assess the degree of chemi-
cal modification of lysine in foods due to heat but does not
account for incomplete digestion or absorption from the
29 Digestible reactive lysine®*?> incorporates true ileal
digestibility as well as reactive lysine measurement in both

gut

the food and ileal digesta and thus provides a more accurate
estimate of the effect of heat damage to lysine bioavailability
than the reactive lysine content of the foodstuff alone.
The digestible reactive lysine assay has been shown to pro-
vide reliable estimates of lysine bioavailability in damaged
proteinsm) .

Stable isotope based methods for in vivo estimation of
amino acid bioavailability of foods

Batterham” suggests that based on the definition of amino
acid bioavailability stated previously, techniques that measure
the utilization of an amino acid are important for estimating
bioavailability. There is a need to develop methods that
account for digestibility as well as metabolic utilization of
amino acids. Dietary protein utilization is influenced by mul-
tiple factors including individual amino acid requirements,
dietary energy and nitrogen intakes, genetic and environmen-
tal influences, age, physiological stage, presence of antinutri-
tional factors, processing treatments and interactions among
other components of the diet"'?. Therefore, the development
of new techniques to estimate bioavailability must take care to
control or account for the influence of these factors.

We 13142027 haye recently applied the IAAO method using
carbon (**C or *C — labeled amino acid) oxidation as an indi-
cator of amino acid bioavailability, while others”~*?® have
applied the use of ["’Nl-labeled proteins to determine net
postprandial protein utilization (NPPU), or [**Cl-leucine bal-
ance to predict PPUZ3?,

Net postprandial protein utilization (NPPU)

[*>Nl-labeled proteins (milk, soya protein isolate and wheat)
have been used to measure the metabolic fate of dietary nitro-
gen after its consumption in humans. NPPU is calculated using
true ileal digestibility and '°N-labeled protein deamination
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parameters . Intrinsic labelling of dietary proteins with >N
allows the investigation of postprandial N transfers into differ-
ent metabolic pools. Ileal digesta, blood and urine are
sampled. The kinetics of dietary N appearance in ileal efflu-
ents, plasma proteins, plasma free AA, body urea, urinary
urea and urinary ammonia are calculated using a 13-compart-
ment, 21 parameter model®?
milk, soya protein isolate and wheat are 81%, 78% and
66 %, respectively” =732

This method is a major advancement in the evaluation of
protein quality because it determines protein digestibility
and post-prandial protein utilization; however, it is restricted
to foods which can be intrinsically labeled with N and
during the study, ileal digesta are collected using a naso-
intestinal intubation technique. Therefore, this method is
unlikely to be widely adopted for routine application. The
model calculations are fairly complex®V. Furthermore the
NPPU technique cannot be used to determine the utilization
of individual amino acids.

. NPPU values determined for

Postprandial protein utilization (PPU)

Millward er al.®” used a [1-">Cl-leucine balance protocol and
a single meal of wheat or milk protein to predict postprandial
protein utilization (PPU). From the measurement of '*C-
leucine oxidation, leucine and nitrogen balances were pre-
dicted using the cumulative difference between the pre-meal
and post-meal leucine oxidation rate, which is converted to
a nitrogen retention value based on an assumed body tissue
protein leucine:nitrogen ratio, and the meal nitrogen intake.
Nitrogen utilization is assumed to be equivalent to “leucine
intake less the meal-dependent leucine oxidation”, and utiliz-
ation of wheat protein is assumed to be limited by the lysine
content®. Using this method the authors predicted wheat
PPU to be 0:61 using the single meal pattern® or 0-68
using frequent small meals®”. The method as described
above involves several assumptions which have not been vali-
dated in subsequent studies, and has been severely criticized
by others®®. It is not possible to accurately determine the
PPU for nitrogen present in the test meal by the present
method because it is impossible to estimate how much of leu-
cine oxidized in the 6 h postprandial period is due specifically
to exogenous (dietary) and endogenous sources of leucine.
The route of isotope delivery was intravenous, and it is
unclear whether bypassing the small intestine for the route
of isotope had any impact on the measurement of PPU. It is
also not clear whether the methodological concerns can be
solved with respect to the PPU method, and will be suitable
for routine application.

Application of the IAAO method to determine the
metabolic availability (MA) of amino acids

The TAAO technique is based on the concept that when one
IDAA is deficient for protein synthesis, then the relative
surplus of other amino acids including the indicator amino
acid (another IDAA, usually L—[l—BC]phenylalanine) will be
oxidized®?. Fundamentally, this is because amino acids

cannot be stored and therefore must be partitioned between
incorporation into protein or oxidation. With increasing
intake of the limiting amino acid, oxidation of the indicator
amino acid will decrease, reflecting increasing incorporation
into protein. Once the requirement for the limiting amino
acid is met, there will be no further change in the oxidation
of the indicator amino acid. The inflection point where the
oxidation of the indicator amino acid stops decreasing and
reaches a plateau is referred to as the ‘breakpoint’. The break-
point identified with the use of bi-phase linear regression anal-
ysis indicates the mean or EAR of the limiting (test) amino
acid®?. This minimally invasive IAAO method has been sys-
tematically applied to determine IDAA requirements in adult
humans®*=3%

The TAAO method can be applied to estimate the bioavail-
ability of AA, termed metabolic availability (MA)132937 The
IAAO is inversely proportional to the rate of protein syn-
thesis®®3”. Therefore, at a given amino acid intake, the rela-
tive difference in the TAAO rate between test and reference
proteins will be proportional to the whole body MA of the
test amino acid for protein metabolism, and thus account for
all losses of dietary amino acids during digestion, absorption,
and cellular metabolism (Fig. 1). The total losses taken into
account by the TAAO method include: incomplete digestion
and absorption, gut endogenous amino acid losses, and the
unavailability of absorbed amino acids from foods due to
the presence of anti-nutritional factors (i.e. Maillard com-
pounds formed due to processing of foods, D-amino acids,
and cross linked proteins such as lysinoalanine). In simple
terms, the higher the oxidation of the indicator amino acid,
the lower the MA of the test amino acid for protein metab-
olism and vice-versa (Fig. 1).

Metabolic availability is based on the principle of the
slope-ratio assay where changes in a measured response
(i.e. growth) due to changes in intake of the test protein
source are compared to the change in response to a reference
protein. Assays of amino acid bioavailability that measure par-
ameters of growth (i.e. slope ratio assays) are considered the
standard against which other methods of amino acid bioavail-
ability are judgedmA The advantages of slope ratio assays that
measure parameters of protein synthesis are that they account
for the effect of digestion, absorption and metabolic utilization
of the AA provided by the protein source and measure a
response that has practical and economic consequences™”’
which is of particular importance in animal nutrition. How-
ever, one limitation of the slope-ratio assay is that only one
amino acid can be examined at a time. Traditionally, body
weight or feed efficiency were used to evaluate ‘growth’ in
relation to slope-ratio assays"'” but may require extended
periods of time to measure a change of statistical significance.
The short adaptation time (< 2 days) of the IAAO technique**”’
means that multiple amino acids from a protein source may be
evaluated in a relatively short period overcoming the limi-
tation of measuring single amino acids at a time. The slope
ratio assay is dependent on a number of key criteria””
which are discussed further below.
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Fig. 1. Conceptual application of indicator amino acid oxidation (IAAO) to determine metabolic availability of amino acids from food sources IAAQ is inversely pro-
portional to the rate of protein synthesis. Total losses taken into account by the IAAO method include: incomplete digestion and absorption, gut endogenous
amino acid losses, and the unavailability of absorbed amino acids from foods due to the presence of anti-nutritional factors, Maillard compounds formed due to
processing of foods, D-amino acids, and cross linked proteins. Thus, the higher the oxidation of the indicator amino acid (breath '*CO,), the lower the metabolic

availability of the test amino acid for protein synthesis and vice-versa.

Metabolic availability of lysine in pigs

The initial development of the TAAO method to measure MA
was conducted in growing pigs. We™? and others“®4%
have successfully used the pig as a model for human protein
and amino acid nutrition studies. Anatomical and digestive
physiology similarities exist between the pig and human
especially with respect to protein and amino acid metabolism,
and pigs are well suited for i vivo amino acid bioavailability
studies.

The MA of lysine from peas in growing pigs (15-18 kg) was
determined by comparing the oxidation of the indicator amino
acid (intravenously delivered 1—14C—phenylalanine) to that of
pigs fed free lysine (crystalline form)™®. It has been shown
previously that the true digestibility of crystalline amino
acids in pigs is essentially 100 %4549 T determine metabolic
availability using this method, key criteria must be fulfilled*”:
1) the test amino acid must be first-limiting to ensure that it is
the dietary intake of this amino acid that drives the change in
indicator oxidation rates; 2) the response of the oxidation rate
to increments of the test amino acid must be predictable to
allow calculation of availability. For this criterion to be met,
the intake of the limiting amino acid must be below the
lower confidence interval (CD of the requirement level in
every individual (Fig. 2, Panel A). As well, care must be
taken during experimental diet formulation to ensure that
other dietary nutrients are similar between test and reference
diets so that the only factor driving IAAO is the level of the
test AA intake™”.

The test diets, raw peas and heated peas (to render some of
the lysine unavailable by Mallard reaction), were fed at the

80% of lysine requirement level and IAAO measured™?.

Replacing the free lysine with equal amounts of protein
bound lysine from both samples of raw peas increased
IAAO oxidation, demonstrating a lower availability of lysine
(Table 1). Heated peas increased IAAO more than raw peas,
demonstrating that lysine bioavailability was decreased due
to the heating process. MA was calculated from the ratio of
the response to the addition of lysine intake from peas/
heated peas to that of free lysine (Table 1). The MA of
lysine from raw peas was determined to be 88%, compared
to 55% from heated peas. These values were comparable to
earlier published estimates determined using slope-ratio
growth assays“g) and digestible reactive lysine®®
bioavailability of raw peas was 85 and 87:9%, respectively
and the bioavailability of similarly heated peas was 48 and
67 %, respectively. It should be noted that in similarly heated
peas, the reduction in lysine bioavailability was >30% when
based on MA or the slope ratio assay but 20% when based

where the

on digestible reactive lysine.

The method was adapted for oral isotope delivery
make the method minimally invasive and more applicable
for routine use. The MA of lysine from soyabean meal
(87:5%, Table 1) correlated well with reported values of
88 % for soyabean meal based on standardized ileal digestibil-
ity®”. The MA of raw and heated peas was 76 %, and 683 %,
respectively. Different feedstuffs and less severe heating con-
ditions were applied in the latter study, which rendered less
lysine unavailable. When heated peas were supplemented
with free lysine, to the amount that was calculated to be lost
during heating, the MA of lysine was determined to be

(26) to
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Fig. 2. Pattern of response observed in indicator amino acid oxidation due to
intake of free (crystalline) methionine and intact proteins Panel A: Oxidation
response measured in breath of orally administered L-1-'3C-Phenylalanine
(% administered dose) following graded intake of free (crystalline) methion-
ine. Values are means = SEM; n =7 human subjects; TSAA, total sulphur
amino acids Panel B: Oxidation response of orally administered L-1-'3C-
Phenylalanine (% administered dose) following intake of free (crystalline)
methionine, versus casein and soya protein isolate (SPI) at 60% of mean
methionine requirement (n = 7 subjects) At a given amino acid intake, rela-
tive difference in the IAAO rate between test and reference proteins (free
crystalline form) will be proportional to the whole body metabolic availability
(MA) of the test amino acid for protein synthesis, and thus account for all
losses of dietary amino acids during digestion, absorption, and cellular
metabolism. The MA is calculated from the ratio of the response to the
addition of amino acid intake from test proteins to that of free (crystalline)
amino acids. To ensure that the test amino acid is first limiting, the intake of
the test amino acid must be below the lower confidence interval (Cl), i.e. 1 or
2 SD below the EAR in every individual, as established in Panel A. Adapted
from Humayun et al.('®.

76-5%, similar to the raw peas (Table 1). Therefore, the MA
method is sensitive to changes in lysine bioavailability.

Metabolic availability of threonine in pigs

By applying the method described by Moehn et al."? in preg-

nant sows, the MA of threonine in corn was determined to be
88:0% and in barley 89-3%*”. These results were 7 and 9%
greater than the published standard ileal digestibility of threo-
nine in corn (82%) and barley (81 %), respectively, based on
growing pig data®”
that pregnant sows have a greater capacity to digest and utilize

. Previous studies have also suggested

protein-bound amino acids compared to growing pigs**>?.

The standard ileal digestibility of crude protein and amino
acids of individual feed grains averaged 10 % greater in preg-
nant sows with a range from 1-7 to 16%*”. The threonine MA
study®” results also suggest approximately 10% greater avail-
ability of amino acids in feedstuffs fed to adult sows compared
to growing pigs.

Higher nutrient availability in sows is partly due to feed
restriction, which increases digestibility in pigs by 10-15 %%
To support the increased demand for nutrients and changes
in nutrient metabolism that occur during pregnancy, utiliz-
ation of nutrients from the diet may be altered by increasing
intestinal absorption®”. Apparent ileal AA digestibility was
10% higher in mated ewes compared to non-mated
ewes”?. An increase in the specific activity of digestive
enzymes has been shown to occur during late pregnancy
and lactation in rats®®. Therefore, the increased availability
of threonine from corn and barley in sows may be due to
the physiological state of pregnancy which leads to more effi-
cient absorption of amino acids from dietary sources. These
results also highlight the ability of the metabolic availability
method to be applied during different physiological con-
ditions. The method also yields meaningful results, which
can be applied to improve health by tailoring nutrient
supply to specific physiological needs.

Metabolic availability of sulphur amino acids in humans

We'¥ recently adapted the method in humans to determine
the MA of SAA from casein versus soya protein isolate (SPD)
using L-[1-"*Clphenylalanine as the indicator amino acid.
Healthy young men received free methionine (crystalline
form) at 20, 40, 50 and 70% of the TSAA requirement
(13mg/kg/d) previously determined in our laboratory®?.
With increasing intake of free methionine, a linear decrease
in indicator oxidation rate was observed (Fig. 2, Panel A).
SPI was also tested to be first limiting in methionine for pro-
tein synthesis in these subjects, by the addition of free
methionine to a test diet containing 40 % of the TSAA require-
ment. It was observed that indicator oxidation decreased
significantly due to the addition of free methionine to the
SPI test diet when compared to the unsupplemented
group™™®. The test proteins, casein and SPI were provided at
60% of the TSAA requirement in the same subjects and the
IAAO response compared against the IAAO
observed with addition of free methionine (Table 2 and
Fig. 2, Panel B). All other amino acids, except the SAA,
were present in excess and were identical in content among
the reference and test proteins. Therefore, changes in the
TIAAO between diets with free methionine versus SAA from
casein or SPI reflected the metabolic availability of the SAA.
The MA was calculated from the ratio of the response to the
addition of amino acid intake from test proteins to that of
free (crystalline) amino acids. The MA of SAA in casein and
the SPI were determined to be 87 and 72%, respectively,
which are comparable to earlier published net protein utiliz-
ation (NPU) values of 80-85% for milk proteins and 71-78%
for soya proteins (Table 2).

response
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Table 1. Metabolic availability of lysine in foods fed to swine

IAAO Response Metabolic
(% of dose/g lysine Availability
intake) - lleal Digestibility

Amino Acid Intake Mean SEM (%) (%)
Moehn et al.(1®*
Free Lysine (crystalline form) -3-16 0-39 100
Raw Peas —-2.81 0-44 888 85148
Heated Peas -1.73 0-41 54.8 4848
Moehn et al.®®+
Free Lysine (crystalline form) -3.63 0-43 100
Soyabean meal -3.18 0-32 875 8859
Canola meal —-259 0-31 71-4 74-799
Cottonseed meal -273 0-38 751 45-70%9
Raw Peas -2.75 0-29 75-8 85(48)
Heated Peas —2.48 0-30 68-3 4849
Heated Peas plus free Lysine —2.78 0.27 76-5
Levesque et al.?"t
Free Threonine

(crystalline form) —1.59 0-53 100
Corn —1.40 0-62 88-0 82
Barley —1.42 0-81 89.2 81®

*Moehn et al.'®, n = 4 growing pigs.
1 Moehn et al.®®, n = 8 growing pigs.
tLevesque et al.?” n = 6 pregnant sows.

In the human study we also studied IAAO responses with
the provision of graded increases in TSAA (40, 50, 60 and
70%) from casein and SPI, while supplementing all other
amino acids to ensure only the SAA from test proteins were
limiting. We did not observe a linear decrease in IAAO with
increasing SAA from test proteins, as we had observed for
the graded increases in free methionine™?
that this was possibly due to the provision of a mixture of
free and protein-bound amino acids in the minimally adapted
IAAO protocol. In our previous work“® using TAAO to esti-
mate amino acid requirements in humans an adaptation
period of <8hr was adequate for adaptation to changes in
test amino acid intakes when crystalline amino acids were
used. This same adaptation period (<8hr) was used for the
test protein (i.e. protein-bound amino acids); however, this
may not be sufficient adaptation time for intact proteins.
Thus an inadequate adaptation period may have affected the
tracer/tracee ratio for the indicator amino acid. To ensure
that reliable estimates for TSAA availability can be obtained,
we repeated the study in the same human subjects at the
60% TSAA intake level. Similar metabolic availability for
both casein (90-5 vs. 90-6%) and soya protein (70:6 vs.
69-9%) were obtained in the second experiment, compared
to the first experiment’®. The 60% TSAA intake level was
chosen to determine availability because it is one SD below
the EAR for methionine in each individual®®, and meets the
criterion that the intake of the limiting amino acid must be
below the lower confidence interval (CD of the requirement
level in every individual for the change in IAAO to be predict-
able (Fig. 2). Future studies in humans need to be conducted
to further validate this new concept to determine “metabolic
availability”. This method to determine amino acid availability
may be more practical and suitable for humans compared to
other current in vivo methods for the routine application in
various food sources.

. We reasoned

Summary

Amino acid requirements in human adults, neonates, children,
and in diseased individuals have been systematically studied
using the TAAO method®173%, The 1AAO concept has now
been applied to determine the in vivo bioavailability, termed
“metabolic availability”, of amino acids from foods for protein
synthesis in pigs and humans. The results from studies in pigs
suggest that MA can be determined for individual amino acids
including lysine, threonine and methionine, typically the first
limiting amino acids in diets containing proteins from veg-
etable origin. The MA also can be applied to determine
amino acid losses (especially lysine) due to heat processing
of foods. Digestible reactive lysine also accounts for losses
in lysine bioavailability due to heat processing but requires
sampling of ileal digesta to determine true ileal amino acid
digestibility. The adaptation of the study in humans to deter-
mine methionine availability has opened the way for further
validation and work directly in humans to determine amino
acid availability. The other stable isotope based method in
humans (using ’N-labeled proteins”) requires sampling of
ileal digesta, intrinsic labelling of food proteins and thus is lim-
ited in its application. Compared to the “N-labeled protein

Table 2. Metabolic availability of total sulphur amino acids in casein
and soya protein fed to humans*

Breath °CO,

(% of dose) Metabolic

- Availability
Amino Acid Intake Mean SEM (%)
Free methionine (crystalline form) 10-3 0-5 100
Casein 116 0-6 87-4
Soya protein isolate (SPI) 13.2 0-5 71-8

*Humayun et a.'®, n = 7 healthy young men.
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method the TAAO method is easier to conduct, less expensive,
less invasive, and provides estimates of individual amino acid
bioavailability. Future studies need to be conducted to further
validate the method for routine application in humans.

Practical application of protein quality evaluation of protein
sources includes consideration of the amino acid profile as
well as the bioavailability of the amino acids. There are
numerous methods to estimate bioavailability; however,
amino acid digestibility is currently the most widely used.
Standard ileal digestibility provides a reasonable estimate of
bioavailability for many foods but it does not account for
incomplete digestion and absorption of structurally altered
amino acids or short-term amino acid utilization for protein
metabolism. The digestible reactive lysine method has been
shown to more accurately estimate lysine bioavailability in
heat-damaged proteins. The MA method is superior to digest-
ibility as an estimate of bioavailability because it provides esti-
mates of amino acid availability subsequent to digestion and
absorption of the test proteins. A new indicator of protein
quality for practical application to human nutrition based on
amino acid profile and MA would be superior to the current
PDCAAS because it would account for differences in protein
and AA bioavailability, account for amino acid losses due to
heat damage, and be measured directly in humans rather
than animal models.
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