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ABSTRACT
Background: Legumes are an excellent plant source of the limiting indispensable amino acid (IAA) lysine in vegetarian,

cereal-based diets. However, their digestibility is poor largely because of their antiprotease content. Extrusion can

enhance digestibility by inactivating trypsin inhibitors and thus potentially improve the protein quality of legumes.

Objective: We measured the digestibility of extruded chickpea and yellow pea protein with use of a dual stable isotope

method in moderately stunted South Indian primary school children.

Methods: Twenty-eight moderately stunted children (height-for-age z scores <−2.0 SD and >−3.0 SD) aged 6–11 y

from low to middle socioeconomic status were randomly assigned to receive a test protein (extruded intrinsically [2H]-

labeled chickpea or yellow pea) along with a standard of U-[13C]-spirulina protein to measure amino acid (AA) digestibility

with use of a dual stable isotope method. Individual AA digestibility in the test protein was calculated by the ratios of

AA enrichments in the test protein to the standard protein in the food and their appearance in blood plasma collected at

6 and 6.5 h during the experiment, representing a plateau state.

Results: The mean AA digestibility of extruded chickpea and yellow pea protein in moderately stunted children (HAZ;

−2.86 to −1.2) was high and similar in both extruded test proteins (89.0% and 88.0%, respectively, P = 0.83). However,

lysine and proline digestibilities were higher in extruded chickpea than yellow pea (79.2% compared with 76.5% and

75.0% compared with 72.0%, respectively, P < 0.02).

Conclusion: Extruded chickpea and yellow pea protein had good IAA digestibility in moderately stunted children, which

was 20% higher than an earlier report of their digestibility when pressure-cooked, measured by the same method in

adults. Higher digestibility of lysine and proline highlights better retention of these AA in chickpea during extrusion-based

processing. Extrusion might be useful for developing high-quality protein foods from legumes. This trial was registered

at www.ctri.nic.in as CTRI/2018/03/012439. J Nutr 2020;150:1178–1185.
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Introduction

Legumes are important plant-based sources of protein and
indispensable amino acids (IAAs) such as lysine. They are
commonly consumed in the cereal-based diets of many low and
middle income country populations, where the consumption
of animal-source foods can be constrained because of low
availability, and economic and cultural reasons (1, 2). The
beneficial effects of legumes for improved growth and gut health

in Malawian infants and children has been highlighted (3, 4),
but the digestibility of legumes is an important factor in the
formulation of their diet. The nutritive value of legume proteins
is limited by their digestibility, because of the complexity of
plant cell walls and the presence of antinutritional factors
(ANFs) such as phytates, select polyphenols, tannins, and
trypsin inhibitors that can interfere with the digestive processes
(5, 6). Furthermore, in a food matrix containing starch and
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protein, basic IAA such as lysine can be modified to unavailable
forms when extended periods of high temperatures are used
during preparation (7).

The digestibility of lysine from chickpea and yellow pea,
measured by a dual stable isotope method in healthy South
Indian adults, was found to be 60% and 62%, respectively,
when pressure-cooked and eaten with rice (8). This low
digestibility requires more than double the calculated quantity
of legumes in predominantly cereal-based diets to meet the
daily limiting IAA (lysine) requirement. Legumes are relatively
expensive, and in many cases the cost of feeding programs
could increase to unsustainable amounts if greater quantities
of legumes were required. The poor digestibility of legumes
can be improved by reducing the effect of ANFs through
different types of processing and preparations, such as soaking,
fermentation, germination, dehulling, boiling, pressure-cooking,
and roasting (6, 9–11). Many of these processing methods are
frequently used in home cooking, but they typically have a small
impact (∼10%) on improving digestibility (11–15). Extrusion,
a commonly used treatment in the food industry, is a short-time,
high-temperature, high-pressure process that converts raw seeds
into a fully cooked food, while largely eliminating most ANFs,
with a potentially greater improvement in protein digestibility
(16–18). It is important to note that even modest improvements
in protein digestibility could be important in select foods, such
as snacks, which are regularly consumed by target populations.
As with cooking, extrusion also significantly removes microbial
hazards, while the short-time and high-pressure conditions
reduce the likelihood of IAA modifications, such as Maillard
product formation (7).

While the diets of children living in poor environments
are limited by the quality of protein (19), an additional
consideration that could impact the digestion and absorption of
dietary protein is environmental enteric dysfunction (EED). This
can be characterized by the plasma kynurenine to tryptophan
(KT) ratio, which serves as a biomarker of gastrointestinal
inflammation and increased intestinal permeability, which is
known to be associated with reduced linear growth in infants
and children (20–25). The current study aimed to measure the
AA digestibility of extruded chickpea and yellow pea proteins
in primary school children with use of a dual stable isotope
method (11). Because this method measures the digestibility
and absorption of individual AA (26), the relation between the
children’s intestinal health (measured by the KT ratio) and AA
digestibility, as well as their height-for-age (HAZ) and weight-
for-age (WAZ) z scores, was also explored.

Methods
Primary school (6–11 y) children from low to middle class socio-
economic status were recruited and the trial was conducted from
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June to August 2018. Their parents or guardian/caretaker provided
written informed consent and each child provided their assent.
All the experimental protocols and procedures were approved by
the Institutional Ethics Committee of St. John’s Medical College,
Bangalore, India, and the trial was registered at www.ctri.nic.in
as CTRI/2018/03/01,2439. Children who were on any prescribed
medication or supplementation or had any history of serious illness or
complications requiring hospitalization, were moderately anemic, under
acute medical care within the last 3 mo, or currently participating in
any sports program or a daily exercise routine of moderate or high
intensity, or had any other disease reported by parents or found on
clinical examination, or had any food allergies, specifically to legume-
based foods, were excluded.

Height was measured with a precision of 0.1 cm without shoes
through use of a floor model stadiometer (Seca), and body weight was
measured without shoes on a standard weighing scale with a precision
of 0.1 kg (Salter). Thirty children (18 girls and 12 boys) were screened
for the study. Their weight and height-for-age z scores (WAZ and HAZ)
were computed with WHO anthroplus software (version 1.0.4.21882
July 2015). A 2 mL blood sample was collected during screening to
measure hemoglobin concentration. In those who were finally included
in the study, plasma was stored for baseline isotopic abundance analysis
of 13C and 2H, to reduce the burden of blood sampling on the study
day. The enrolled children were randomly assigned as per the schedule
provided by Biostatistician, to receive chickpea or yellow pea product,
such that equal numbers were present in the 2 groups. The schedule was
generated by https://www.sealedenvelope.com/simple-randomiser/v1/li
sts. The recruitment and screening flow chart for enrolling children for
the study is provided in Figure 1.

Chickpea (Cicer arietinum var. KAK-2) also known as kabuli, was
grown in the rabi season at the University of Agricultural Sciences,
Bangalore, India. A standardized labeling protocol with deuterium
oxide (2H2O, 99.9%, Sercon Ltd) was followed as described previously
(11) in detail. The yellow pea (Pisum sativum var. Salamanca) was
grown in spring season in a glasshouse at the James Hutton Institute,
Dundee, United Kingdom. The methodology of the labeling protocol
has been described in detail elsewhere (8). Chickpea and yellow pea
seeds were harvested at maturity, air-dried, and stored for human
experiments. A subsample of the legume seeds was ground to fine
flour and subjected to gas-phase acid hydrolysis, cation exchange, and
derivatization, before estimation of 2H enrichments of amino acids with
gas chromatography-pyrolysis-isotope ratio mass spectrometry (GC-P-
IRMS, Delta V Advantage, Thermo Fisher Scientific Inc.) as described
previously (11).

The intrinsically labeled chickpea and yellow pea were processed
with use of cooker extruder technology for microbial stabilization
and to deliver a dual texture sensory experience. This technology
transforms the raw materials from a solid phase to a rubbery state
under elevated temperature, pressure, and shear processing conditions
resulting in nucleation and, upon drying, an expanded crispy texture.
The amount of extruded chickpea and yellow pea protein provided
during the experimental protocol provided approximately one-third of
the children’s daily protein requirement. For palatability, legume flour
was combined with vegetable oil and carbohydrate in the extruded food
product. The extruded food product was made in the shape of a “tablet”
that weighed ∼35 g each for chickpea and yellow pea. The composition,
amino acid content, and safety report of the extruded food product
(chickpea and yellow pea) are provided in Table 1. The extruded food
product was supplied in sterile, prelabeled, color-coded containers. Both
children and study personnel were blinded to the extruded product
supplied.

The measurement of digestibility was based on a dual stable isotope
approach with a plateau-feeding protocol that was developed for
adults (11) and subsequently used in toddlers (27) to determine the
protein digestibility of selected legumes and other foods (8, 28). On
the study day, the children were brought at 07:30 to the metabolic
unit of St. John’s Medical College, in the fasted state. The extruded
yellow pea and chickpea products were administered in mini-portions
(obtained by dividing the entire meal into 9 equal aliquots for plateau
feeding), following a primed plateau-feeding protocol. The study started
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FIGURE 1 Screening and enrollment of moderately stunted school-age children.

with a priming dose (3 mini-portions), mixed homogenously with
sodium-[13C]-bicarbonate (0.176 mg/kg, > 99% purity, Cambridge
Isotope Laboratories) and uniformly labeled [13C]-spirulina (12 mg/kg,
97% purity; Cambridge Isotope Laboratories). Single mini-portions
were then fed hourly for 5 h after the prime, such that 8 mini-
portions were fed throughout the protocol; these 8 portions provided
the required one-third of the daily protein requirement. The last mini-
portion of the meal was retained for analysis of isotopic abundance.
Blood samples were collected at 6 and 6.5 h, and breath was collected
every hour for the entire duration of the protocol. The timing of these
samples was based on previous experiments that demonstrated a plateau
state for the isotopic enrichment of plasma amino acids is achieved
from the fifth hour onwards (11). Whole blood was transferred into
EDTA-coated vacutainers (Becton Dickinson) and centrifuged at 2588
× g for 10 min at 4◦C to separate the plasma and stored at −80◦C
for isotopic analysis. For the baseline isotopic abundance measurement,
plasma samples obtained during screening (as above) were used, while
the 2 plateau-fed samples were used for analysis of isotopic abundances
to calculate the isotopic enrichment over baseline.

For analysis of the isotopic abundance of the extruded yellow pea
and chickpea proteins, these were lyophilized, followed by gas-phase
acid hydrolysis before subsequent derivatization for analysis of 2H
enrichments of amino acids with GC-P-IRMS, as described previously

(11). The plasma samples were deproteinized with acetonitrile after
spiking with an internal standard of norvaline (30 μL of 10 mM
solution, Sigma Aldrich). In addition, to quantify the plasma KT
ratio, an internal standard of 2H5-tryptophan (20 μL of 50 μmol/L
solution) and 2H6-kynurenine (20 μL of 10 μmol/L solution, both
from Cambridge Isotope Laboratories) was also spiked into the
plasma samples. Along with the extruded protein hydrolysates, these
were subjected to further purification by cation exchange columns
(50WX8-100 ion exchange resin, Sigma Aldrich), and free amino
acids were eluted with 4 M ammonium hydroxide. Purified eluates
were dried and derivatized to their N-ethoxycarbonyl ethyl ester
derivatives and analyzed by LC-MS/MS (6495 QQQ equipped with
iFunnel Technology, Agilent Technologies) and GC-P-IRMS (Delta V
Advantage, Thermo Scientific), to measure [13C] and [2H] isotopic
abundances, respectively, in baseline and plateau plasma samples for
enrichments of the amino acids for digestibility calculations (11). This
procedure measures the appearance of only unmodified AA, thus if
chemical modifications to IAA occurred during food preparation, these
would not be measured in the determination of AA digestibility. The
KT ratio was calculated within the same derivatization protocol in the
baseline plasma samples, by correcting the individual analyte area ratios
with their respective internal standards. Breath samples were analyzed
for 13CO2 enrichment by monitoring ions at m/z ratios of 44 and
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TABLE 1 Compositional analysis, amino acid content, and
safety report of extruded chickpea-based and yellow pea-based
food products

Parameters Chickpea Yellow pea

Proximate
Total carbohydrates, g/100 g 51.60 55.17
Protein, g/100 g 24.11 23.30
Crude fiber, g/100 g 2.53 2.9
Dietary fiber, g/100 g dry matter 15.19 16.55
Total sugar, g/100 g 3.40 3.60
Total fat, g/100 g 22.45 18.7
Saturated fatty acids, g/100 g 5.57 5.76
Total trans fatty acids, g/100 g <0.10 <0.10
Total ash, g/100 g 3.19 3.18
Methionine, g/100 g 0.14 0.11
Lysine, g/100 g 1.44 1.50
Phenylalanine, g/100 g 1.15 0.93
Threonine, g/100 g 1.06 1.03
Leucine, g/100 g 1.45 1.45
Isoleucine, g/100 g 0.97 0.95
Valine, g/100 g 0.97 1.04
Proline, g/100 g 0.87 0.88
Alanine, g/100 g 0.79 0.81
Glycine, g/100 g 1.62 1.74
Serine, g/100 g 0.82 0.75
Tyrosine, g/100 g 0.40 0.40
Microbiological analysis
Bacillus cereus, cfu/g <10 <10
Escherichia coli, per g Absent Absent
Salmonella spp, per 50 g Absent Absent
Stapylococcus aureus, cfu/g <10 <10
Total plate count, cfu/g <10 <10
Yeast and mold count, cfu/g <10 <10
Heavy metals
Lead (Pb), mg/kg <0.05 <0.05
Cadmium (Cd), mg/kg <0.02 <0.02
Arsenic (As), mg/kg <0.05 <0.05
Mercury (Hg), mg/kg <0.01 <0.01
Chromium (Cr), mg/kg 0.21 1.64
Nickel (Ni), mg/kg 0.79 0.45

45 by isotope ratio mass spectrometry (Delta V Advantage, Thermo
Scientific).

The digestibility for extruded chickpea and yellow pea protein was
calculated with the equation:

[
2H IAA in plasma (ppme) /2H IAA in food product (ppme)

]
/

[
13C IAA in plasma (ppme) /13C IAA in food product (ppme)

]
× 100

× DigStd/100 × TCF (1)

where DigStd is the amino acid digestibility of standard spirulina protein
that was earlier determined in healthy adults against a crystalline amino
acid mixture (AA digestibility of 84.1%, 95.3%, 82.5%, 77.5%, 86.0%,
84.2%, 87.1%, and 41.4% for methionine, phenylalanine, threonine,
lysine, leucine, isoleucine, valine, and proline, respectively) (11). A
transamination correction factor (TCF; 1.058, 1.053, 1.016, 1.002,
1.081, 1.070, 1.048, 1.013 for methionine, phenylalanine, threonine,
lysine, leucine, isoleucine, valine, and proline, respectively) measured in
healthy adults previously (11) was used to correct for the loss of α-2H
during transamination in the current study.

Table 2 Demographic and anthropometric characteristics of
moderately stunted school-age children at baseline1

Chickpea Yellow pea
Variables (n = 14) (n = 14) P

Girls, n (%) 8 (57) 10 (71) 0.45
Age, y 8.4 ± 0.9 8.7 ± 0.7 0.32
Hemoglobin, g/dL 12.7 ± 0.8 12.2 ± 1.5 0.24
Height, cm 118.6 ± 4.8 118.7 ± 4.7 0.94
Weight, kg 19.0 ± 2.3 19.1 ± 2.7 0.91
Weight-for-age (z score) − 2.5 ± 0.6 − 2.5 ± 0.9 0.91
Height-for-age (z score) − 2.0 ± 0.4 − 2.0 ± 0.5 0.65
Plasma kynurenine: tryptophan ratio2 0.7 ± 0.1 0.6 ± 0.1 0.08

1Values are means ± SDs and P value by t test.
2Chickpea group, n = 10.

The data are expressed as mean and SD. Assuming that the difference
in digestibility between 2 proteins was 7%, and that the CV of
digestibility was 10%, the sample size required was 15 per group, with
an α-error of 5% and power of 80%. The weighted AA digestibility was
calculated from the relative measured AA content in the test protein,
that is (AA content in mg/g of test protein)/(sum of measured AA
content in mg/g in the test protein) × AA digestibility as measured by
dual stable isotope method in the current study. An independent t test
was used to determine significant differences in digestibility between
the proteins. Pearson’s correlation was used to evaluate the relation
between the KT ratio and AA digestibility or the HAZ and WAZ score
across pooled subjects. Differences and correlations were considered
statistically significant if P < 0.05. All calculations were performed with
SPSS (version 25, IBM Corp).

Results

The baseline demography, anthropometry, and hemoglobin
concentrations of the subjects are given in Table 2. The
subjects in both protein groups were similar in their baseline
characteristics. More than half (65%) in each group were
stunted (HAZ <−2SD). The mean 2H enrichments of amino
acids (AA) in raw intrinsically labeled chickpea and yellow pea
protein, compared against unlabeled legumes grown in similar
conditions, were 1261 and 944 parts per million excess (ppme),
respectively (Figure 2). The postprandial plateau plasma AA
enrichment of 13C and 2H (ppme), obtained with respect to
the baseline plasma isotope abundance values (not shown), and
in the extruded product that was fed, obtained with respect
to isotope abundance values in unlabeled legume (not shown),
are provided in Table 3. The AA digestibility of the extruded
chickpea and yellow pea protein is provided in Table 4. The
mean IAA digestibility was not different between the 2 groups
of children who were fed chickpea or yellow pea protein (89.0%
and 88.0%, P = 0.85). The weighted amino acid digestibility
values, calculated from the relative amino acid content in the
chickpea and yellow pea protein, were 88.4% and 86.4%,
respectively. However, the digestibility of lysine and proline
was significantly different between the 2 protein groups; it was
higher in extruded chickpea compared to yellow pea protein
(P < 0.02 for both, Table 4). The digestibility of phenylalanine
was observed to be above 100% for both the test proteins. The
breath 13CO2 enrichment showed that a plateau was achieved
from the fifth hour onwards, as shown in Figure 3 for both
protein groups. The enrichment achieved was similar in both
groups, indicating similar use.
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FIGURE 2 2H enrichments of intrinsically labeled yellow pea and chickpea seeds. Bars represents mean 2H enrichments of two replicates in
ppme, parts per million excess.

In addition to digestibility measurements, the KT ratio was
measured from the baseline plasma samples. The KT ratio was
not different (P = 0.08) between the 2 protein groups. Because
mean digestibility values were not different between the 2
protein groups, these were pooled to assess the relation between
the KT ratio and HAZ and WAZ score, as well as between the
KT ratio and IAA digestibility. The KT ratio significantly and
negatively correlated with HAZ (r = −0.60, P = 0.002), but
not with WAZ. The KT ratio correlated positively only with
proline digestibility (r = 0.50, P = 0.015). There were no other
significant correlations.

Discussion
There have been no direct measurements of true ileal AA
digestibility in school-age Indian children. Current estimates

of protein quality are based on orofecal nitrogen balances
(also called “fecal digestibility”) rather than true ileal AA
digestibility at the level of the ileum. This study measured the
AA digestibility of extruded legume (chickpea and yellow pea)
proteins with an accurate and relatively noninvasive dual stable
isotope method and found that the mean IAA digestibility values
were similar and high for both proteins. The extruded protein’s
mean IAA digestibility was higher (by 18.7% and 22.2% for
chickpea and yellow pea, respectively) compared with those
of pressure-cooked whole chickpea and yellow pea protein
in adults, measured with the same dual isotope method and
reported previously (8). This is a relevant comparison, because
earlier studies in Indian adults and toddlers (8, 27) showed
comparable mung bean digestibility in both age groups. When
compared to other methods of measuring digestibility, the mean
IAA digestibility of extruded chickpea protein was 5% higher
than estimates of orofecal N digestibility of cooked chickpea,

TABLE 3 Plasma appearance of 13C and 2H isotopic enrichments of amino acids in moderately stunted school-age children at 6 and
6.5 h (plateau) and in extruded chickpea-based and yellow pea-based food products1

13C enrichment (ppme) 2H enrichment (ppme)

Variables 6.0 h 6.5 h Food product 6.0 h 6.5 h Food product

Chickpea (n = 12)
Methionine 33 ± 9 39 ± 27 337 ± 149 24 ± 7 24 ± 6 214 ± 38
Lysine 1150 ± 257 1020 ± 194 5870 ± 997 118 ± 28 104 ± 18 586 ± 34
Phenylalanine 1200 ± 183 1055 ± 174 6220 ± 888 179 ± 28 143 ± 21 819 ± 9
Threonine 40 ± 8 42 ± 10 692 ± 123 52 ± 8 53 ± 12 910 ± 106
Leucine 30 ± 13 27 ± 8 161 ± 53 177 ± 28 142 ± 19 892 ± 11
Isoleucine 32 ± 17 26 ± 10 121 ± 51 226 ± 48 186 ± 34 855 ± 17
Valine 26 ± 3 23 ± 3 115 ± 20 182 ± 23 160 ± 20 815 ± 18
Proline 31 ± 10 29 ± 7 333 ± 99 187 ± 22 164 ± 21 1049 ± 44
Yellow pea (n = 13)
Methionine 44 ± 18 45 ± 13 354 ± 106 25 ± 5 23 ± 6 208 ± 39
Lysine 1060 ± 216 1100 ± 272 5670 ± 992 90 ± 17 83 ± 16 464 ± 27
Phenylalanine 1250 ± 225 1140 ± 217 7950 ± 899 125 ± 22 110 ± 19 727 ± 20
Threonine 38 ± 12 46 ± 16 690 ± 161 48 ± 8 58 ± 16 921 ± 124
Leucine 25 ± 4 27 ± 8 168 ± 40 120 ± 23 107 ± 22 701 ± 25
Isoleucine 27 ± 7 28 ± 7 138 ± 42 156 ± 27 140 ± 27 735 ± 24
Valine 23 ± 5 22 ± 7 110 ± 26 138 ± 21 126 ± 21 650 ± 27
Proline 27 ± 4 28 ± 8 324 ± 77 122 ± 14 113 ± 17 788 ± 46

1Values are means ± SDs, ppme (parts per million excess).
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Table 4 Amino acid digestibility of extruded chickpea and
yellow pea product in moderately stunted school-age children1

Digestibility (%)

Chickpea Yellow pea
Variables (n = 12)2 (n = 13) P

Methionine 81.9 ± 2.8 80.4 ± 2.3 0.16
Lysine 79.2 ± 4.2 75.0 ± 4.2 0.02∗

Phenylalanine 105.8 ± 3.2 106.1 ± 3.8 0.80
Threonine 83.2 ± 5.3 80.5 ± 3.1 0.12
Leucine 92.4 ± 2.7 94.1 ± 2.9 0.14
Isoleucine 91.3 ± 3.2 90.6 ± 2.9 0.56
Valine 89.5 ± 3.4 89.5 ± 3.8 0.99
Proline 76.5 ± 4.4 72.0 ± 3.8 0.01∗

Mean 87.5 ± 9.4 86.0 ± 11.2 0.78

1Values are means ± SDs.
2Blood samples could not be collected from n = 1 subject for digestibility
measurement.
∗ indicates P < 0.05 by t test.

whereas extruded yellow pea digestibility was comparable to
dehulled yellow pea digestibility in a rat model (29). The
findings from this study are also consistent with the other
earlier estimates of extrusion-based processing that increased
the apparent ileal digestibility of IAA and dispensable amino
acids in pigs and chickens, by 6–16% (30, 31).

The digestibility of legume protein is known to be poor
because of the plant cell matrix and the presence of protease in-
hibitors, haemagglutinins, tannins, and alkaloids. Furthermore,
ANFs can also reduce the digestibility of other macronutrient
classes as well as absorption of micronutrients (e.g., phytic acid–
mineral complexes). These compounds may be beneficial for
pest resistance or plant survival, but decrease the digestibility
and palatability when consumed without any processing.
Because legumes continue to serve as the primary source of
quality protein in many parts of the world where animal-based
food is not accessible, or the intake is minimal, enhancing
their nutritional value by increasing their IAA content by
varietal selection or by increasing IAA digestibility is important.

Extrusion-based processing of legumes is 1 such method to
increase digestibility, and in a recent protein quality study of
different beans, extrusion was found to be the most beneficial
method for processing kidney beans (32). The beneficial effect
of extrusion, particularly in legumes, is thought to be related
to increase in protein solubility (as well as fragmenting the
long polymer chains of intact protein structures) and starch
digestibility in faba beans and peas, while other methods such
as toasting and pressurized cooking are also effective in the
improvement of starch as well as protein digestibility (13,
33, 34). The cell wall structure and seed components could
also affect the digestibility as well as solubility of the legume
proteins; possibly because of the heat and shear related to the
degradation of the protein complexes within the extrudates
causing alterations in the protein structure and making it more
susceptible to degradation and thereby increasing release of
the digestion products, to enhance the protein bioavailability
(2). These studies imply that extrusion can lead to substantial
changes in protein structure, thereby improving the digestibility
of legume protein. The higher digestibility of lysine and proline
in chickpea compared to yellow pea also deserves mention.
The small but statistically significant increase of about 6% in
digestibility of both AA is not immediately clear, but could be
linked to a different peptide motif or different reducing sugar
content (monosaccharides and disaccharides) of the legumes.
The latter was higher in the extruded yellow pea in comparison
to extruded chickpea, such that the ratio of reducing sugar
to protein content was about 10% higher in the former, and
could lead to increased Maillard reactions that occur between
reducing sugars and free amino acids and peptides when heated.
This could have possibly decreased the digestibility of lysine
and proline by a greater formation of lysine and proline-specific
Maillard reaction products in yellow pea protein, which would
reduce the appearance of unmodified amino acids as measured
(6). Regardless of the mechanisms involved, a key take-home
message from the current study is that extrusion, a commonly
used process in the food industry, may be useful in improving the
nutritional value of numerous food sources, including snacks,
that contain the proteins under study. This needs to be further
explored and pursued.

FIGURE 3 Appearance of 13CO2 enrichments in breath from moderately stunted school-age children after consumption of extruded chickpea-
based and yellow pea protein-based food products. Values are mean ± SD, n = 13. APE, atom % excess.
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Poor hygiene and absence of adequate sanitation may
further induce gut dysfunction (35, 36), which is known to
impact nutritional status in early childhood through impaired
absorption of nutrients as well as through subclinical and
recurrent infections, which may further lead to EED, a
subclinical condition that can lead to growth-faltering (37, 38).
Tryptophan, along with its metabolite kynurenine, is associated
with gut permeability as assessed by the lactulose to mannitol
(L:M) ratio (23), and may have utility in the assessment of
intestinal function and its relation to linear growth (39, 40).
The KT ratio, linked to the IDO1 (indoleamine 2,3-dioxygenase
1) pathway activity in tryptophan metabolism, is associated
with systemic markers of inflammation, supporting its role as
a potential biomarker for intestinal health and its relation to
growth in infants and children (21). The negative association
of the KT ratio with HAZ in the present study indicates its
potential use as a biomarker for growth in the context of
environmental enteropathy (25).

The positive relation of the KT ratio with proline digestibility
suggests that proline could also act as a stress biomarker, as
it is also considered to be a special microenvironmental stress
substrate. The enzyme proline oxidase/proline dehydrogenase
responds to genotoxic, inflammatory, and nutrient stress by
inducing matrix metalloproteinases (41). These proteinases
(carboxypeptidases) are present at the brush border of the
ileal mucosa and possibly other regions of the small intestine
(42) and play a dual role in pathophysiological digestion of
extracellular matrix including proline-rich peptides through
direct cleavage and activation of inactive zymogens like pro-
matrix metalloproteinase-2 (43, 44). This finding may help in
understanding the important role of proline in the homeostasis
of intestinal epithelial cells and help in identifying novel
targets for therapeutic interventions of diseases associated with
dysfunctional intestinal epithelial cells, such as EED.

The strength of this study lies in the use of a relatively
noninvasive, dual stable isotope technique to measure the
digestibility of extruded legume proteins. A limitation of
this study is that AA digestibility was calculated against a
standard protein (spirulina), whose digestibility values and
transamination correction factors had been obtained in an
earlier study in adults (11). In the earlier study, the spirulina
protein AA digestibility values were less than 100%, with an
interindividual SD of 3–9% for different AA (11). Thus, the use
of a single standard AA digestibility value (as measured in the
earlier study) as a correction factor in the current study, could
result in uncertainty of the present AA digestibility estimates,
equivalent to the SD of each respective AA digestibility in the
earlier study (11). The specific determination of these values for
the children was not possible in the frame of this study because
of the experimental burden this would have imposed. For the
same reason, there was no direct comparison of the digestibility
of pressure-cooked whole legumes. Thus, comparisons were
made with earlier estimations in adults (albeit with the same
method) as no data in children were available. Another
limitation was the high (>100%) digestibility of phenylalanine
in both extruded chickpea and yellow pea. While this could be
because several digestive enzymes have a higher affinity towards
aromatic amino acids, it is also possible to obtain values
that are greater than 100% relative to the standard; this has
been observed previously as well, in ileostomy-based balance
measurements of ileal IAA digestibility, where the digestibility
of threonine and proline was also reported to be over 100%
(45). In conclusion, this study demonstrated an increase in
the AA digestibility of extruded chickpea and yellow pea

protein to amounts that approached the digestibility of animal-
source proteins, which could allow for the development of
processing and preparation methods for higher-quality legume-
based foods.
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