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Abstract
The increasing demand for food and especially proteins leads to the search for alternative protein sources. Meat co-products, which are available
but little used in human food, provide a potential solution to this challenge. The present study aimed to evaluate the nutritional quality of two
beef protein ingredients (greasy greaves recovered proteins (GGRP) andwater recovered proteins (WRP)), both co-products of the fat rendering
process. Their true ileal digestibility (TID), digestible indispensable amino acid score (DIAAS) and kinetics of plasma amino acids (AA) were
measured in ten growing pigs, each fed the two co-products and a protein-free diet. Titaniumdioxidewas used as an indigestiblemarker. Digesta
samples were collected for 9 h after meal ingestion, and blood samples were collected at ten time points during the same period. Total nitrogen
(N) and AA contents were determined. Data were statistically analysed using linear mixed models. The TID of total N was not different between
WRP and GGRP (81–84 %, P> 0·05). The first-limiting AA was Trp for both ingredients, with a DIAAS much higher for GGRP than for WRP
(74 and 10 % for adults, respectively; P< 0·001). Postprandial plasma AA concentration peaked earlier forWRP (3 h) than for GGRP (5 h). Plasma
concentrations of total and essential AAwere higher (P< 0·001)withGGRP diet thanWRP diet. Overall, GGRP has a nutritional quality suitable to
meet the needs of adults for AA, while WRP needs to be supplemented with other protein sources to fulfil the dietary requirements.

Keywords: Beef co-product: Protein: Collagen: True digestibility: DIAAS

The global forecast indicate a growing demand for food and
especially proteins, which leads to the search for alternative
sources of proteins, while limiting the environmental impact
of agriculture(1). In addition, the fight against hunger and
malnutrition in poor countries is one of the main concerns of
international agencies since the creation of the FAO of the UN-
FAO/WHO Expert Committee on Nutrition(2). Therefore, the
development of protein ingredients from co-products, such as
meat co-products that are little used in human food, could be a
potential solution to this challenge(3), provided that these
ingredients are of good nutritional quality.

To date, the nutritional quality of proteins can only be
determined with certainty by in vivo experiments, the growing
pig model being recommended when experiments in humans
are not possible, due to the proximity of its digestive physiology
to that of humans(4). Several studies have shown a good
correlation regarding protein digestibility between humans and

pigs(5,6). Furthermore, measuring ileal amino acid (AA) digest-
ibility is preferable to faecal AA digestibility to assess accurately
the net absorption of dietary AA by the host(7), as the colonic
fermentation modifies the profile of the residual dietary AA. Ileal
AA digestibility, combined with the AA profile of the dietary
proteins, makes it possible to determine the digestible
indispensable amino acid score (DIAAS), such as recommended
by FAO(7) to assess the quality of proteins in foods and food
ingredients for humans. Concomitantly, the plasma concen-
tration of AA can be monitored as an indicator of the AA release
kinetics, a factor that can modulate their postprandial metabolic
fate towards an anabolic or catabolic pathway(8,9).

The present work aimed to evaluate the nutritional quality of
two protein ingredients frombovine co-products: greasy greaves
recovered proteins (GGRP) and water recovered proteins
(WRP), obtained during the beef fat rendering process and not
yet characterised. The two protein ingredients are currently an
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untapped source in human food, although they are fully
compliant with the European regulations(10). Moreover, the
functional properties of these protein ingredients (gelling and
emulsifying properties) indicate that they could be potential
ingredients for food texturing(11). In order to facilitate their use in
human food, in particular for protein enrichment for specific
populations, it is first necessary to evaluate the nutritional quality
of these protein ingredients through the measurement of their
true ileal digestibility (TID) of total nitrogen (N) and AA, their
DIAAS and the kinetics of plasma AA release as determined in
the growing pig. The aim of this study was therefore to position
these two protein ingredients in relation to currently available
dietary proteins, on the basis of these different nutritional
criteria. Because of their origin, it seemed particularly relevant to
compare them with beef meat(12,13), which offers a TID> 90 %
and a DIAAS close to 100.

Materials and methods

All procedures were in accordance with the European
Community guidelines for the use of laboratory animals (L358-
86/609/EEC). The study was approved by the local committee
for ethics in animal experimentation and by the French Ministry
of Higher Education and Research (agreement number:
D3527532).

Animals and diets

Ten male growing pigs (Large White × Land Race × Pietrain),
three-month-old and an initial average bodyweight (BW) of 35·6
kg (± 2·0), were used. Pigs were acclimatised for 7 d in individual
pens with slatted floors. The room temperature was maintained
between 21 and 24 °C (thermoneutral zone), with a 12 h light/
dark cycle. One week before starting the experiment, the pigs
were surgically fitted, under general anesthesia, with a T-shaped
cannula (silicone rubber) in the ileum (8 cm insert into the lumen
of the digestive tract)(14) and a catheter (polyvinyl chloride; 1·02
mm internal diameter, 2·16 mm outer diameter) in the jugular
vein (about 20 cm inside the blood vessel)(15). To avoid any risk
of infection after the operation, the animals received one dose of
antibiotic on the day of the operation and then five doses until
the third day after the operation (Septotryl at a dose of 2ml/30 kg
BW intravenously).

Four diets were formulated for the study: a basal diet, two
experimental diets containing either WRP or GGRP as protein
ingredient and a protein-free diet (Table 1). During the
acclimatisation and recovery period following the surgical
procedure, pigs were fed a basal diet. The experimental diets
were formulated in accordance with FAO recommendations,
with a target of 10 % dietary proteins on a DM basis(4,16). The
tested proteins were dehydrated beef proteins, GGRP and WRP,
both derived from bovine co-products and supplied by a local
factory (CORNILLE sas, France). The GGRP is obtained during
the fat rendering process of beef. TheWRP is derived fromwater
recovery during the fat rendering process of beef and during the
bone degreasing process(11,17). The characterisation of these two
protein ingredients was determined in a previous article(11). Each
protein ingredient was included in one experimental diet as the

sole source of crude protein (CP), so that the diets were
isonitrogenous. A protein-free diet was used to estimate basal
endogenous losses of nitrogen (N) and AA. Titanium dioxide
(TiO2, 3 g/kg)was included as an indigestible solid phasemarker
for the calculation of the ileal digestibility of AA(18). Vitamins and
minerals were included in all diets to meet current requirement
estimates for growing pigs(19). As the WRP ingredient contained
more NaCl than the GGRP ingredient (6·44 % and 0·58 %,
respectively), an adjustment in NaCl content was required in the
GGRP and protein-free diets. Thus, to obtain the same NaCl
content as theWRP diet (9·43 g/kg), 8·74 g/kgNaCl was added to
the GGRP diet to supplement the NaCl provided by the GGRP
ingredient (0·69 g/kg); 9·43 g/kg NaCl was added to the protein-
free diet.

Experimental design

The experiment took place in two blocks of five animals each
(online Supplementary Fig. S1). Each pig was fed the two
experimental diets (WRP andGGRP) for 4·5 d each in a crossover
design. The protein-free diet was then fed after the two
experimental diets, also for 4·5 d. The first block consisted of
three pigs fed first the WRP diet, then the GGRP diet, and finally
the protein-free diet, and two pigs fed first the GGRP diet, then
the WRP diet, and finally the protein-free diet. In the opposite
way, the second block consisted of two pigs receiving the WRP
diet first, then the GGRP diet, and finally the protein-free diet,
and three pigs receiving the GGRP diet first, then the WRP diet,
and finally the protein-free diet. In order to facilitate diet
consumption on the sampling day, a period of adaptation to each
of the diets tested was carried out during the 3·5 d preceding the
sampling day, giving an increasing proportion of the diet to be
tested (diet 2) and a decreasing proportion of the diet previously
tested (diet 1) as follows: 75:25; 50:50; 25:75; 0:100 (diet 1:diet 2,
% w:w).

The diets were mixed with water (0·5:1, diet:water, w:w) to
facilitate ingestion. The pigs had free access to water and were
fed twice daily at 8 a.m. and 4 p.m., except on sampling days at 5
p.m. The daily dietary ration for each pig was 0·08 × BW0·75 (kg),
calculated on aDMbasis. Pigswereweighed at each diet change,
and the daily ration of each pigwas adjusted according to the BW
of the pig. In total, the experimental period lasted 13·5 d for each
animal, comprising, for each diet (WRP, GGRP or protein-free
diet), 3·5 d of adaptation to the diet and 1 sampling day (digesta
and blood sampling) over a 9-h postprandial period. Adding the
12·5 d of acclimatisation and postoperative recovery, the study
therefore lasted a total of 26 d for each animal.

On each sampling day (one per diet), the pigs received the
experimental diet at 8 a.m. Feed was available for 15 min, so as
not to affect the kinetics of AA transfer into the plasma. Feed
refusals were collected and weighed where appropriate. The
sampling of ileal digesta started directly after the ingestion of the
test diet and lasted for the 9 following hours. Digesta were
collected continuously in pre-weighed plastic bags (Whirl-Pak,
540 ml) attached to the ileal cannula. The bags contained 1·5 ml
sodium benzoate (2·3 mol/l) in order to avoid bacterial growth.
The mixing of sodium benzoate in the ileal digesta was carried
out manually. Full bags were replaced with empty ones when
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necessary (at least after the 1st hour, then every 2 h). Content was
immediately transferred to a plastic box (previously weighed)
and stored at −20 °C before being freeze-dried. The freeze-dried
samples were then grouped into five pools corresponding to the
collection periods between 0 and 1 h postprandial, 1–3 h, 3–5 h,
5–7 h and 7–9 h. Finally, an overall sample, representative of the
entire postprandial period, was prepared by mixing these five
pools in proportion to the quantity of DM in each of them.On the
same day as the digesta sampling, blood samples (2·5ml per time
point) were collected in heparin-lithium tubes at 30 min before
and 20, 40, 60, 90, 120, 180, 300, 420 and 540 min after the diet
ingestion. Plasma was immediately separated by centrifugation
at 4 °C for 10 min at 2500 g and stored at−80 °C until AA analysis
was performed.

Chemical analysis

Ingredients WRP and GGRP were analysed in triplicate for DM,
total AA and total N. Diets were analysed in triplicate and ileal
digesta in duplicate for DM, total AA, total N and TiO2. Plasma
samples were analysed in single for free AA content, urea and
insulin.

The DM content was determined gravimetrically at 102 ± 2 °C
for 5 h.

The total AA contentwas determined according toDavies and
Thomas(20). Samples were hydrolysed for 24 h in 6 mol/l
hydrochloric acid at 110 °C in N-sealed glass tubes. For Cys and
Met, performic acid oxidation was carried out before acid
hydrolysis. The AA were separated by ion exchange chroma-
tography (Biochrom30þ automatic AA Analyzer) using a lithium
citrate buffer (2·5 % final) as eluent(21) and quantified photo-
metrically after ninhydrin derivatisation (EZ NIN Kit, Biochrom).
Absorbance was measured at 570 nm, except for Pro and HyPro
(hydroxyproline) detection (440 nm), and AA were quantified
using an external calibration curve previously established with
standards (A6407 and A6282, Sigma). The Trpwas analysed after

sample hydrolysis with Ba(OH)2 for 16 h at 110 °C in Teflon
tubes with screw cap(22). The Trp was determined using an RP-
HPLC system (Waters™ e2695 Separations Modul) and quanti-
fied by fluorimetry (excitation at 280 nm and emission at 346
nm). The L-Trp standard (0–10mg/l), corrected by the internal 5-
methyl-Trp standard, was used for Trp quantification.

The concentration of free AA in plasma was determined after
deproteinisation of the samples(23), using the same ion exchange
chromatography, the same ninhydrin derivatisation and the
same absorbance measurement as used for total AA. For
deproteinisation, plasma samples were incubated with sulfosa-
licylic acid solution (5 % SSA, including N-Leu internal standard)
at 0 °C for 1 h and then centrifuged (10 000 g, 10 min) before
filtration on a 0·45 μmmembrane. Free AAwere quantified using
an external calibration curve previously established with
standards (A6407, A6282, Gln, urea, 2·5% SSA and N-Leu,
Sigma) in lithium citrate buffer. Urea content was determined
concomitantly with the free AA analysis. Insulin concentration in
plasma was measured using a RIA kit (Insulin-CT, CisBio
Bioassays) and an AIA-1800 device (Automated Immunoassay
Analyzer; TOSOH Bioscience)(24).

Total N in diet and digesta samples was analysed by the
Dumasmethod on a LECO FP 828 analyser after calibration using
EDTA. The N to protein conversion factor of 6·25 was used to
determine their CP content(25).

The TiO2 content was determined based on a method
adapted from Mudunkotuwa et al.(26). Mineralisation by micro-
wave-assisted acid digestion was first carried out (ETHOS UP,
Thermo Fisher Scientific). For this, 0·25 g of samples were heated
to 210 °C in the presence of acid (2 ml HNO3 98 %þ 4 ml H2SO4

69 %) in Teflon digestion vessels, with a ramp time of 25 min and
a holding time of 15 min. Then 30 ml of ultrapure H2O were
added after sample cooling. The TiO2 content was then
measured using inductively coupled optical emission spectrom-
etry (ICP-OES, Thermo Fisher Scientific) using an external
calibration curve (0–10 mg/l TiO2). All samples were diluted in
HNO3 5 % before analysis.

Data analysis

Total N flow was calculated, according to Hodgkinson et al.(16),
as follows (in mg/g dry matter intake, DMI):

Total N flow ¼ Total N½ �digesta � TiO2½ �diet
TiO2½ �digesta

(1)

where [Total N]digesta and [TiO2]digesta were expressed in mg/g of
DM of digesta and [TiO2]diet expressed in mg/g of DM of diet.

The AA flow was calculated in the same way, replacing
[Total N]digesta with [AA]digesta in Eq. 1.

The TID of N was calculated in the pooled digesta, according
to Hodgkinson et al.(16), as follows (in %):

TID of N %ð Þ ¼ Total N½ �diet � Total N flow � Endogenous Total N flowð Þ
Total N½ �diet

� 100

(2)

where variables were expressed in mg/g DMI.

Table 1. Ingredient composition of the diets

Ingredient (g/kg) WRP* GGRP* Protein-free Basal

Maize starch (purified) 624·6 642·76 761·57 570
Sucrose 100 100 100 100
Sunflower oil 50 50 50 50
Cellulose (purified) 30 30 30 30
Vitamin–mineral premix† 5 5 5 5
Calcium carbonate 16 16 16 16
Calcium monophosphate 25 25 25 25
Sodium chloride 0 8·74 9·43 4
WRP ingredient (6·44% NaCl) 146·4 0 0 0
GGRP ingredient (0·58% NaCl) 0 119·5 0 0
Micellar casein isolate 0 0 0 200
TiO2 3 3 3 0

WRP, water recovered proteins; GGRP, greasy greaves recovered proteins;
TiO2, titanium dioxide.
* Dietswere formulated to contain approximately 10%crude protein on an as-fed basis
† The vitamin–micromineral premix provided the following quantities of vitamins and
minerals per kg of complete diet: Vit. A: 1 000 000 U.I; Vit. D3: 200 000 U.I; Vit.
E: 4000 mg; Vit. K3 (MNB): 870 mg; Vit. B1-Thiamin: 400 mg; Vit. B2-Riboflavin: 800
mg; Vit. PP-Niacin: 3000 mg; Vit. B5-Pantothenate Ca: 2000 mg; Vit. B6-Pyridoxine:
200 mg; Vit. H-B8-Biotin: 40 mg; Vit. B9-Folic acid: 200 mg; Vit. B12-
Cyanocobalamin: 4 mg; Choline chloride: 133 333 mg; Fe (sulfate monohydrate):
16 000 mg; Cu (sulfate pentahydrate): 2000 mg; Zn (oxide): 14 000 mg; Mn (oxide):
8000 mg; Se (selenite): 30 mg; I (calcium): 40 mg.
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The TID of AA was calculated in the same way, replacing
[Total N]diet with [AA]diet, ‘Total N flow’ with ‘AA flow’ and
‘Endogenous Total N flow’ with ‘Endogenous AA flow’, in Eq. 2.

Digestible indispensable amino acid (DIAA) reference ratio
was calculated for each essential AA (EAA), according to
Hodgkinson et al.(16), using the AA scoring pattern of the
reference protein for three different populations, namely
undernourished children (0·5–5 years old)(27), healthy children
(0·5–3 years old), and >3 years old children, adolescents and
adults(7):

DIAA reference ratio %ð Þ ¼
100 � mg of the EAA in 1 g of the dietary protein x TID of the EAA

mg of the EAA in 1 g of the reference protein

(3)

where 1 g of the dietary protein corresponded to 1 g of CP
(total N × 6.25).

DIAAS was defined as the lowest value of DIAA reference
ratio(7).

Semi-dynamic digestion and analysis of digesta

The in vitro semi-dynamic model (INFOGEST) was used to
simulate gastric digestion of both WRP and GGRP diets. The
semi-dynamic digestionswere carried out according to amethod
adapted from Mulet-Cabero et al.(28) using the pH-stat device
with a pH probe (Porotrode, Ref 60235200, 842 Titrando,
Metrohm) and tiamo™ software (Metrohm). Themodel included
a progressive five-step addition of gastric secretions (HCl, pepsin
and simulated gastric fluid), according to Musse et al.(29). The
progressive gastric emptying was not considered in the present
experiment. In this study, only the oral and gastric phases of
digestion were performed, and for the oral phase only a dilution
of the diets was carried out with simulated salivary fluid without
enzyme. Samples (5 ml) were collected at 40, 80 and 120 min of
the gastric phase to evaluate their microstructure based on
confocal microscopy and particle size distribution as well as their
viscosity.

Microstructures of the reconstituted diets in water (0·5:1, diet:
water, w:w) and gastric digesta were observed using a laser
scanning confocal microscope (ZEISS LSM880, Carl Zeiss AG) at
20× magnification, at 37 °C, as described by Chauvet et al.(30).
The particle size distribution of these samples was determined
using laser light scattering with a Malvern Mastersizer 2000
(Malvern Instrument Ltd). The refractive index of protein was set
at 1·52 and that of water at 1·33. The particle diameter was
expressed as themedian diameter d0·5 and the volume-weighted
average diameter d4,3 as follows:

d4;3 ¼
P

nid
4
iP

nid
3
i

(4)

with ni the number of droplets of diameter di.
The rheology of the reconstituted diets in water (0·5:1, diet:

water, w:w) and of the gastric digesta was measured using a
rheometer (AR2000, EX TA Instrument) at 37 °C, as described by
Wu et al.(31) with a slight modification. The scanning range of the

steady shear rate was 0·1–500/s. The viscosity value considered
for result analysis was that measured at 10/s.

Statistical analyses

Statistical analyses were performed using the R software
(version 3.6.2)(32).

A linear mixedmodel (lmerTest package) was used to test the
‘diet’ effect and ‘block’ effect on the TID of total N and of each
AA, with pig as a random factor. If there was no statistically
significant ‘block’ effect, it was removed from the model.

The plasma AA, urea and insulin concentrations were
statistically analysed by a linear mixed model (lmerTest pack-
age) considering the factors ‘diet’ (WRP and GGRP), ‘time’ (–30,
20, 40, 60, 90, 120, 180, 300, 420 and 540) and their interaction,
with pig as a random factor.When the interactionwas statistically
significant, a post hoc test was performed to establish the
pairwise comparisons (Emmeans, Tuckey adjustment).

Before carrying out the analyses, normality (Shapiro–Wilk
test) and homoscedasticity (Levene’s tests) of the model
residuals were verified (P> 0·05). The covariance was unstruc-
tured. Statistical significance was considered at P< 0·05.

Data are presented as mean ± SEM, unless otherwise
mentioned.

Results

The pigs stayed healthy throughout the experimental period.
Minimal leakage occurred from the ileal cannula during digesta
collection, with the exception of one WRP-fed pig for which
digesta sampling could not be carried out momentarily due to
signs of pain, pending healing of the cannula area. Theyweighed
35·6 ± 2·0 kg (mean ± SD) at the beginning of the study (before
surgery) and 41·6 ± 3·8 kg at the end of the study. All pigs readily
consumed the diets with the exception of three pigs fed theWRP
diet (diet refusal> 50 %) that were thus excluded from the data
analysis for both the digestibility and plasma AA dataset.
Therefore, the final dataset included digestibility data for six
WRP-fed pigs and ten GGRP-fed pigs, and plasma AA data for
seven WRP-fed pigs and ten GGRP-fed pigs.

Crude protein and amino acid composition of the diets

The CP content of the WRP and GGRP diets, 11·4 % and 12·1 %
on a DM basis respectively (Table 2), was slightly higher than the
FAO recommendation for the measurement of protein digest-
ibility (10 % dietary protein) but in the same range between diets.
Individual AA contents varied between the two diets (Table 2),
with the WRP diet containing less EAA than the GGRP diet (2·47
v. 4·00 g/100 g, respectively). The Trp was the least abundant
EAA inWRP andGGRPdiets, while themost abundantwas Lys in
WRP diet and Leu in GGRP diet.

True ileal digestibility of nitrogen and amino acids

The TID of total N did not differ between diets despite being
numerically lower for GGRP than for WRP (81·2 and 84·2 %,
respectively; P> 0·05, Table 3). Similarly, the TID of individual
AA did not differ between diets, except for Ala, Arg and Glx, for
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which TID was higher in WRP-fed pigs (P= 0·013, 0·009 and
0·017 for Ala, Arg and Glx, respectively).

Digestible indispensable amino acid reference ratio and
digestible indispensable amino acid score

The first-limiting EAA was Trp for the WRP and GGRP diets and
all the three target populations, associated with very low DIAAS
values (7–10 %) for the WRP (Table 4). In contrast, the DIAAS
was higher for the GGRP diet (P< 0·001), with values remaining
low for young children, undernourished or healthy (49 % and
57 %, respectively), but reaching 74 % for older children
(> 3 years), adolescents and adults.

It should be noted thatWRP is rich inHis, with a content being
3–54 % higher than that recommended for the three target
populations, while on the contrary His was the second-limiting
EAA in GGRP. The GGRP is rich in aromatic amino acids
(AAA= Phe þ Tyr), Thr and Val, but to a limited extent with
contents being only 3–9 % higher than the recommended value
for the >3 years old children, adolescents and adults.

Postprandial kinetics of plasma amino acids, urea and
insulin

The evolution of plasma AA concentration during the 9-h
postprandial period is shown in Figs. 1–3. The diet and the time×
diet interaction had an effect (P< 0·001 and =0·001,

respectively) on the plasma concentration of total AA, with a
higher concentration for the GGRP diet in the preprandial phase
(t= 0 h; P= 0·009) and then during the first 1·5 h (Fig. 1(a)).
Plasma total AA concentration peaked 3 h and 5 h after ingestion
of the WRP and GGRP diets, respectively. The concentration of
non-essential AA in plasma (Fig. 1(b)) followed the same
patterns as that of total AA, with a similar peak at 3 h and 5 h for
the WRP and GGRP diets, respectively, but without diet effect
(P> 0·05). The concentration of EAA in plasma (Fig. 1(c)) peaked
5 h after feeding for the both diets, with a diet effect (P< 0·001). It
should be noted that the plasma concentration of EAA is higher
with the GGRP diet than with the WRP diet throughout the 9-h
postprandial period. The EAA concentration was mainly influ-
enced by that of Val and Leu (Fig. 2), which presented higher
concentrations with the GGRP diet (P< 0·001). Other individual
AA, such as Cys, Ile, Met, Phe, Tyr and Gly, also had a higher
plasma concentration with the GGRP diet (P< 0·001). On the
contrary, Pro, HyPro and Ser (Fig. 3) presented lower plasma
concentrationswith theGGRP diet (P= 0·01,< 0·001 and< 0·001,
respectively). An effect of the time × diet interaction was also
observed for Tyr and Ser (P= 0·07 and< 0·001, respectively).
Solely His, Lys, Thr, Ala, Asx (AspþAsn) and Glx (GluþGln)
plasma concentrations did not present any difference between
diets along the entire postprandial period (P> 0·05).

An effect of the diet was observed on plasma urea
concentration, which was lower in GGRP-fed pigs than in

Table 2. Protein and AA composition of the experimental diets and of the ingredients containing water recovered proteins (WRP) or greasy greaves
recovered proteins (GGRP)

Experimental diets* Ingredients

WRP GGRP WRP GGRP

Mean SD Mean SD Mean SD Mean SD

DM (g/100 g) 91·4 0·1 91·1 0·2 95·78 0·05 94·53 0·26
CP (N × 6·25) (g/100 g DM) 11·4 0·1 12·1 0·1 71·16 0·13 88·58 0·03
Essential AA g/100 g of diet g/100 g of ingredient
Cys 0·04 0·00 0·11 0·01 0·27 0·01 0·83 0·06
His 0·32 0·01 0·20 0·01 1·99 0·03 1·44 0·06
Ile 0·19 0·00 0·37 0·01 1·21 0·02 2·67 0·07
Leu 0·44 0·01 0·76 0·01 2·72 0·04 5·55 0·09
Lys 0·48 0·01 0·67 0·03 2·99 0·04 4·90 0·20
Met 0·08 0·00 0·20 0·01 0·50 0·03 1·49 0·06
Phe 0·23 0·00 0·39 0·01 1·43 0·01 2·87 0·06
Tyr 0·11 0·00 0·24 0·01 0·68 0·01 1·77 0·04
Thr 0·25 0·00 0·39 0·01 1·55 0·03 2·85 0·08
Trp 0·02 0·00 0·08 0·00 0·09 0·00 0·56 0·01
Val 0·31 0·00 0·59 0·01 1·95 0·03 4·30 0·10
Total 2·47 0·04 4·00 0·11 15·39 0·25 29·23 0·83
Non-essential AA g/100 g of diet g/100 g of ingredient
Ala 0·95 0·01 0·98 0·01 5·92 0·09 7·13 0·09
Arg 0·78 0·01 0·77 0·03 4·84 0·07 5·66 0·20
Asx 0·69 0·01 0·86 0·03 4·28 0·06 6·29 0·20
Glx 1·38 0·02 1·35 0·05 8·57 0·14 9·85 0·35
Gly 2·16 0·03 1·73 0·06 13·45 0·20 12·67 0·38
Pro 1·12 0·02 0·99 0·03 6·97 0·11 7·23 0·20
HyPro 1·00 0·02 0·69 0·03 6·25 0·10 5·05 0·24
Ser 0·35 0·01 0·42 0·01 2·18 0·03 3·08 0·08
Total 8·43 0·13 7·79 0·24 52·46 0·81 56·96 1·75
Total AA 10·90 0·17 11·79 0·35 67·85 1·76 86·19 2·92

CP, crude protein; AA, amino acids; Asx, Asn þ Asp; Glx, Gln þ Glu.
Data are presented as mean ± SD (n 3).
* TheAAcomposition of theWRPorGGRPdiets has been calculated based on theAAcomposition of theWRPorGGRP ingredients, respectively. These calculated valueswere used
for the evaluation of AA digestibility.
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WRP-fed pigs throughout the entire postprandial period
(P< 0·001, Fig. 4(a)). The maximum concentration of urea
was observed 7 h after feeding the two diets.

The postprandial plasma concentration of insulin did not
differ between diets (P> 0·05) and was at its maximum 20 min
after feeding (Fig. 4(b)).

Structural change of the diets during in vitro digestion

The changes of the microstructure and viscosity of the WRP and
GGRP diets during in vitro digestion are illustrated in Fig. 5 and
Table 5.

Confocal microscopy images show protein aggregation
throughout the digestion for bothWRP andGGRP diets (Fig. 5(b)
and (d)). This is confirmed by the increase in d0·5 by a factor
of 3 for WRP and 6 for GGRP after 120 min of digestion. This
reflects the increase in peak intensity of 1000 μm-diameter
particles and the shift of the peak of smaller particles (about 80
μm) to higher values (about 100 μm). However, at all times
during digestion, the median particle size was lower (P< 0·001)
in WRP digesta (from 66 to 202 μm) than in GGRP digesta (from

86 to 518 μm). At the same time, the viscosity of both diets
sharply decreased along the gastric digestion by an equivalent
factor (about 34), from 1·31 to 0·04 Pa.s at 10/s for WRP diet, and
from 35·79 to 1·03 Pa.s for GGRP diet. At all times during
digestion, WRP was at least twenty-five times less viscous than
GGRP (P< 0·001).

Discussion

Diet composition

As previously reported(11), the difference in AA composition
between WRP and GGRP diets can be explained by the
differences between the two ingredients in terms of production

Table 3. True ileal digestibility of N and AA in growing pigs fed either water
recovered proteins (WRP) or greasy greaves recovered proteins (GGRP)
diet*†

Items

WRP GGRP

Diet effect (P)Mean SD Mean SD

Total N (%) 84·2 3·19 81·2 2·20 0·48
Essential AA (%)
Cys 76·9 7·11 77·5 2·64 0·91
His 87·8 2·64 82·5 1·59 0·09
Ile 88·5 4·10 85·0 1·68 0·37
Leu 89·4 3·33 85·7 1·40 0·25
Lys 88·7 2·60 83·8 1·18 0·07
Met 86·7 7·35 87·4 2·32 0·91
Phe 90·7 3·12 87·2 1·56 0·28
Tyr 82·6 5·58 83·1 1·58 0·93
Thr 84·5 4·25 83·6 1·52 0·81
Trp 49·5 15·07 77·1 3·08 0·17
Val 88·3 4·34 84·7 1·83 0·38
Mean 83·6 5·28 83·4 1·85 0·98

Non-essential AA (%)
Ala 91·9 2·53 83·6 1·65 0·013
Arg 96·0 1·24 92·0 0·71 0·009
Asx 66·4 7·44 62·5 3·19 0·59
Glx 89·9 2·64 81·7 1·73 0·017
Gly 91·1 3·01 83·6 3·18 0·14
Pro 97·3 5·27 87·0 3·05 0·09
HyPro 86·1 4·25 79·9 3·62 0·30
Ser 87·9 3·77 83·2 1·57 0·20
Mean 88·3 3·77 81·7 2·34 0·09

AA, amino acids; Asx, Asp þ Asn; Glx, Glu þ Gln.
* Data are least squares means (n 8 for pigs fed WRP; n 10 for pigs fed GGRP). As no
significant ‘block’ effect was found, only the ‘diet’ effect is presented. Means between
the diets were compared using a linear mixed model (lmerTest package). A P< 0·05
was considered as significant (in bold).

† True ileal digestibility values were calculated by subtracting ileal endogenous losses
from apparent ileal digestibility values (online Supplementary Table S1).
Endogenous loss of total N was 2·42 ± 0·19 g/kg of DM intake; endogenous losses
of AA (in g/kg DM intake) were as follows: Cys, 0·27 ± 0·02; His, 0·20 ± 0·01; Ile,
0·42 ± 0·03; Leu, 0·71 ± 0·05; Lys, 0·50 ± 0·04; Met, 0·23 ± 0·02; Phe, 0·42 ± 0·03;
Tyr, 0·27 ± 0·03, Thr, 0·73 ± 0·05; Trp, 0·20 ± 0·02; Val, 0·58 ± 0·04; Ala, 0·60 ± 0·05;
Arg, 0·45 ± 0·05; Asx, 0·97 ± 0·06; Glx, 1·24 ± 0·09; Gly, 1·34 ± 0·19; Pro, 1·89 ± 0·71;
HyPro, 0 ± 0·00; Ser, 0·57 ± 0·04.

Table 4. Digestible indispensable amino acid (DIAA) reference ratio and
DIAAS of water recovered proteins (WRP) and greasy greaves recovered
proteins (GGRP) calculated on the basis of the CP content

Items WRP GGRP

DIAA reference ratio (%) – undernourished child (0·5–5 years old)
His 103 56
Ile 44 75
Leu 49 77
Lys 57 71
SAA (Cys þ Met) 29 71
AAA (Phe þ Tyr) 42 71
Thr 51 75
Trp 7 49
Val 53 89
DIAAS (%)†
Undernourished child (0·5–5 years old) 7 (Trp) 49 (Trp)

DIAA reference ratio (%) – healthy child (0·5–3 years old)
His 123 67
Ile 47 80
Leu 52 81
Lys 65 81
SAA (Cys þ Met) 33 81
AAA (Phe þ Tyr) 50 86
Thr 59 87
Trp 8 57
Val 56 96
DIAAS (%)‡
Healthy child (0·5–3 years old) 8 (Trp) 57 (Trp)

DIAA reference ratio (%) – older child (>3 years), adolescent, adult
His 154 84
Ile 50 85
Leu 56 88
Lys 78 97
SAA (Cys þ Met) 39 96
AAA (Phe þ Tyr) 64 109
Thr 74 108
Trp 10 74
Val 60 103
DIAAS (%)§
Older child (>3 years), adolescent, adult 10 (Trp) 74 (Trp)

CP, crude protein; SAA, sulphur amino acids; AAA, aromatic amino acids; DIAAS,
digestible indispensable amino acid score (with first-limiting AA in brackets).
The data are presented as the mean (n 8 for pigs fed WRP; n 10 for pigs fed GGRP).
† DIAAS were calculated using the recommended AA scoring patterns for under-
nourished child (0.5–5 years old) as mg AA/g protein: His, 24; Ile, 34; Leu, 70; Lys,
65; SAA, 31; AAA, 63; Thr, 36; Trp, 10; Val, 46(27).

‡ DIAAS were calculated using the recommended AA scoring patterns for healthy
children (0.5–3 years old) as mg AA/g protein: His, 20; Ile, 32; Leu, 66; Lys, 57; SAA,
27; AAA, 52; Thr, 31; Trp, 8.5; Val, 43(7).

§ DIAAS were calculated using the recommended AA scoring patterns for older
children (>3 years), adolescents and adults as mg AA/g protein: His, 16; Ile, 30; Leu,
61; Lys, 48; SAA, 23; AAA, 41; Thr, 25; Trp, 6.6; Val, 40(7).
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process and the origin of the raw material, that is, different parts
of the animal. The composition is close to that of bovine muscle
hydrolysate for GGRP and bovine collagen hydrolysate for
WRP(33). However, both ingredients are difficult to compare with
other meat co-products described in literature, as the compo-
sition depends on each particular type of co-product and on the
animal species from which they originate(34).

The greater rate of refusal observed for WRP diet may be due
to the lower palatability of this ingredient. Its low content of Trp
(0·02 %) could also play a role, as it has been shown that a diet
deficient in this AA induces a drop in appetite(35). However, such
an effect was reported after 21 d on a deficient diet, whereas here
each animal consumed the WRP-based diet for 3·5 d adapta-
tion only.

Water recovered proteins and greasy greaves recovered
proteins are moderately digestible

Quantification of total AA and total N in the pool of ileal digesta
collected throughout the 9-h postprandial period was used to
calculate the protein digestibility of WRP and GGRP proteins,
after correction for the endogenous N and AA flows determined
after ingestion of a protein-free diet. Protein digestibility
measured in this way is called as standardised ileal digestibility
in animal nutrition(36), which corresponds to the TID in human
nutrition, as reported by the FAO(4).

The ileal endogenous N and total AA flowsmeasured (2·4 and
11·6 g/kg DMI, respectively; Table 3) were consistent with the
literature data(37). The TID of N did not differ between diets
(P> 0·05) due to a high variability of the data, particularly for
WRP. The values of TID were 84·2 % for WRP and 81·2 % for
GGRP, which corresponds to a moderate level of digestibility,
and lower than the TID value reported for bovine meat proteins
(> 90 %)(13,38,39). This is likely due to the high collagen content of
both ingredients (40·03 % ± 1·69 in WRP and 36·83 % ± 0·18 in
GGRP)(11), as given that connective tissue proteins are known to
be more resistant to enzymatic proteolysis(40). As a matter of fact,
TID values measured for GGRP and WRP were similar to those
reported for beef muscle hydrolysate and collagen, that is, 84 %
and 79–81 %, respectively(6,33). Although the protein digestibility
ofWRP andGGRP is lower than that ofmany animal proteins, it is
noticeable that it is higher than that of most plant proteins, the
use of which is encouraged for health and environmental
reasons, such as maize (70–76 % TID), barley (74 % TID),
sorghum (66 % TID) and even beans (41–72 % TID)(41,42).

In the present study, WRP and GGRP ingredients were
included in the diets as is, with no further process. Processing, in
particular cooking, could modify protein digestibility, but in
directions that can be opposite depending on the process
parameters and/or protein nature. For example, cooking beef at
high temperatures for a long time canmoderately reduce protein
digestibility, comparedwith cooking at a lower temperature for a

Fig. 1. Total AA concentration (a), non-essential AA concentration (b) and essential AA concentration (c) in plasma of pigs fed experimental diets containing water
recovered proteins (WRP, blue, n 7) or greasy greaves recovered proteins (GGRP, orange, n 10) as the only dietary protein source. The data are presented as the
mean ± SEM. Essential AA are the sum of His, Ile, Leu, Lys, Met, Phe, Thr, Val and conditionally EAA (Tyr and Cys). Non-essential AA are the sum of Ala, Arg, Asn, Asp,
Gln, Glu, Gly, Pro, HyPro and Ser. The plasma AA concentrations were statistically analysed by a linear mixed model (lmerTest package) considering the factors ‘diet’,
‘time’ and their interaction, with pig as a random factor. When the interaction was statistically significant, a post hoc test was performed to establish the pairwise
comparisons (Emmeans, Tuckey adjustment). A P< 0·05 was considered as significant and marked with an asterisk (curves). AA, amino acids.
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Fig. 2. Essential AA concentrations in plasma of pigs fed experimental diets containing water recovered proteins (WRP, blue, n 7) or greasy greaves recovered proteins
(GGRP, orange, n 10) as the only dietary protein source.The data are presented as themean ± SEM. Essential AA are composed of Cys (a), His(b), Ile (c), Leu (d), Lys (e),
Met (f), Phe (g), Tyr (h), Thr (i) and Val (j). The plasma AA concentrations were statistically analysed by a linear mixed model (lmerTest package) considering the factors
‘diet’, ‘time’ and their interaction, with pig as a random factor. When the interaction was statistically significant, a post hoc test was performed to establish the pairwise
comparisons (Emmeans, Tuckey adjustment). A P< 0·05 was considered as significant and marked with an asterisk (curves).
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short time(13,38). Moreover, it has been demonstrated that heating
collagen to 70 °C for 0·5 h induces conformational changes in
proteins, modulating its affinity for pepsin and resulting in higher
digestibility(43). Given the data available at the present time, it is
therefore not possible to predict whether the TID of N and AA in

WRP and GGRP would be increased or decreased after cooking.
As has been done for other food ingredients(12,38), further work is
needed to estimate the effects of processing on the nutritional
quality of WRP and GGRP proteins and devise possible
technological strategies to improve it.

Fig. 3. Non-essential AA concentrations in plasma of pigs fed experimental diets containing water recovered proteins (WRP, blue, n 7) or greasy greaves recovered
proteins (GGRP, orange, n 10) as the only dietary protein source. The data are presented as the mean ± SEM. Non-essential AA are composed of Ala (a), Arg (b), Asx=
Asn þ Asp (c), Glx= Gln þ Glu (d), Gly (e), Pro (f), HyPro (g) and Ser (h). The plasma AA concentrations were statistically analysed by a linear mixed model (lmerTest
package) considering the factors ‘diet’, ‘time’ and their interaction, with pig as a random factor. When the interaction was statistically significant, a post hoc test was
performed to establish the pairwise comparisons (Emmeans, Tuckey adjustment). A P< 0·05 was considered as significant and marked with an asterisk (curves).
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The digestible indispensable amino acid score
measurement classifies greasy greaves recovered protein
as a good quality protein but solely for the adult
population

TheDIAAS of bothWRP andGGRP ingredients wasmuch below
75 for young children (undernourished or healthy), meaning that
these protein sources are considered of low quality for these
populations(7). The low DIAAS values of WRP and GGRP result
from a too low content of EAA, and especially of Trp that is the
first-limiting AA, making both ingredients unbalanced proteins
for young children. This results from the high collagen content,
particularly for WRP, as collagen does not contain any Trp,
leading even to a zero DIAAS value for beef collagen
hydrolysate(33). The GGRP had a higher DIAAS (49 % or 57 %
for undernourished or healthy children, respectively), consis-
tently with an EAA composition closer to that of beef meat
hydrolysate, for which a DIAAS of 63 % has been reported(33).
Combining GGRP with protein foods rich in Trp and His, that is,
the only two EAA for which the DIAA reference ratio of GGRP is
below 80 % for healthy young children, would allow to obtain a
protein mix of quality for this population.

For older children (> 3-years old), adolescents and adults, the
DIAAS of WRP remains very low (10 %), with Trp as the first-
limiting EAA, unlike GGRP, whose DIAAS (74 %) is close to the
threshold of 75 %, level at which a protein can be classified of
good quality. This value indicates that the protein intake of
GGRP needs to be 1·35 times higher than that of an ‘ideal’ protein
(DIAAS 100 %) to meet requirements. For this population, the
first-limiting EAA is also Trp, but it can be underlined that for
AAA, Thr and Val, theDIAA reference ratio values are above 100.
These results are consistent with theDIAAS value calculated for a
beef muscle hydrolysate, for which AA composition is close to
GGRP, and for which a DIAAS of 81 % has been previously
reported for the same target population, with Trp as the first-
limiting EAA(33). As a reminder, DIAAS values ranging from 80 to
99 % have been determined for bovine meat depending on the
cooking process(12).

Overall, the present results indicate that GGRP is a good
protein quality for older children, adolescents and adults, while
this is not the case for WRP. Nonetheless, the WRP is remarkable
for its content in His, 1·5 times higher than the recommendation
for the older children, adolescents and adults. This co-product
could therefore be used to supplement His-deficient plant
proteins, such as black beans(6).

The strategy of judiciously combining protein ingredients to
compensate for the limitation or lack of certain EAA and reach
DIAAS values >75 %, as suggested by Bindari et al.(33), may be
relevant for the GGRP ingredient, whose EAA composition is not
so far from the nutritional requirements. Such a strategy has been
successfully implemented in a previous study by combining of
plant and animal proteins to achieve AA profiles adapted to the
EAA needs of different target populations(44). It is therefore
reasonable to assume that GGRP ingredient could contribute to
the protein fortification of some plant foods that can be lacking of
EAA such as Lys for cereals and sulphur amino acids for
legumes(45).

It should be noted that some debate exists regarding the
method of calculating the DIAAS, particularly regarding the
method of calculating the AA profile (mg/g of protein), that is,
either based on the CP content (N × 6·25), as recommended by
the FAO, or based on the total mass of AA residues(46). Using the
latter methodology, the DIAAS values were somewhat higher,
particularly for GGRP that achieves a DIAAS of 82 % instead of
74 % for the population of older children (> 3 years old),
adolescents and adults (online Supplementary Table S2), in line
with the N to collagen protein conversion factor of 5·55(47).
However, the counterpart is that the protein concentration of the
ingredient is assumed to be lower when considering a
conversion factor of 5·55 instead of 6·25, meaning that a higher
quantity of ingredient would be needed to meet the protein
requirements.

Plasma amino acid concentrations were affected by the
essential amino acid profile of the ingredients and by the
microstructure of the diet

Plasma AA reached amaximum concentration at 3 h and 5 h after
ingestion of the WRP and GGRP diets, respectively (Fig. 1),
allowing to define both ingredients as slow protein sources

Fig. 4. Postprandial urea (a) and insulin (b) concentration in plasma of pigs fed
experimental diets containing water recovered proteins (WRP, blue, n 7) or
greasy greaves recovered proteins (GGRP, orange, n 10) as the only dietary
protein source. The data are presented as the mean ± SEM. The plasma
concentrations were statistically analysed by a linear mixed model (lmerTest
package) considering the factors ‘diet’, ‘time’ and their interaction, with pig as a
random factor. A P< 0·05 was considered as significant.
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according to Boirie et al.(9). This is consistent with a previous
study in humans that reported a peak for plasma concentration
of AA 3 h after eating bovine meat proteins(38). The slow AA
release in the present study is likely due to the high collagen
content of both GGRP and WRP ingredients, responsible for
protein gelation leading to a high-diet viscosity, thus slowing
down their gastric emptying rate and subsequently the rates of
intestinal digestion and absorption(48). This was particularly true
for GGRP diet, which had the highest viscosity throughout the in
vitro digestion, in line with the slowest plasma AA appearance.

A higher level of plasma EAA concentration was observed
along the entire postprandial period for GGRP diet compared
with WRP diet (Fig. 1(c)), including at the preprandial time. This
latter result suggests, during the adaptation period, a metabolic
adaptation of the animals to the experimental diets, which
contained a higher level of EAA in GGRP than in WRP. By the
way, differences were similarly observed between the two diets
at the preprandial time for Leu and Val (Fig. 2), for which the
content was higher in GGRP than inWRP (P< 0·001). Such a fast
metabolic adaptation was previously observed by Nørgaard
et al.(8) after 5 d adaptation.

In the present study and for most of the AA, the TID did not
appear to be a determining factor for the plasma concentration of
AA, as the TID did not differ between the diets (P> 0·05).
Regarding Ala and Glx, whose concentration was similar in both
diets, and despite a higher TID with the WRP diet than with the
GGRP diet (P= 0·013 and 0·017 for Ala andGlx, respectively), no
effect of diet on plasma concentration of these two AA was
observed (P> 0·05; Fig. 3). This suggests that TID was not a
determining factor in the plasma concentration of these two AA
either. In contrast, for Arg, whose concentration was similar in
both diets, an effect of the diet on plasma concentration was
observed (P= 0·013). This could therefore reflect the effect of
the TID of Arg, whichwas higher with theWRP diet thanwith the
GGRP diet (P= 0·009), although the difference was small
(þ4 %). Furthermore, it should be noted that the effect of diet
on plasma Arg concentration was partially masked by the higher
preprandial concentration of this AA in pigs fed GGRP
(Fig. 3(b)). In addition, it should be borne in mind that plasma
AA concentrations were determined in peripheral blood, that is,
after the first extraction pass from the splanchnic area, which is
an additional factor influencing plasma AA concentrations.

Fig. 5. Structural change of the experimental diets (WRP, blue; GGRP, orange) during in vitro semi-dynamic digestion at 0, 40, 80 and 120 min of digestion. Visual
observations (a–c); confocal laser scanningmicroscopy images (b–d); particle size distribution (e). (b–d) Proteins are coloured in green and lipids in red; scale bar: 50 μm.
WRP, water recovered proteins; GGRP, greasy greaves recovered proteins.
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The plasma urea concentration was higher in WRP-fed pigs than
in GGRP ones, even though the values remained in accordance
with previous experiments conducted in growing pigs(24). The
difference of plasma urea observed here, which is an indicator of
the level of hepatic AA catabolism(49) and of EAA deficien-
cies(50,51), was in linewith the greatest imbalance ofWRP in terms
of EAA profile, compared with GGRP. Pigs fedWRPwere thus in
a more catabolic state than pigs fed GGRP, thus underlining that
WRP cannot be solely fed to humans but needs to be completed
with an adequate protein source.

Insulin, the main anabolic hormone stimulating postprandial
AA utilisation for protein synthesis, notably in muscle(52,53), was
similar between diets, suggesting a similar anabolic stimulation
for protein accretion following ingestion of both diets in pigs.
The present plasma concentrations of insulin were in accor-
dance with previous experimental data collected in growing
pigs(24).

In conclusion, the present study has demonstrated that TID of
N in WRP and GGRP was similar (84·2 ± 3·2 and 81·2 ± 2·3 %,
respectively). The GGRP presents a nutritional protein quality
adapted to child> 3-years old, adolescent and adult, unlike
WRP. The minimum value that is recommended to make claims
for protein quality of foods by FAO(7) indicates that WRP protein
concentrate needs to be supplemented with proteins with
greater concentrations of EAA such as plant or animal proteins to
fulfil the AA requirements of children, adolescents and adults.

Acknowledgements

The authors specifically thank all the staff of the Rennes pig
experimental facilities (UE3P INRAE) for their technical support.

This study was funded by Fondation Institut Agro.
R. L. F.: Formal analysis, Investigation,Writing – original draft,

and Visualisation. F. N.: Conceptualisation, Writing – review and
editing, Supervision, Project administration, and Funding
acquisition. Y. L. G.: Investigation. G. H.: Investigation. S. C.:
Investigation. A. L.: Investigation. P. H.: Investigation. C. G.-D.:
Writing – review and editing. X. L.: Resources and Writing –

review and editing. V. L.: Writing – review and editing. A. D.:
Conceptualisation, Writing – review and editing, and
Supervision.

The authors declare none.

Supplementary material

For supplementary material/s referred to in this article, please
visit https://doi.org/10.1017/S0007114524001661

References

1. OECD & FAO (2022) OECD-FAO Agricultural Outlook 2022–
2031. Paris: OECD.

2. FAO, World Health Organization & United Nation University
(2007) Protein and Amino Acid Requirements in Human
Nutrition: Report of a Joint FAO/WHO/UNU Expert
Consultation. Geneva: World Health Organization.T

ab
le

5.
P
ar
tic
le

si
ze

an
d
vi
sc
os

ity
of

th
e
re
co

ns
tit
ut
ed

W
R
P
an

d
G
G
R
P
di
et
s
an

d
of

th
e
ga

st
ric

di
ge

st
a
at

40
,
80

an
d
12

0
m
in

of
di
ge

st
io
n
(G

40
,
G
80

,G
12

0)

W
R
P

G
G
R
P

P

D
ie
t

G
40

G
80

G
12

0
D
ie
t

G
40

G
80

G
12

0

M
ea

n
S
E
M

M
ea

n
S
E
M

M
ea

n
S
E
M

M
ea

n
S
E
M

M
ea

n
S
E
M

M
ea

n
S
E
M

M
ea

n
S
E
M

M
ea

n
S
E
M

d 0
·5
(μ
m
)

66
·0
7

0·
14

87
·7
2

0·
37

14
2·
68

7·
95

20
2·
28

46
·5
0

85
·6
4

0·
40

12
9·
07

12
·8
7

43
3·
04

28
·8
6

51
7·
69

9·
68

D
ie
t,
P
<
0·
00

1
T
im

e,
P
<
0·
00

1
D
ie
t×

T
im

e,
P
<
0·
00

1

d 4
,3
(μ
m
)

15
4·
98

3·
44

14
4·
98

13
·4
2

29
4·
54

46
·3
7

39
0·
87

96
·5
5

31
1·
34

10
·7
2

37
3·
00

8·
44

54
0·
09

30
·7
7

58
3·
42

6·
18

D
ie
t,
P
<
0·
00

1
T
im

e,
P
<
0·
00

1
D
ie
t×

T
im

e,
P
>
0·
05

V
is
co
si
ty

(P
a.
s

at 10
/s
)

1·
31

0·
15

0·
07

0·
04

0·
15

0·
17

0·
04

0·
01

35
·7
9

3·
99

13
·4
5

5·
76

4·
82

4·
46

1·
03

1·
15

D
ie
t,
P
<
0·
00

1
T
im

e,
P
<
0·
00

1
D
ie
t
×
T
im

e,
P
<
0·
00

1

W
R
P
,w

at
er

re
co

ve
re
d
pr
ot
ei
ns

;G
G
R
P
,g

re
as

y
gr
ea

ve
s
re
co

ve
re
d
pr
ot
ei
ns

.
T
he

da
ta

(m
ea

n
±
S
E
M
)
w
er
e
st
at
is
tic
al
ly

an
al
ys

ed
by

a
lin
ea

r
m
ix
ed

m
od

el
(lm

er
T
es

tp
ac

ka
ge

)
co

ns
id
er
in
g
th
e
fa
ct
or
s
‘d
ie
t’,

‘ti
m
e’

an
d
th
ei
r
in
te
ra
ct
io
n.

A
P
<
0·
05

is
co

ns
id
er
ed

as
si
gn

ifi
ca

nt
.

12 R. Le Foll et al.

https://doi.org/10.1017/S0007114524001661  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114524001661
https://doi.org/10.1017/S0007114524001661


3. Lynch SA, Mullen AM, O’Neill E, et al. (2018) Opportunities and
perspectives for utilisation of co-products in the meat industry.
Meat Sci 144, 62–73.

4. FAO (2014) Research Approaches and Methods for Evaluating
the Protein Quality of Human Foods: Report of a FAO Expert
Working Group, 2–5 March 2014, Bangalore, India. Rome,
Italy: FAO.

5. Deglaire A, Bos C, Tomé D, et al. (2009) Ileal digestibility of
dietary protein in the growing pig and adult human. Br J Nutr
102, 1752–1759.

6. Hodgkinson SM, Stroebinger N, van der Wielen N, et al. (2022)
Comparison of true ileal amino acid digestibility between adult
humans and growing pigs. J Nutr 152, 1635–1646.

7. FAO (2013) Dietary Protein Quality Evaluation in Human
Nutrition: Report of an FAO Expert Consultation, 31 March - 2
April 2011, Auckland, New Zealand. Rome, Italy: FAO.

8. Nørgaard JV, Florescu IC, Krogh U, et al. (2021) Amino acid
absorption profiles in growing pigs fed different protein
sources. Anim 11, 1740.

9. Boirie Y, Dangin M, Gachon P, et al. (1997) Slow and fast
dietary proteins differently modulate postprandial protein
accretion. Proc Natl Acad Sci U S A 94, 14930–14935.

10. European Parliament and the Council of the European Union
(2004) Corrigendum to regulation (EC) No 852/2004 of the
European parliament and of the council of 29 April 2004 on the
hygiene of foodstuffs. OJ L 226, 1–54.

11. Le Foll R, Lechevalier V, Hamon P, et al. (2024) Beef protein
ingredients from fat rendering process are promising functional
ingredients. Food Chem 433, 137298.

12. Hodgkinson SM, Montoya CA, Scholten PT, et al. (2018)
Cooking conditions affect the true ileal digestible amino acid
content and digestible indispensable amino acid score (DIAAS)
of bovine meat as determined in pigs. J Nutr 148, 1564–1569.

13. Bailey HM,Mathai JK, Berg EP, et al. (2020) Most meat products
have digestible indispensable amino acid scores that are greater
than 100, but processing may increase or reduce protein
quality. Br J Nutr 124, 14–22.

14. Wubben JE, Smiricky MR, Albin DM, et al. (2001) Improved
procedure and cannula design for simple-T cannulation at the
distal ileum in growing pigs. Contemp Top Lab Anim Sci 40,
27–31.

15. Fudge M, Coleman RE & Parker SB (2002) A minimally invasive
percutaneous technique for jugular vein catheterization in pigs.
Contemp Top Lab Anim Sci 41, 38–42.

16. Hodgkinson SM, Stein HH, De Vries S, et al. (2020)
Determination of true ileal amino acid digestibility in the
growing pig for calculation of digestible indispensable amino
acid score (DIAAS). J Nutr 150, 2621–2623.

17. Denis A (2009) Method for obtaining proteins by treating
adipose tissue (Patent N° EP2108266). https://www.freepate
ntsonline.com/EP2108266.html.

18. Jagger S, Wiseman J, Cole DJA, et al. (1992) Evaluation of inert
markers for the determination of ileal and faecal apparent
digestibility values in the pig. Br J Nutr 68, 729–739.

19. National Research Council (2012) Nutrient Requirements of
Swine: Eleventh Revised Edition. Washington, DC: TheNational
Academies Press.

20. Davies MG & Thomas AJ (1973) An investigation of hydrolytic
techniques for the amino acid analysis of foodstuffs. J Sci Food
Agric 24, 1525–1540.

21. Moore S, SpackmanDH& SteinWH (1958) Chromatography of
amino acids on sulfonated polystyrene resins. An improved
system. Anal Chem 30, 1185–1190.

22. Charton E, Bourgeois A, Bellanger A, et al. (2022) Infant
nutrition affects the microbiota-gut-brain axis: comparison of

human milk vs. infant formula feeding in the piglet model.
Front Nutr 9, 976042.

23. Mondino A, Bongiovanni G, Fumero S, et al. (1972) An
improved method of plasma deproteination with sulphosali-
cylic acid for determining amino acids and related compounds.
J Chromatogr A 74, 255–263.

24. Eugenio FA, vanMilgen J, Duperray J, et al. (2023) Feeding pigs
amino acids as protein-bound or in free form influences
postprandial concentrations of amino acids, metabolites, and
insulin. Anim 17, 100684.

25. AOAC International (1992) AOAC 992.15–1992, Crude protein
in meat and meat products: AOAC Official Method. http://
www.aoacofficialmethod.org/index.php?main_page=product_i
nfo&products_id=383 (accessed July 2023).

26. Mudunkotuwa IA, Anthony TR, Grassian VH, et al. (2016)
Accurate quantification of tio2 nanoparticles collected on air
filters using a microwave-assisted acid digestion method.
J Occup Environ Hyg 13, 30–39.

27. FAO (2018) Protein Quality Assessment in Follow-up Formula
for Young Children and Ready to Use Therapeutic Foods:
Report of the FAO Expert Working Group, Rome, 6–9 November
2017. Rome, Italy: FAO.

28. Mulet-Cabero A-I, Egger L, Portmann R, et al. (2020) A
standardised semi-dynamic in vitro digestion method suitable
for food – an international consensus. Food Funct 11, 1702–
1720.

29. Musse M, Le Feunteun S, Collewet G, et al. (2023) Quantitative
magnetic resonance imaging of in vitro gastrointestinal
digestion of a bread and cheese meal. Food Res Int 169,
112821.

30. Chauvet L, Ménard O, Le Gouar Y, et al. (2023) Protein
ingredient quality of infant formulas impacts their structure and
kinetics of proteolysis under in vitro dynamic digestion. Food
Res Int 169, 112883.

31. Wu P, Deng R, Wu X, et al. (2017) In vitro gastric digestion of
cooked white and brown rice using a dynamic rat stomach
model. Food Chem 237, 1065–1072.

32. R Core Development Team (2020) R: A Language and
Environment for Statistical Computing. Vienna, Austria: R
Foundation for Statistical Computing.

33. Bindari YR, Laerke HN &Nørgaard JV (2018) Standardized ileal
digestibility and digestible indispensable amino acid score of
porcine and bovine hydrolyzates in pigs: amino acid digest-
ibility of protein hydrolyzates in pigs. J Sci Food Agric 98,
2131–2137.

34. Toldrá F, Mora L & Reig M (2016) New insights into meat by-
product utilization. Meat Sci 120, 54–59.

35. Henry Y, Sève B, Colléaux Y, et al. (1992) Interactive effects of
dietary levels of tryptophan and protein on voluntary feed
intake and growth performance in pigs, in relation to plasma
free amino acids and hypothalamic serotonin1. J Anim Sci 70,
1873–1887.

36. Stein HH, Fuller MF, Moughan PJ, et al. (2007) Definition of
apparent, true, and standardized ileal digestibility of amino
acids in pigs. Livest Sci 109, 282–285.

37. Adeola O, Xue PC, Cowieson AJ, et al. (2016) Basal
endogenous losses of amino acids in protein nutrition research
for swine and poultry. AFST 221, 274–283.

38. Oberli M, Marsset-Baglieri A, Airinei G, et al. (2015) High true ileal
digestibility but not postprandial utilization of nitrogen from
bovine meat protein in humans is moderately decreased by high-
temperature, long-duration cooking. J Nutr 145, 2221–2228.

39. Silvester KR & Cummings JH (1995) Does digestibility of meat
protein help explain large bowel cancer risk? Nutr Cancer 24,
279–288.

Nutritional quality of two beef co-products 13

https://doi.org/10.1017/S0007114524001661  Published online by Cam
bridge U

niversity Press

https://www.freepatentsonline.com/EP2108266.html
https://www.freepatentsonline.com/EP2108266.html
http://www.aoacofficialmethod.org/index.php?main_page=product_info&products_id=383
http://www.aoacofficialmethod.org/index.php?main_page=product_info&products_id=383
http://www.aoacofficialmethod.org/index.php?main_page=product_info&products_id=383
http://www.aoacofficialmethod.org/index.php?main_page=product_info&products_id=383
http://www.aoacofficialmethod.org/index.php?main_page=product_info&products_id=383
https://doi.org/10.1017/S0007114524001661


40. Laser-Reuterswärd A, Asp N-G, Björck I, et al. (1982) Effect of
collagen content and heat treatment on protein digestibility and
biological value of meat products. IJFST 17, 115–123.

41. Han F, Moughan P, Li J, et al. (2020) Digestible indispensable
amino acid scores (DIAAS) of six cooked Chinese pulses.
Nutrients 12, 3831.

42. Cervantes-Pahm SK, Liu Y & Stein HH (2014) Digestible
indispensable amino acid score and digestible amino acids in
eight cereal grains. Br J Nutr 111, 1663–1672.

43. Zhang M, Zhao D, Zhu S, et al. (2020) Overheating induced
structural changes of type I collagen and impaired the protein
digestibility. Food Res Int 134, 109225.

44. Dimina L, RémondD,Huneau J-F, et al. (2022) Combining plant
proteins to achieve amino acid profiles adapted to various
nutritional objectives–an exploratory analysis using linear
programming. Front Nutr 8, 809685.

45. Day L, Cakebread JA & Loveday SM (2022) Food proteins
from animals and plants: differences in the nutritional
and functional properties. Trends Food Sci Technol 119,
428–442.

46. Tessier R, Calvez J & Gaudichon C (2021) Les « dessous » du
PD-CAAS et du DIAAS, deux critères en apparence simples
de qualité nutritionnelle des protéines. Cah Nutr Diet 56,
102–110.

47. Mariotti F, ToméD&Mirand PP (2008) Converting nitrogen into
protein—beyond 6.25 and Jones’ factors. Crit Rev Food SciNutr
48, 177–184.

48. Jin Y, Wilde PJ, Hou Y, et al. (2022) An evolving view on food
viscosity regulating gastric emptying. Crit Rev Food Sci Nutr
0, 1–17.

49. Brown JA & Cline TR (1974) Urea excretion in the pig: an
indicator of protein quality and amino acid requirements. J Nutr
104, 542–545.

50. Marín-García PJ, Llobat L, López-Lujan MC, et al. (2022) Urea
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