N

N

Balance and form of amino acid intake in the diet:
physiological and metabolic consequences in pigs

Francis Amann Eugenio

» To cite this version:

Francis Amann Eugenio. Balance and form of amino acid intake in the diet: physiological and
metabolic consequences in pigs. Agricultural sciences. Agrocampus Ouest, 2022. English. NNT:
2022NSARB358 . tel-04119070

HAL Id: tel-04119070
https://theses.hal.science/tel-04119070
Submitted on 6 Jun 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-04119070
https://hal.archives-ouvertes.fr

DOCTORAT /ECOLOGIE LINSTITUT
BRETAGNE GEOSCIENCES agro befie..

AGRONOMIE ALIMENTATION

Traced & Innovative Amino Acids

LOIRE /

THESE DE DOCTORAT DE

L’INSTITUT NATIONAL D'ENSEIGNEMENT SUPERIEUR POUR L'AGRICULTURE, L'ALIMENTATION ET
L’ENVIRONNEMENT

EcoLE INTERNE AGROCAMPUS OUEST

ECOLE DOCTORALE N° 600
Ecole doctorale Ecologie, Géosciences, Agronomie et Alimentation
Spécialité : « Biologie et Physiologie animale »

Par

Francis Amann EUGENIO

Equilibre et forme de I'apport en acides aminés dans I'alimentation :
Conséquences physiologiques et métaboliques chez le porc

English title: Balance and form of amino acid intake in the diet: physiological and metabolic
consequences in pigs

Thése présentée et soutenue a Rennes, le 24 Juin 2022

Unité de recherche : PEGASE, INRAE, Institut Agro, 35590, Saint-Gilles, France
Thése N° : B_358 ; ordre : 2022-11

Rapporteurs avant soutenance :

Sophie TESSERAUD Directrice de recherche, INRAE UMR Biologie des oiseaux et aviculture (BOA)
Didier REMOND Directeur de recherche, INRAE Unité de Nutrition Humaine (UNH)

Composition du Jury :

Président : Frangois MARIOTTI Professeur de Nutrition, AgroParisTech

Examinateurs : Amélie DEGLAIRE Enseignant-Chercheur, L’Institut Agro Rennes-Angers
Sonia LIU Professeur, The University of Sydney

Dir. de thése  : Nathalie LE-FLOC'H Directrice de recherche, PEGASE, INRAE, Institut Agro

Co-dir. de thése : Jacob VAN MILGEN Ingénieur de recherche, PEGASE, INRAE, Institut Agro

Co-dir. de thése : Joél DUPERRAY R&D applications manager, BCF Life Sciences

Invité(s) :

Renaud SERGHERAERT Directeur général, BCF Life Sciences






Acknowledgements

This thesis may have my name as the main author but this work is the result of the collaboration
of numerous people that I hope I can all name here. All the work that is written in the next
sections of this thesis was only made possible because of the work, support, and understanding
of everyone who has helped me along my journey to finish this thesis and obtain my PhD.

I would like to say thank you to the French National Association for Research and Technology
(ANRT), for helping to bridge the gap between the private and public institutions through their
CIFRE PhD program that was granted to me. This program allowed me to experience both the
public and private side of research.

The doctorate school, Ecologie, Geosciences, Agronomie, et Alimentation (EGAAL) and
L’Institut Agro Rennes-Angers, which was named Agrocampus Ouest when I first started the
thesis, allowed me to perform my tasks as a PhD student and gave me the authorization to
defend my thesis after the rigorous review of my rapporteurs: Didier Rémond (INRAE Auverne
Rhoéne Alpes) and Sophie Tesseraud (INRAE BOA) for whom I give my utmost thanks. To
Sonia Liu (University of Sydney), Amélie Deglaire (STLO-Institut Agro Rennes-Angers), and
Frangois Mariotti (AgroParisTech; President of jury), the jury members who took time to read
my thesis and engage me in scientific questioning during my defense, I thank you.

I would like to express my sincerest and utmost gratitude to my supervisors. First, to Nathalie
Le-Floc’h who has been with me and supporting me since I first arrived in 2018 for my
internship. Nathalie has been nothing short of a mother figure for me here in France, through
everything, she has been there with me guiding me and pushing me to be better. [ have always
felt thankful that she was — and forever will be — my supervisor. To Jaap van Milgen who has
been a great mentor for me and has been very understanding of my situation particularly in
doing a PhD in another country. All the difficulties and problems I had, Jaap seemed to always
have an answer for me that he often gives with a kind smile. To Joél Duperray, my supervisor
in BCF Life Sciences who has been supportive of me and helped me understand the life in a
private company in France. With Joél’s guidance, I was able to grasp and view my thesis in
another light that helped me improve my work. To Nathalie, Jaap, and Joél, I thank you and I
hope you know that I will never forget all the times we’ve spent together — working or
otherwise.

To BCF Life Sciences, the private company that supported the thesis, and everyone who works
there, I would like to express my sincerest gratitude for being very supportive and
understanding. I know I am the first CIFRE PhD of the company and it was my pleasure to
work through the ins-and-outs of this partnership with them. To Jacques Pidoux and Renaud
Sergheraert, directors of the company, thank you. Of course, I would also like to specifically
thank the R&D team of BCF Life Sciences, Emmanuelle Mounier Pierrick Kersanté, Jean-
Philippe Soulard, and Chloé Vanniere, whom I had the pleasure of working along side of.

Je voudrais dire merci aux gens de I’'UE3P. J'apprécie toute votre aide dans mes expés. C'est
notamment le cas de 1'équipe métabolisme/physio avec qui j'ai passé toutes mes expés : Julien
Georges, Alain Chauvin, et Francis Le-Gouevec. Aussi, je voudrais remercier Eloise Delamaire
et Serge Dubois qui ont été les directeurs de 1'unité pendant ma these, et le reste des personnes
de 'UE3P et en particulier ceux qui m'ont aidé pendant les expés: Mickael Genissel, Guillaume

1






Poupeau, Jérome Liger, Hervé Demay, Jean-Francois Rouaud, Simon Duteil, Georges
Guillemois, Fabien Guérin.

Aux gens de I'INRAE PEGASE (Saint-Gilles), merci. Vous m'avez accueilli pendant 3 ans et
demi, y compris le temps ou j'étais encore stagiaire. Je suis venu en France sans savoir parler
francais, sans connaitre la culture, mais vous avez été accueillant et accommodant avec moi
tout ce temps. Je remercie Florence Gondret qui a été chef d'unité tout mon temps a I’'INRAE
PEGASE. A Héléne Quesnel qui, avec Nathalie, m'a accueillic en 2018 pour mon stage,
j'apprécie tout le temps que nous avons pass€ ensemble et je tiens a vous remercier pour tout
votre soutien. Je remercie et apprécie également l'aide des ressources humaines et de
I'administration de l'unité¢ et plus particulierement Laurence Thébault, Myriam Burban, et
Marie-Claude Quintard qui m'ont aidée a mettre de I'ordre dans mes affaires. Bien sir, je tiens
¢galement a exprimer ma gratitude a mon équipe, I’équipe Adaptation : Elodie Merlot,
Frangoise Thomas, Raphael Comte, Remi Resmond, Nadine Meziere, Caroline Clouard, Lucile
Hervé, Lucile Montagne, et Armelle Prunier qui ont été trés chaleureux et accueillants. Aux
autres personnes que j'ai rencontrées et avec lesquelles j'ai travaillé : Colette Mustiére, Cécile
Perrier, Agathe Costentin, Sophie Daré, Sandrine Tacher, Nicole Huchet, Sandra Wiart, et
Emmanuel Parnet merci beaucoup pour toute votre aide.

Aux doctorants et amis a Saint-Gilles : Alicia Zem-Fraga, Mariana Lopes-Mescouto, Jean-
Charles Angers, Clément Gargon, Emma Gourlez, Elise Dubois, Anastasia Agouros,
Angélique Corset, et Mohsen Davoudkhani, merci !

To friends I met throughout my PhD: Nguyen Hieu-Ba, Le-Thuy Ngan, Nguyen Chi, Uffe
Krogh, Kirstine Pinholt-Krogh, Johanne Krogh, Margritte Krogh, Alessandra Monteiro,
Manao, Marcel Villanueva, and Victor Villanueva who have supported me and kept me sane
throughout my thesis, thank you!

To my parents, Frank and Nancy, to my siblings, Angel, Alden, and Andrei, to our dog, Buddy,
and to Ate Gina, thank you for all your support and understanding why I had to leave the
country.

To my extended family, to my aunts, uncles, and cousins, thank you. To Lola Bune and Lolo
Mando, thank you. To Lola Lucy, thank you for everything. To Lolo Ever, who has been
supportive of me throughout my PhD: sorry I did not finish in time for you to see me, but I am
thankful for everything.

To my new family — Aira’s family, thank you for your support.

Lastly, to my wife Aira, thank you for always being there, thank you for all your support, and
thank you for all your understanding. I’'m glad to be able to share this journey with you. I love
you.






Table of contents

ACKNOWIEAZEIMENLS ....eoeviieiiieciie ettt e e e e et e e s taeesstaeesssaeessseeesssaeesaseeesnseeenns 1
TaDLE OF COMEEILS ......ieeieieieee ettt h e et e bt e st e e bt e s b e sbeeenbeesaeeens 3
| A 740§ L USRS 7
| A i 721 o) PSSR 10
SYNTHESE EN FRANCALS ..ottt eee e e e s e s ees s 12
L INEEOAUCTION L.ttt sttt sttt et sbt et eat e e aeenbeeneesaeens 13
2. Procédures eXperimentales..........c.eevuieeiieriierieeiieeieeiee et eiee e eaee e sseeebeeseeesbe e saeenreenene 15

3. Expérience 1 : Réponse du métabolisme postprandial de porcs adultes et en croissance
apres I’alimentation avec un profil d'acides aminés équilibré et déséquilibré.......................... 18

4. Expérience 2 : Réponse métabolique des porcs apres 1'alimentation d'un régime avec des
formes différentes d’acides amMINES ...........cccveruiieiiieriiiiiiecieeeeee et 21

5. Expérience 3 : Réponse physiologique des porcs apres I'alimentation avec des formes

différentes d’acides AMINES ........cccoieiriiieiiiiieccee et 23
0. COMCIUSION ...ttt ettt ettt ettt st bt sttt et et ae e e 25
INTRODUCGTION .....ooiiiiiiiiiteneee ettt sttt et ebe sttt sne e 26
LITERATURE REVIEW ...ttt 30
1. Amino acid metabolism during the postprandial period ...........cccocevviriiniininiinicniincnens 32
2. Feeding intact proteins, peptides, or free amino acids to monogastric farm animals .......... 34

2.1. Digestion of dietary protein and absorption of amino acids and small peptides........... 35

2.2. Consequences of feeding intact proteins, hydrolysates, or free amino acids on animal
10011121010 1 ] 1 o DO OSSPSR 38

2.3. Feeding free amino acids and hydrolysed proteins to complement intact proteins in

ANIMAL QIETS ..ttt ettt et e ettt e st e et e e st e e bt esabeeabeessteenbeessaeenseenneeans 41
2.3.1. Use of free amino acids in farm animal nUtrition..........ccoceeveenieiiienienieenieeeene 42
2.3.2. Hydrolysed proteins or peptides in farm animal nutrition ..........c..cceceeeveenienneenne. 44

2.4, CONCIUSION ...ttt ettt ettt e bt e e st e bt e st e e saeeeabeesaeeeaneas 46

3. Dietary amino acid balance and unbalance: biological consequences...........c.ccceeeevveeruveennns 48

3.1. Defining “unbalance” and “imbalance”.............ccccveeriiieiieeeiiieeeeeeee e 48

3.2. Unbalanced dietary amino acids: deficiency, excess, and antagonism ......................... 48

3.3. Metabolic and physiological CONSEQUENCES.........ccvuieriieriieriieiierie ettt 51
3.3.1. Consequences on feed INtAKE .........cccueeriiriiieiiiiie e 51
3.3.2. Consequences on protein dePOSItION ........ccueeruieriieriieriiienieeieeriteeree e ereesieeeeee e 52
3.3.3. Consequences on MetaboliSIm ........cccuieiuiiriieiiiiiiieie e 53






3.3.4. What about using amino acids as functional molecules?............c.ccceveiveriiieencnnnns 54

R TR B 01073167 L 13 o) § BRSPS 54
T T 13 1S g 02 (01153 1 1P 55
4.1. Composition and chemical structure of feathers ............cccceevciieeiiieeiieeeeee e, 56
4.2. Production, utilization, and nutritive value of feather meal ............ccccovvvvviiiiiiiiinnnnnen. 56
4.3. Extensively hydrolysed feather protein ..........cccoeeceveeiiiieiiiiicieeceeee e 58
4.3.1. Process and UtIZAtION. .......cc.eeiueiiiniiiienieriieieee ettt 58
4.3.2. Nutritive values and lack of data in species of interest...........cccceevvevieecivenieeneenne. 59
4.3.3. Extensively hydrolysed feather as an experimental model.............cccceeevvenirnnennne. 60
EXPERIMENTAL METHODS ........ooiiiitiiiieeeee ettt 61
1. Scientific questions and animal EXPEriments ...........ccceeeveerrierieerieniieerieenreereeeeeeaeeseneenees 62
2. MOdEL PIOLEIN SOUICE.....uvietiieiieiiieeiieeiieeteeeteeteeeteeseeeebeesseeesseeseeseseessseesseenseesnseessseesseensns 63

3. The postprandial metabolism of animals approached by plasma concentrations of amino

acids, other metabolites, and INSULIN .......vvviiiiiiiieeeeee et e e e e e e eeeee e 64
3.1. Postprandial plasma metabolite and hormone Kinetics............ccceevveerieriienienieeniennenns 64
3.2. Modelling postprandial plasma KINEtiCS ..........cccuieruieriieiiieiiieiieeie et 65

4. DIZESLIVE TESPOMSE. ....vveeurieereenreereieereensreesseeasseesseesseesseessseeseessseesssesseesssessseessssssseessseesseenses 67

4.1. Digestibility measurements using the slaughter technique and indigestible markers ... 67

4.2, Intestinal MOTPROLOZY ......veeuiiiiiiiiieieee ettt 68
4.3. Gene expression of amino acid tranSPOTLErS.........eceueeeueerieriiienieeieerie et 68
EXPERIMENTAL RESULTS ..ottt sttt 70
EXPERIMENT 1 (EXP. 1) oottt sttt 71

Postprandial plasma amino acid and metabolite kinetics of adult and growing pigs fed a diet
with free amino acids and small peptides with a balanced or unbalanced amino acid profile. 71

RN o 1 2T OO O P U PRSP 72
2. INETOAUCTION ...ttt ettt e ettt e st e e bt e s abeesseesabeesseeenseenees 73
3. Materials and Methods ........c.c.oouiiiiiiiii s 75
3.1. Animals, housing, diets, and experimental design ...........cceevveeeiieeniieeniieeeee e, 75
3.2. Meal tests and serial blood SAMPIING.........c.cooiiiiiiiiiiiiieieiieee e 76
3.3  FEed AnalySeS ....ueeeiieiieiii ettt ettt e ebeeeareen 77
3.4. Plasma amino acid, metabolite, and insulin assays ..........ccccceeveerieeiieniieenienieesee s 77
3.5. Calculations and statistical analySis .........cccecieriieriieriiiiiieeii e 77
AL RESUILS ..ttt ettt e h e st b e s abe e be e e eee 80
4.1. General ODSETVALIONS ......eeveriiiiiriiiitiete ettt sttt ettt st sb et sbe b eaesieens 80
4.2. Postprandial plasma CONCENtIAtIONS........cccuveererieeriiireriieerieeenieeesreeesaeeeeeeesareesneeennns 80






S DDISCUSSION et e ettt e e e e e et e e e e e e e e e e e e e e e e e e e e e e e aeeeeeeereeaneaaaeeeeeeeeeaenaaaens 82

6. CONCIUSION. ...ttt ettt ettt ettt e at e eb et e eatesbee bt estesbeenbeennesaeens 86
7. DECIATATIONS ...ttt ettt et b et e s bt ettt e sb e et et e bt e beeatesaeens 87
EXPERIMENT 2A (EXP: 2A) oottt ettt ettt ettt s 88
Feeding pigs amino acids as protein-bound or in free form influences postprandial
concentrations of amino acids, metabolites, and INSULIN .......cc.vvvvvveiiiiiiiiiiiieeeeeeeeeeeeeeee e 88
L ADSITACE .ttt et h bt et sh bt et be e beenaesaeens 89
2. INEEOAUCHION .ottt sttt ettt ettt b et sat et e b e bt e nbeentesaeens 90
3. Materials and MeEthods ..........cocooiiiiiiiiii e 92
3.1. Animal housing, diets, and experimental design..........ccccoeevueeriieriieiieniiieiierie e 92
3.2. Meal tests and serial blood SAMPIING........c.ccciiiiiiiiiiiiieiiecieeeeee e 92
3.3, FEed AnalySES ....veeiiieiieeiii ettt ettt e b e staeenbeestaeebaeenneens 93
3.4. Plasma amino acids, metabolites, and inSulin assays ..........ccccceeevveerveriieerienieeneennens 93
3.5. Calculations and statistical analySsis ........cccceeveeriiieriiiniiiiniceceee e 94
AL RESUILS ..ttt ettt ettt et e ettt et e e bt e et e e ttesabe e neeenbeenee 96
4.1. General ODSETVALIONS ........eevuieiiieiiieeiieiie et erte ettt e et et e e teessee e bt e sseesbeesaeesabeeseeeenseas 96
4.2. Average postprandial plasma concentrations of metabolites and insulin...................... 96
4.3. Postprandial kinetics of plasma amino acids..........cccecueeeviiiieiiieeeiieeecieeeee e 96
5. DISCUSSION ..ottt ettt ettt et ettt e ettt e e bt et e satese e e bt eateebeenbeentesbeenbeenteeneenteensesaeans 98
6. CONCIUSION ...ttt ettt ettt ettt et sb e bt et esbeesbe st e saeeaeenees 102
7. DECIATATIONS ...ttt ettt et et ettt b et sbe et et sae b eaees 103
EXPERIMENT 2B (EXP. 2B) ..ottt 104
Expression of intestinal amino acid transporters, gut morphology, and amino acid digestibility
in pigs fed proteins or free amino ACIAS ......cceevviriiriiiiiiriirieeee e 104
Lo ADSETACT ..ttt ettt ettt ettt et e et e e bt e et e et e et e e bt e enbeennaeenbeenneeen 105
2. INEEOAUCTION ...ttt ettt ettt e et et e e beesbeeenbeesseeenseenneeens 106
3. Materials and mMeEthOdsS ..........cooiuiiiiiiiiiie e 107
3.1. Ethics approval for animal eXperimentation...........c.ccecueeeererierieneeiieneenenreneeeeeennes 107
3.2. Animal housing, diets, and experimental design...........cccceeviiriiieniieiienieeieieeee 107
3.3. Slaughter and tissue sample COIECtION ........cccuieiieriieiiieiieie e 108
3.4. Intestinal MOTPROLOZY ......eeiviieiieiiieiie et 109
3.5. Gene expression of amino acid and peptide tranSporters ..........cccveeeevveeecieeeriveeencveeenns 109
3.6. Chemical analyses of feed and intestinal content samples ..........ccceeeveeeciieenciieencnnenns 111
3.7. Marker quantification and digestibility calculations ...........ccccceeevveeeiieeeiieencieenieens 111
3.8, StatistiCal ANAlYSIS....cciiiiiriiieeiiiieeiieeeiee ettt e et e e e e s e e baeennbeeenns 112






AL RESUILS ..ttt ettt e b e et b e e bt e bt e et e bt e eteenaeeens 114
4.1. GeNeral ODSETVALIONS ......eeveriiiiiiieriieieeie sttt ettt ettt ettt ettt et saeesbeete et e naeenee 114
4.2. Intestinal morphology of duodenum, jejunum, and ileum.............ccceeeevveeecrieencneeennenn. 114

4.3. Relative expression of amino acid and peptide transporters along the small intestine 114

4.4. Jejunal digestiDIlIty .....cccuiieiiieeiiieecieeete et e e e e e s 114
5. DISCUSSION ..ttt ettt ettt ettt et e st e e e ab e et e e et e e bt e e abe e beeeabe e bt eenbeenseesabeanbaeenseenees 116
6. DECIATATIONS ...ttt ettt et a et b ettt eanes 121
SyNthesis OF the TESUILS .......uiiiiiieiie et e e e s reeeesaee e 122
GENERAL DISCUSSITON ...ttt ettt et 123
1. The postprandial amino acid metabolism of Pigs........cccceeviiiieriiiieiiieeieeee e 126
2. Physiological consequences of feeding pigs with different forms of amino acids ............ 130
3. FULUIC POISPECIIVES.....vieeiiiieiiiiectieeette e e ite et et e et e e eteeetaeeesbeeessaeesssaeesssaeesssaeessseeennseens 132
REFERENCES ... ..o ettt ettt ettt et e e ab e ateebeesaneens 135
List Of PUDIICATIONS .....eoutiiiiieiie ittt ettt ettt et e et esete e e saeeens 154
AINNEX T ettt ettt e b et e et e e bt e e bt e bee e abe e bt e enbeessbeenbeenaeeens 155
ANNEX 2 ettt et ettt e she e et b e st e b e et e nbe e eae e een 168






List of figures

Figure 1. Postprandial plasma kinetics (uM) of total amino acids of adult mini-pigs (n = 6)
after a meal test with three different experimental diets providing the same amount of total
amino acids with either an extremely hydrolyzed feather meal, feather meal, or poultry
meal as the SOIE Protein SOUICE .......c.eevuiieiieriieeiieie ettt ettt ettt see e be e eebeeseeeensees 28

Figure 2. Postprandial amino acid metabolism involving the constant exchange of amino
acids between the plasma and tissues of animals ............ccceeviieiiienieniiieiieeeee e 32

Figure 3. Plasma concentrations of total proteinogenic amino acids (uM) in the portal vein
of rats after gastric infusion of intact protein (m), hydrolysate (A ), or free amino acids (®)
with the same amino acid profile (Kodera et al. 2000) ..........cccoeeviieeiiieeiiieeieeeee e 37

Figure 4. Postprandial leucine plasma concentration (uLM) of healthy young men given free
amino acids (A), whey protein (A ), and casein (®) protein sources with identical amino
acid profile (Dangin et al. 2001).......cceiiiieiieiiieiieeie ettt ae e e eaae e 37

Figure 5. Model of the different metabolic and physiological effects of feeding
monogastric farm animals with different forms of dietary amino acid that is given as intact
protein or as hydrolysed protein or free amino acids. In the intestinal level, because intact
proteins still needs to be digested, more proteolytic enzymes are released after its ingestion
contributing to more endogenous protein losses (a) while feeding hydrolysates or free
amino acids lessens the need for these enzymes as hydrolysates are more easily digested
and free amino acids are immediately available for absorption (b). Furthermore, due to the
greater availability of hydrolysates and free amino acids, there are more amino acid and
peptide transporters found in the proximal part of the small intestine (c) although with this
increased substrate availability, amino acids may be directed to the liver for
deamination/catabolism (d). Since protein digestion takes time, the appearance of its
products in the plasma is more constant resulting in a characteristically flat kinetics of
amino acids after feeding intact proteins (e). Feeding hydrolysates and free amino acids
induces a quicker appearance of plasma amino acids and an asymmetric distribution of
postprandial plasma amino acids kinetics that is skewed towards the beginning (f). Plasma
amino acids induces the release of insulin that increases the uptake of amino acids by the
muscle and increase protein synthesis. However, in this postprandial state, due to the rapid
appearance of amino acids in the plasma after feeding hydrolysates or free amino acids,
there is a period of temporary imbalance of amino acid uptake of sites of protein synthesis,
like the muscle, that causes more amino acids to be catabolized compared to feeding intact
proteins (g). As a consequence to this increased rate of amino acid catabolism, more urea is
produced by the liver which can also be interpreted as a lower efficiency of use of dietary

10818 CeY e 1 (1) USRS 38
Figure 6. Circular production system of keratin by-products in the animal production cycle.
.............................................................................................................................................. 55
Figure 7. Production flowchart of the extensively hydrolysed feather used as the model
protein SoUrce in the thESIS ........ccciiiiiiiiiiie ettt 58
Figure 8. Amino acid (g'kg) profile of the extensively hydrolysed feather which is
exclusively made up of free amino acids and small peptides (< 800 Da) ........cccoceevverienne 59






Figure 9. Forrester diagram of the conceptual model where the plasma concentration of
amino acids (C, uM) is controlled by a target concentration (Crurger, WM) and the ingestion
of a diet provokes a change in the flow rate (4, min!) of amino acids in the plasma via two
prior compartments (X7 and X2) .....ccoccieriiiiiiieiieeieeie et 65

Figure 10. Example of a postprandial plasma amino acid kinetic curve.............ccccceuveenneee. 66

Figure 11. Observed (symbols; mean = SD) and estimated (lines) postprandial
concentrations of plasma Lys of growing pigs (A, n = 12) and plasma Cys of adult Yucatan
mini-pigs (B, n = 12) after feeding a diet with an extensively hydrolyzed feathers as a
source of an unbalanced amino acids (UNB) or a diet with extensively hydrolyzed feathers
supplemented with free amino acids (BAL) ......cccuioiieriiieiieciieieeeee e 80

Figure 12. Difference between diets in the apparent quantity of amino acids arriving in the
plasma after ingestion of the meal (Ogaz-uns) relative to the difference in diet supply
(dietpar:-ung) in adult Yucatan mini-pigs (A; n = 12) and growing pigs (B; n=12). ........... 81

Supplementary Figure 1. Kinetics of postprandial plasma concentration (mean + SD) of
inuslin (A), glucose (B), urea (C), and free fatty acids (D) of adult (solid lines; n = 4) and
growing (dotted lines; n = 4) pigs for 360 min after feeding a diet with an extremely
hydrolyzed feather as a sole protein source with either a balanced (BAL, triangle) or
unbalanced (UNB, circle) amino acid profile.........c.ccceeeviiiiiiiiiiiniiiiieniecieeee e 81

Figure 13. Postprandial plasma kinetics (mean + SD) of glucose (A), insulin (B), and urea
(O), of pigs (n = 24) after feeding a diet whose amino acids originated from protein (INT),
extensively hydrolysed protein (HYD), or free amino acids (FAA) .....ccooceveriiniieninienene 96

Figure 14. Observed (symbols; mean + SD) and estimated (lines) postprandial
concentrations of plasma Met (A) using the 3-parameter model and plasma Val (B) and Thr
(C) using the 4-parameter model of pigs (n = 24) after feeding a diet with amino acids
originating from protein (INT), extensively hydolysed protein (HYD), or free amino acids

Figure 15. The change in the apparent quantity of amino acids arriving in the plasma after
feeding over the change in the dietary amino acid supply of diet INT over either diet HYD
(Quyp:ivt/dietryp:int) ot diet FAA (QFA4-INT/AIEIFALINT) «ovveveveeeeeeiieeeeeeseee e 97

Figure 16. The change in the apparent quantity of amino acid arriving in the plasma after
feeding over the change in the dietary amino acid supply of diet HYD over diet FAA
(QHYD:FAMICLHYD:FAL) «evveeveeeveseeeeeeeeie et ettt ettt et ettt ese e stseaeesseeasesseessassseseenseennans 97

Figure 17. Intestinal morphology of the duodenum, jejunum, and ileum (mean + SD) of
pigs (n = 30) fed a diet whose amino acids originated from intact protein (INT), extensively
hydrolysed protein (HYD), or free amino acids (FAA). Different letters within an intestinal
segment differ significantly (P < 0.05)....c.cioviiiiiiiiiiiiieeiie e 114

Figure 18. The normalized, relative gene expression (mean + SD) of different amino acid
transporters and the intestinal peptide transporter of different segments of the small
intestine of pigs (n = 30) fed a diet whose amino acids originated from intact protein (INT),
extensively hydrolysed protein (HYD), or free amino acids (FAA). HSPCB and PPIA were
used as reference genes. Different letters within a gene differ significantly (P <0.05) .... 114






Figure 19. The influx of amino acids from the diet (blue) and tissue mobilization (yellow)
into the plasma (what we measure) and its outflux (green) for protein synthesis and
CALADOLISIIN ...ttt ettt et sttt b et et sa e b eanes 126

Figure 20. The morphology (mean + SD) of the duodenum (DUO), jejunum (JEJ), and
ileum (ILE) of pigs in Experiment 2B (n = 30). Different letters within a section differ
SIGNIFICANTLY (P < 0.05) ciiniiiiiieiieeie ettt ettt ettt e et e e saaeenbeeseneenneas 131

Figure 21. The normalized, relative gene expression (mean = SD) of different amino acid
transporters and the intestinal peptide transporter in the three sections of the small intestine
of pigs in Experiment 2B (n = 30). HSPCB and PPIA were used as reference genes.
Different letters within a section differ significantly (P <0.05) .....ccccocvievienciinnieniieenne, 131






List of tables

Table 1. Protein and amino acid digestibility (%) of different protein sources fed to
MONOEAStIiC fArmM ANIMALS ........ceitiiiiiiiiieie ettt e steessee e eee 36

Table 2. Nutritional classification of proteinogenic amino acids in the diets of monogastric

FATM ANIMALS. ..ottt sttt et et saeens 41
Table 3. Major poultry production by-products and some of their potential uses................... 55
Table 4. Amino acid composition (g-kg-1) of different keratinous materials. ........................ 56
Table 5. Typical nutrient composition of feather meal .............cccceeeiiieiiiieniiiice e, 57

Table 6. Nutrient composition of feather meal compared to the extensively hydrolysed feather

.................................................................................................................................................. 59
Table 7. Summary of the animal experiments of the thesis.........cccccoceviriiniiiniininiine 63
Table 8. Nutrient and amino acid content of extensively hydrolysed feathers and analysed
composition (as fed) of the balanced (BAL) and unbalanced diets (UNB) fed to adult and
BEOWITIZ PIES 1evteuteeeuteetieeiteettesite e tteeateebeeeateebeeeabe e seeeabeesseeenbeaseesabeeseeenseenseesnseenseeenseeseesnseas 76

Table 9. Parameter estimates describing the postprandial kinetics of plasma amino acids of
adult pigs fed diets containing extensively hydrolysed feathers with either a balanced or
unbalanced amino acid Profile ...........cocviiiiiiiiiiiie e e 80

Table 10. Parameter estimates describing the postprandial kinetics of plasma amino acids of
growing pigs fed diets containing the extensively hydrolysed feathers with either a balanced
or unbalanced amino acid Profile ........c.eecvuiiieiiiiieiiiieciie e e 80

Table 11. Composition and nutrient analysis (as fed) of the three experimental diets fed to
ETOWINLE PIZS 1eeeuvvieeureeeureeeuteestreesiseeesseeessseesssseeessseeassseesasseeansseeansseessssessssesssseesnsseesssseesnseennns 92

Table 12. Estimates of the initial concentration (Cy) and change in target concentration (Cs)
of the postprandial plasma amino acid kinetics of growing pigs fed a diet with amino acids
originating from protein (INT), extensively hydrolysed protein (HYD), or free amino acids

Table 13. Estimate of the area under the curve (4UC) and the fractional flow rate (1) of the
postprandial plasma amino acid kinetics of growing pigs fed a diet with amino acids
originating from protein (INT), extensively hydrolysed protein (HYD), or free amino acids

(F A A ettt ettt ettt h et e h et et s e te et et e bt e e e ntenaeenee 96
Table 14. Composition and nutrient analysis (as fed) of the three experimental diets fed to
ETOWINLE PIZS veeeuvveeeereeeureeeiuteesuteeeaseeesseeesseeessseeessseesasseeessseesssseesssseesnsssesssssessseensseessseesnsees 107

Table 15. Primers for the real-time quantitative PCR analyses of cDNA derived from mRNA
of different target genes of intestinal amino acid and peptide transporters and the reference
JodS) 1 (ST 1< PSP STRRR 110

Table 16. Digestibility (%) of dietary amino acids measured in the jejunum of pigs fed a diet
whose amino acids originated from intact protein (INT), extensively hydrolysed protein
(HYD), or free amino acids (FAA) .....ueeoiieeeeeeeee ettt 114

10






Table 17. Dry matter digestibility (%) in the different section of the small intestine of
growing pigs fed an experimental diet whose amino acid comes in the form of intact protein
(INT), extensively hydrolysed protein (HYD), or as free amino acids (FAA) .....c.ccceceeueneee. 130

Table 18. The fraction of peptides and its contribution to the total amino acid content of the
extensively hydrolysed feathers .........c.cooviiiiiiiiiiiiiececeee e 133

11






Synthése en francais

SYNTHESE EN FRANCAIS

12






Synthése en francais

1. Introduction

Ce projet de these CIFRE (convention n® 2018/1771) a été réalisé dans le cadre d'un partenariat
entre 1’Institut National de Recherche pour I’ Agriculture, I’ Alimentation, et I’Environnement
(INRAE) et une entreprise, BCF Life Sciences (Pleucadeuc, France). Cette entreprise est
spécialisée dans la valorisation des plumes de volailles par une hydrolyse intensive
principalement pour la production de L-cystine et de L-tyrosine ainsi qu’un hydrolysat riche en
acides aminés (AA) qui est utilis¢é comme source de protéines pour l'alimentation animale,
notamment pour animaux de compagnie et pour poissons.

Pour les animaux, les protéines sont essentielles a la vie car ces macronutriments constituent de
nombreuses biomolécules qui ont une variété de fonctions importantes et cruciales. La synthése
de toutes les protéines dont l'animal peut avoir besoin se produit tant qu'il dispose des substrats
pour le faire. Les plus élémentaires de ces substrats sont les vingt AA protéinogeéniques. Tant
que l'animal dispose d’une quantité suffisante de ces AA par rapport a ses besoins, la synthése
normale des protéines peut avoir lieu. Comme les animaux n'ont pas la capacité de synthétiser
certains des AA protéinogeniques, ils doivent les obtenir via leur alimentation (Wu 2014).
Cependant, les AA sont fournis par une variété de sources de protéines qui apportent des AA
sous différentes formes (i.e., protéine intacte ou AA libre) et des profils variables (i.e., équilibré
ou déséquilibré). Ces deux propriétés des protéines alimentaires peuvent avoir un impact
significatif sur la biodisponibilit¢ des AA pour les porcs et peuvent affecter leur statut
métabolique et physiologique. Un profil équilibré en AA alimentaire peut avoir des effets
positifs sur l'utilisation de I'AA pour la synthése des protéines et réduire l'excrétion d'azote (Ten
Have et al. 2007; Kampman-van de Hoek et al. 2016). Cependant, la forme des AA alimentaires
peut influencer 1'absorption par 1'animal (Liu et al. 2013; Chrystal et al. 2020a), ce qui peut

affecter sa physiologie intestinale (Zhang et al. 2013; Morales et al. 2017); ainsi que
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’utilisation par les tissus périphériques (Gwin et al. 2020; Weijzen et al. 2022). Ces deux
aspects, I'équilibre et la forme des AA alimentaires, sont le sujet principal de cette thése.

Pour poursuivre notre ¢tude de 1'équilibre et de la forme de 1’apport, nous avons choisi d'utiliser
une source de protéines modele qui est constituée de plumes traitées par hydrolyse acide
extensive (EHF) fabriqué par BCF Life Sciences. Cela nous a permis d'utiliser un produit dont
le profil d'AA est intrinséquement déséquilibré, avec de faibles niveaux d'’AA comme lysine,
méthionine, histidine, et tyrosine. D’autre part cette méthode de traitement transforme toutes
les protéines sous une forme qui peut étre absorbée immédiatement sans besoin de digestion
(Kersanté et al. 2021). En effet, la fraction protéique des EHF est constituée a 82% d'AA libres
tandis que le reste est sous forme de petits peptides. En raison de la forme des AA dans les
EHF, nous pouvons facilement 1'équilibrer a 1'aide d'AA libres sans avoir 1'effet confondant de
donner des AA qui sont absorbés a des taux différents (Batterham and Bayley 1989).
Actuellement, les plumes sont principalement utilisées dans 1'alimentation animale sous la
forme de farine, aprés un traitement a la vapeur et sous pression. Par rapport aux EHF, la farine
de plumes a une digestibilité plus faible car sa fraction protéique doit encore étre digérée avant
d'étre absorbée (Grazziotin et al. 2006). En utilisant I’EHF et la farine de plumes, nous pouvons
donc étudier l'effet de la forme des AA alimentaires en utilisant des produits provenant de la
méme source et ayant un profil d'AA comparable. En utilisant ’EHF comme source de
protéines modele, I’objectif de la thése était d'étudier les conséquences métaboliques et
physiologiques de l'alimentation des animaux (1.) avec un régime dont le profil en AA est
déséquilibré et (2.) un régime dont les AA se présentent sous la forme d'AA libres et de petits

peptides au lieu de protéines intactes.
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2. Procédures expérimentales

Comme la réponse métabolique et physiologique des animaux est tres liée a leur biologie, les
expériences in vitro ne seraient pas en mesure de reproduire avec précision certains mécanismes
que nous voulions mesurer dans la thése. Nous avons donc décidé que la meilleure approche
était une approche in vivo, avec des expériences sur les animaux. Nous avons choisi le porc
comme animal mod¢le car il est suffisamment grand pour effectuer des prélévements sanguins
en série. Les porcs utilisent généralement les AA ingérés pendant un repas pour leur croissance
et leur entretien. Les concentrations plasmatiques d'AA sont affectées par 1'absorption desAA
alimentaires, la dégradation des protéines, la synthése de novo, ainsi que 1'absorption d'AA et
la synthése protéique des tissus périphériques. Le métabolisme animal étant souvent compris
comme un taux métabolique, notre approche a consisté a mesurer les changements dans les
concentrations plasmatiques des métabolites, y compris les AA, pour représenter la réponse de
l'animal au régime alimentaire (Kimball and Jefferson 2002; Lobley and Lapierre 2003; Bos et
al. 2003). En effectuant les mesures postprandiales, nous avons pu attribuer les changements
des concentrations plasmatiques a la réponse au régime alimentaire.

L'intestin des porcs est trés adaptable a divers facteurs, notamment a la disponibilit¢ des
nutriments dans le régime alimentaire (Boudry et al. 2002). On peut donc s'attendre a ce que
l'alimentation en AA ayant des cinétiques de digestion et d'absorption différentes, comme des
protéines et des AA libres, induise des changements dans la physiologie de l'intestin gréle.
Cependant, l'intestin est un organe long et tubulaire, souvent divisé en trois sections distinctes
(i.e., duodénum, jéjunum et 1'iléon). L’effet de la cinétique d’absorption des AA de chaque
source (farine ou hydrolysat) sur la physiologie intestinale peut donc différer selon la section
d’intestin étudiée.

Nous avons réalis¢ trois expériences dans cette theése, chacune ayant ses propres objectifs

scientifiques indépendants. Les expériences ont été approuvées par le Ministere de la Recherche
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(premiére expérience : n° 2019041610073508; deuxieme et troisieme expérience : n° 27196-
2020091509061764 v2) conformément a la directive sur I'expérimentation animale (2010/63).
Tous les porcs dans les expériences qui ont été équipé de cathéters jugulaires ont été placés afin
d'effectuer des prélévements sanguins fréquents sans douleur ni stress.

Dans la premiere expérience, l'objectif était de mesurer 1'évolution de la concentration
plasmatiques des métabolites et des hormones (AA, glucose, insuline, acides gras libres, lactate
et urée) apres l'ingestion d’un repas test. Cette expérience a été réalisée avec 4 Yucatan mini-
porcs adultes (38.7 + 2.9 kg) et 4 porcs en croissance (Piétrain x [Large white x Landrace]; 48.9
+ (.8 kg). L'utilisation de ces deux types de porcs nous permet d'étudier la réponse métabolique
d'animaux ayant une utilisation contrastée des AA. Les porcs adultes ont un faible dépdt de
protéines car ils mangent principalement pour se maintenir, tandis que les porcs en croissance
ont un dépdt élevé de protéines car ils grandissent. Le repas test est une technique expérimentale
dans laquelle un porc est nourri avec un régime aprés un état de jetine (>12 h) et la réponse
postprandiale est suivie par des prélévements sanguins en série (pendant 6 h). Dans le régime
BAL, L-Lys, L-Met, L-His, L-Ile et L-Tyr ont été ajoutés pour équilibrer le profil AA des EHF
en fournissant tous les AA essentiels limitants. Pour s'assurer que la quantité d'AA totaux était
la méme pour tous les régimes (pour les porcs adultes et en croissance), des AA purifiés non
essentiels L-Ala, L-Asp, L-Glu et L-Gly ont été ajoutés dans tous les régimes. Enfin, L-Trp a
été ajouté a tous les régimes dans la méme quantité, car 'EHF ne contient pas cet AA qui est
essentiel chez les porcs. Pour les repas tests, chaque régime a été¢ donné a chaque porc trois fois
(6 repas tests par porc au total), permettant a chaque porc d'étre son propre témoin. Les jours
en dehors des repas tests, les porcs ont €été nourris avec le régime BAL.

Dans la deuxieme expérience, l'objectif était d‘observerla réponse métabolique postprandiale
des porcs en croissance apres l'alimentation de différentes formes d'AA. Nous avons donc

préparé trois régimes alimentaires expérimentaux avec différentes formes de l'apport d'AA
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alimentaires : des protéines intactes (INT), ou de I'AA libre et des petits peptides provenant de
EHF (HYD), ou sous forme d'AA libre utilisant des AA purifiés (FAA). Ces trois régimes
présentaient des profils AA similaires. Nous avons donné ces régimes alimentaires a 30 porcs
en croissance (Piétrain x [Large white x Landrace] ; 33.7 £ 4.1 kg). Comme I'expérience 1, nous
avons utilisé la technique du repas test dans cette expérience. Mais, cette procédure n'a été
effectuée qu'une seule fois pour chaque porc.

Enfin, pour la troisiéme expérience, nous avons étudié les effets de la forme des AA
alimentaires sur la physiologie digestive des porcs en utilisant les mémes porcs et les mémes
régimes expérimentaux que ceux de la deuxieéme expérience. Apres 14 jours d'alimentation,
nous avons abattu les porcs 3 h apreés leur avoir donné un régime avec des marqueurs
indigestibles. Nous avons ensuite prélevé des tissus du duodénum, du jéjunum et de 1'iléon afin
de les utiliser pour des mesures la morphologie intestinale et l'expression de différents
transporteurs d'AA. Nous avons également prélevé des échantillons de digesta pour mesurer la

digestibilité des AA.
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3. Expérience 1 : Réponse du métabolisme postprandial de porcs adultes et en croissance
apres ’alimentation avec un profil d'acides aminés équilibré et déséquilibré

Les concentrations plasmatiques des métabolites que nous avons mesurées se situaient dans la
fourchette des concentrations mesurées dans d'autres expériences (Mohamed et al. 2019 ;
Campos et al. 2019). Mais les concentrations plasmatiques ne représentent pas les flux de
nutriments, qui sont directement contrdlés par le métabolisme des porcs (Cynober 2002; Liao
et al. 2018). Ainsi, pour mieux caractériser la réponse métabolique globale des porcs, nous
avons développé un modele conceptuel qui simplifie la cinétique postprandiale des porcs en
trois ou quatre parametres avec une signification biologique (van Milgen et al. 2022).

Conformément a notre hypothése, 'alimentation des porcs avec un régime au profil en AA
équilibré entraine une utilisation plus rapide des AA alimentaires (i.e., pour la synthése des
protéines) par rapport a l'alimentation avec un profil en AA déséquilibré (Tuitoek et al. 1997;
Moehn et al. 2004a; Kampman-van de Hoek et al. 2016). Nous avons observé cela en estimant
l'aire sous la courbe (AUC, puM-min) a I'aide de notre mod¢le, qui s'est trouvé étre généralement
plus faible pour le régime BAL par rapport au régime UNB. L'AUC est représentatif de
l'exposition métabolique des porcs aux AA alimentaires apres 'alimentation, c'est le résultat de
l'influx (i.e., absorption alimentaire apres le métabolisme de l'intestin et foie, mobilisation a
partir d'autres tissus) et de Dl’efflux (i.e., synthése des protéines, conversion en d'autres
molécules, catabolisme pour excrétion) d'AA dans le plasma apres 1'alimentation (van Milgen
et al. 2022). Il y a deux explications au fait qu'elle puisse étre plus basse. La premicre est qu'elle
peut signifier une plus rapide disparition d'AA dans le plasma, ce qui suggere une utilisation
postprandiale plus rapide. D'autre part, cela pourrait signifier que la quantit¢ d'AA dans
l'aliment est faible. Cette deuxieme hypothése pourrait expliquer les AUC de Lys, Met, et His
particulierement faibles lors de 1'alimentation avec le régime UNB, car ces AA sont limitant
dans ce régime. En outre, leur concentration finale (lors du dernier prélévement sanguin) était

inférieure a leur concentration initiale (dans I'expérience, celle-ci était mesurée par le paramétre
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Cs, uM). Nous pensons que cela est dii a leur demande continue apres I'alimentation, méme si
leur apport dans le régime est limit¢.

Nous avons également confirmé les résultats d'une autre expérience qui a montré que les porcs
en croissance ont des besoins en protéines et en AA plus élevés que les porcs adultes. En effet,
leur dépdt de protéines est encore élevé alors que les porcs adultes mangent surtout pour
l'entretien, avec des taux de synthése de protéines plus faibles (Moehn et al. 2004b). Cela se
refléte dans 1'4UC des porcs en croissance qui est généralement plus faible que '4UC des porcs
adultes. De plus, les porcs en croissance semblent étre plus affectés par le déséquilibre de I'AA
alimentaire puisque leur AUC pour le régime UNB est beaucoup plus grande que 1'4UC des
porcs adultes nourris avec UNB. Cela peut étre dii au fait que nous avons comparé '4UC, qui
comprend 4 la fois l'influx et I’efflux desAA dans le plasma. Etant donné que les porcs en
croissance ont un taux de synthese des protéines plus élevé (donc un efflux plus important) que
les porcs adultes, il est logique qu'ils soient plus affectés par un profil en AA déséquilibré. Cela
explique également pourquoi les porcs en croissance semblent étre plus sensibles que les porcs
adultes a un régime alimentaire dont le profil en AA est déséquilibré. Lorsque I'alimentation
contient des quantités limitées d'AA, les porcs en croissance ont plus de difficultés que les porcs
adultes a assimiler les AA libres absorbés du plasma dans les tissus (Kerr et al. 2003; Moehn et
al. 2004b).

Nous avons également trouvé que le métabolisme de premier passage dans l'intestin et le foie
joue un role relativement important dans I'homéostasie de I'AA chez les porcs adultes. En effet,
les différences d'apport en AA alimentaire entre BAL et UNB entrainent des différences plus
faibles dans les concentrations plasmatiques. Nous avons mesuré cela dans la différence de
parametre O (uM) entre deux régimes. La paramétre Q représente la quantité apparente d'AA
alimentaire apparaissant dans le plasma, il a été calculé en utilisant le modele. En utilisant cette

méthode, nous avons trouvé qu'une quantité moindre d'AA alimentaire atteint le plasma des
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porcs adultes par rapport aux porcs en croissance. Nous attribuons cette différence a la
différence au sort de I'AA alimentaire entre les porcs adultes et les porcs en croissance. Chez
les adultes, les AA alimentaire sont principalement utilisés pour le renouvellement des protéines
corporelles, y compris les sécrétions endogenes, et le catabolisme. Ces processus sont
principalement controlés par le foie (Munro 1974). Alors que les 'AA sont principalement
utilisé pour la synthése et l'accrétion des protéines musculaires chez les porcs en croissance
(Whittemore et al. 2001; Moehn et al. 2004a) ; cela peut signifier que les porcs en croissance
apportent le plus d'AA possible dans le plasma pour supporter les besoins des tissus

périphériques.
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4. Expérience 2 : Réponse métabolique des porcs aprés 1'alimentation d'un régime avec
des formes différentes d’acides aminés

L'expérience 2 a ¢été réalisée avec le technique de repas test comme celle de la premiére
expérience. Nous avons donc également modélisé les concentrations plasmatiques
postprandiales des AA. Les résultats ont clairement montré que les protéines intactes et les AA
libres sont absorbés a des taux trés différents. Ce que nous avons trouvé €tait conforme a notre
hypotheése et aux résultats d'autres expériences (Liu et al. 2013; Weijzen et al. 2022). Le régime
INT a donné lieu a une cinétique trés plate par rapport a HYD et FAA, cela était évident
simplement en regardant leur cinétique plasmatique postprandiale mais plus encore dans les
parameétres estimés du modele. Ces différences étaient trés probablement dues aux différences
de dynamique digestive entre les régimes expérimentales, d'autres expériences ayant abouti a
des résultats similaires (Weijzen et al. 2022).

Cependant, nous avons trouvé que l'alimentation FAA entraine une apparition plus rapide et
des concentrations plus élevées d'AA alimentaire dans le plasma par rapport 8 HYD. Comme
mentionné précédemment, bien que le HYD soit principalement composé d'AA libres, de petits
peptides sont toujours présents. Ceci n'est pas en accord avec d'autres expériences qui ont trouvé
que l'alimentation en peptides entraine une absorption plus rapide des AA alimentaires (Hara et
al. 1984; Hegarty et al. 2015). Mais c'est peut-Etre parce que les peptides ne représentent qu'une
petite partie de des AA totaux dans HYD. Cependant, une autre explication pourrait étre que
par rapport aux FAA, il pourrait y avoir plus d'AA retenus dans l'intestin gréle et le foie lorsque
les porcs sont nourris avec le régime HYD. Nous 1'avons vu lorsque nous avons calculé le O
des régimes et l'avons mis en relation avec la quantité d'AA et avons constaté qu'il était plus
faible pour HYD par rapport aux FAA. Il se peut que la rétention des petits peptides dans
l'intestin gréle est plus élevée que celle des AA libres. Il se pourrait donc que le HYD ait été

absorbé plus rapidement, mais que moins d'AA soient apparus dans le plasma.
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Cependant, on ne sait toujours pas si le taux d'apparition rapide des AA alimentaires dans le
plasma (i.e., HYD et FAA) est meilleur qu'un taux d'apparition lent (i.e., INT). Méme si ces
résultats entrainent une différence trés marquée dans la forme de la cinétique postprandiale,
nous ne savons pas vraiment s'ils induisent une différence dans 1’utilisation ou la synthése
protéique des animaux. c’est notamment vu dans la concentration d’urée postprandiale et ce
que l'on constate dans une étude précédente (Chrystal et al. 2020b). L'alimentation de INT
entraine une concentration en urée plasmatique plus ¢élevée a 1'état de jeline par rapport a
l'alimentation HYD et FAA. Mais aprés l'alimentation, nous voyons clairement que la
concentration d'urée plasmatique diminuent avec le régime INT alors qu’elle augmente avec
HYD et FAA. Comme l'urée est souvent utilisée comme un proxy pour estimer le catabolisme
de 'AA (Chen et al. 1995; Bos et al. 2003), nous pouvons dire qu'il y avait relativement plus
d'AA catabolisé dans la période postprandiale lorsque le régime est composé d'AA libre et de
petits peptides au lieu des protéines intactes. Néanmoins, les concentrations d'urée étaient
toujours plus élevées pour I'INT a la fois dans la concentration a jeun et tout au long de la

période postprandiale.
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5. Expérience 3 : Réponse physiologique des porcs aprés I'alimentation avec des formes
différentes d’acides aminés

Dans la troisiéme expérience, comme prévu, nous avons vu que la digestibilité desAA de INT
était beaucoup plus faible que celle de HYD et FAA. Ce que nous avons mesuré pour INT est
proche de ce qui est rapporté par d'autres expériences (Sulabo et al. 2013; Park et al. 2020a).
Bien qu'une observation treés notable ait été que la digestibilité de HYD était généralement plus
¢levée que celle de FAA. Les formes d'AA présentes dans ces deux régimes sont facilement
absorbables sans qu'il soit nécessaire de les hydrolyser. Nous nous attendions donc a ce que
leur digestibilité soit assez similaire. Une explication possible de ce observation est que
l'absorption des petits peptides est plus rapide que celle des AA libres individuels, ce qui est
confirmé par d'autres études (Hara et al. 1984; Ten Have et al. 2007)

Les données morphologiques mesurée sur les trois sections de 1'intestin gréle du porc dans cette
expérience sont conformes a celles rapportées par d'autres expériences (Guay et al., 2006; S.
Park et al., 2020). Une plus grande surface de l'intestin (i.e., la longueur des villosités par
rapport a la profondeur de la crypte) permet une plus grande absorption et la libération d'une
plus grande quantité d'enzymes digestives (Dibner and Richards 2004; schulze 2006). De plus,
l'alimentation des porcs avec des régimes hautement digestibles entraine une augmentation de
la hauteur des villosités et du ratio villosités/crypte (Yun et al. 2005; Park et al. 2020b), ce que
nos résultats ont pu confirmer mais uniquement dans le jéjunum.

Nous avons vu que 'expression de PepT1 était plus élevée dans le duodénum des porcs nourris
avec INT. Ceci était totalement inattendu car qu'il ne devrait pas y avoir beaucoup de peptides
facilement absorbables pour INT dans cette section de l'intestin. Le temps de transit de la partie
soluble du digesta est trés rapide dans la partie proximale de l'intestin gréle, cela n'a peut-étre
pas donné assez de temps pour que la plupart des peptides de 'HYD soient absorbés dans le
duodénum (Schop et al. 2019; Selle and Liu 2019). Cela peut également étre la raison pour

laquelle 1'expression de PepT1 dans le jéjunum était plus élevée pour HYD par rapport au

23






Synthése en francais

duodénum. Par ailleurs, I'expression de ASCT2 et CAT-1 dans le jéjunum était la plus élevée
chez les porcs nourris au HYD ; ces deux transporteurs peuvent transporter la plupart des AA
(Broer and Fairweather 2018). Cela peut contribuer a expliquer la digestibilité plus élevée de

HYD par rapport a FAA.
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6. Conclusion

Chez les porcs nourris avec un régime présentant un profil d'AA déséquilibré et des quantités
limitées de certains AA essentiels, comme les EHF, les cinétiques plasmatiques montre que les
concentrations en AA essentiels limitant sont inférieures aux concentrations a jeun. Cependant,
le fait d'équilibrer le profil en AA des régimes alimentaires en fournissant des AA limitants
avec des AA purifiés entraine généralement des concentrations plasmatiques d'AA plus faibles,
ce qui suggere une utilisation globale plus élevée des AA au cours de la période postprandiale.
Il convient toutefois de faire preuve de prudence, lorsqu'il s'agit d'équilibrer le profil AA des
protéines intactes avec les AA libres. Contrairement aux EHF, les AA des sources protéiques
sont absorbés moins rapidement par rapport aux AA libres, ce qui peut également entrainer un
déséquilibre transitoire des AA lorsque des AA libres sont ajoutés en grandes quantités, en
raison d’un différentiel de temps d’arriver des AA alimentaires dans le plasma. Cela signifie
¢galement qu'il existe une différence de biodisponibilité entre les AA provenant de protéines
intactes et de les AA libres, ce qui peut influencer le statut métabolique global des porcs. Enfin,
la forme de I'A A alimentaire peut entrainer des changements dans la physiologie des différentes
sections de l'intestin gréle des porcs, comme la morphologie de la surface de la lumen et

I'expression du géne de différents transporteurs d'AA et de peptide
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Introduction

The goal of feeding animals is to provide nutrients that are crucial for their life. Among these
nutrients are amino acids (AA), which are used by animals to synthesize its own proteins, as an
energy source, and as precursors for other biomolecules (Wu 2014). In animal feeds, AA are
usually supplied by different protein sources with varying AA profiles and digestibility. The
nutritional values of protein sources for animal diets are usually evaluated on their AA content
and profile, particularly for the content of essential AA, as well as their digestibility. High
quality protein sources for animal feeds are usually in competition with those used in human
diets. To make animal feed more sustainable, limiting this competition by using protein sources
in animal diets that are not used for human nutrition can be a solution (Gasco et al. 2020).
Nowadays, there are multiple technological methods to valorise different protein sources that
can also improve their nutritive value and digestibility. However, these protein sources need to
be evaluated for their nutritional properties to determine their effects on animal performance,

metabolism, physiology, and health.

One of the human-inedible protein sources is feathers, a typical by-product of poultry raising
operations that is also produced in bulk. Using feathers in animal feed greatly contributes to a
more circular economy as this means that we are reusing animal by-products that would
otherwise just be waste as an input for animal feed. Currently, feathers are being used in animal
diets as feather meal after processing by steam and pressure. However, a limitation of its use in
feed is that it has disproportionately low amounts certain essential AA like His, Lys, and Met

coupled with a relatively low digestibility (Grazziotin et al. 2006; Kerr et al. 2019)

The thesis is a CIFRE thesis in partnership with BCF Life Sciences (Pleucadeuc, France) that
specializes in the valorisation of feathers by extensive acid hydrolysis to produce purified L-
Tyr and L-Cys, which leaves a product with a mix of the rest of the AA of feathers (EHF).
Currently, EHF is being used in pet food diets as a hypoallergenic and highly digestible protein

source and in aquaculture feed as a palatability booster. Due to the method of processing, the
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Introduction

protein fraction of this product is transformed to free AA (82% of all AA) and small peptides
(di- and tri-peptides with <800 Da molecular weight). Although, the process also makes its AA
profile more unbalanced than feather meal as, in addition to the very low amounts of His, Lys,
and Met, it is also deficient in other essential AA like Tyr and Cys as they are taken out to be
sold as purified AA. Furthermore, it is completely devoid of Trp that is inevitably destroyed
with acid hydrolysis. Even though it might not be interesting in a nutritional point of view when
used alone, its unique properties of being made up of free AA and small peptides makes it very
different from the most commonly used protein sources in animal nutrition and makes it a good
candidate to be used as a model protein source for studies involving dietary AA balance and

form.

In a previous study performed by INRAE PEGASE (Saint-Gilles, France), it was found that
feeding adult pigs with EHF results in elevated concentrations of total AA in the plasma up to
6 hours after feeding compared to other protein sources (i.e., feather meal and poultry meat
meal) providing the same amount of TAA whose profiles were deliberately left unbalanced
(Figure 1 adapted from Meniga et al. 2017). Elevated plasma AA concentrations for extended
periods (i.e., 6 hours in this case) can be an indication of low AA bioavailability and utilization
(i.e., for protein synthesis, bioconversion to other molecules, etc.) by peripheral tissues (Lobley
and Lapierre 2003). Thus, feeding pigs with EHF can induce a unique metabolic and
physiological response compared to typical protein sources used in animal diets. It was
hypothesized that the unexpected response of pigs fed EHF was the consequence of its
unbalanced AA profile and the fact that its AA fraction is made up of free AA and small
peptides. Hence, the scientific questions of the thesis were formulated. Using pigs as an animal
model and EHF as a model protein source, the thesis aims to study the postprandial AA

metabolism and digestive physiology of feeding pigs (1.) with a diet with an unbalanced AA
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profile and (2.) a diet who’s AA comes in the form of free AA and small peptides instead of

intact proteins.

The dissertation is divided into four main sections. In the first section, a review of the literature
was done to better understand how AA metabolism can be affected by dietary AA balance and
form and how EHF can be used as a model to study these concepts. The subsection dealing with
feeding monogastric animals with different dietary AA forms was published as a literature
review (Eugenio et al. 2022). For the second section, we present the rationale of our
experimental strategies and briefly describe the techniques that we used in the animal
experiments of the thesis. The first experiment (Exp. 1) deals with the metabolic consequences
of feeding adult and growing pigs with a diet with either a balanced or unbalanced AA profile.
For the second experiment, we studied the postprandial AA metabolism (Exp. 2A) and digestive
physiology (Exp. 2B) of pigs in response to feeding diets that supplies AA in different forms.
We present and discuss the results of these experiments in the third section of the dissertation.
The fourth and final section includes the general discussion that synthesizes the results of the
experiments and examines what we learned and the potential limitations and gaps in our

research. It also includes future perspectives and research ideas based on our findings.
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The justification of the use of EHF as an experimental model to study the effects of the balance
and form of dietary AA on the metabolic and physiological responses of animals requires a
thorough discussion on each of these topics. We begin with a brief overview of protein and
AA metabolism with an emphasis on the postprandial period (subsection 1). We then focus
on the effects of the balance and form of dietary AA and their effects on AA metabolism and
physiology of animals to contextualize the themes that will be discussed in the thesis. One of
the outputs of the thesis was a review paper focusing on feeding AA supplied as proteins,
peptides, or free form to monogastric animals. The review paper is used here as part of the
bibliography (subsection 2) and is followed by a subsection dealing with the metabolic effects
of dietary AA balance. Lastly, we will discuss the technical and nutritional properties of EHF

and other keratinous products used in animal nutrition.
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1. Amino acid metabolism during the postprandial period

The immediate period after feeding is typically called the postprandial period. For AA, the
postprandial period includes the digestion of dietary proteins, absorption of free AA and small
peptides by the enterocytes, the metabolism of AA by the intestine and liver, the appearance of
AA in the plasma, and the subsequent uptake and metabolism by different tissues. All these
processes happen within a couple of hours after ingestion (Mariotti et al. 2000; Bos et al. 2003).
After absorption, dietary AA will be used first by enterocytes and hepatocytes (i.e., for their
protein synthesis or for bioconversion to other molecules) before delivering and making them
available in the systemic circulation for the uptake by peripheral tissues (Pratt et al. 2002).
Hence, the metabolic use of AA by the intestine and the liver can affect the amount and profile
of AA appearing in the plasma. All plasma AA beyond the collective need of the peripheral

tissues will ultimately be catabolised and lost (Brosnan 2003; Broer and Broer 2017).

The use of dietary AA by the intestine and liver is straightforward as they retain what they need
before delivering AA to the peripheral. The use of AA by peripheral tissues depends on many
factors like the metabolic requirement and status of animal. The rate of utilization of AA, or at
least cellular uptake, is increased after feeding (Pratt et al. 2002; Liao et al. 2018). In Figure 2,
we see how the arrival of dietary AA in the plasma can influence the constant and obligatory
protein synthesis and breakdown (also known as protein turnover) and the interchange of AA
between three AA pools of the body, namely the plasma free AA pool, intracellular free AA

pool, and the tissue protein pool (Lobley 2003; Broer and Broer 2017).

Protein turnover is a biological fact of life for all animals as it enables the obligatory exchange
of AA between the different pools. This exchange of AA is an important mechanism for the
replacement of any damaged protein, the supply of nitrogen for the de novo synthesis of AA,
and to accommodate for the changing demands of the animal (Pratt et al. 2002; Moughan

2003). Without a stimulus (i.e., feeding), this turnover is constant and the reason why the
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concentrations of plasma AA is never zero even after prolonged fasting. The period when the
turnover is constant is often called a steady state, where the AA inflow and AA outflow is
equal (Munro 1974; Bertolo et al. 2000). But after feeding and as dietary AA arrive in the
plasma, the plasma AA pool temporarily gets bigger, which drives the uptake of AA by tissues
and protein synthesis (Cynober 2002; Bos et al. 2003; Lobley 2003). The increase in
metabolic rate is temporary, eventually slowing down once the plasma AA pool gets smaller
once plasma AA gets taken up by tissues and either utilized (i.e., for protein synthesis or
catabolism for bioconversion to other molecules) or to be lost after excreted. At any given
time, the amount of AA in the three pools (or the size of the pools) is both maintained and
regulated by the constant exchange of AA with each other (Wheatley et al. 1986; Brosnan

2003)

33






Literature Review

2. Feeding intact proteins, peptides, or free amino acids to monogastric farm animals

Review paper published in the journal Amino Acids
https://doi.org/10.1007/s00726-021-03118-0
See the published material in Annex 1

To become more sustainable, the negative environmental impact of farm animal production has
to be reduced. This had led to global adjustments in animal feeding, like the reduction of the
crude protein (CP) content in the diet and the better adjustment of dietary supplies to the
nutritional requirements of the animal for maintenance and other physiological needs (e.g.,
growth, reproduction). Soybean meal is the most widely used protein source in diets of
monogastric farm animals such as pigs and poultry, due to its favourable AA profile and high
digestibility (Cromwell 2000). However, its use around the globe has been questioned because
of the carbon and nitrogen footprint related to its production, which is mainly concentrated in
the United States and Brazil. These aspects have contributed to a reduced use of soybean meal
in non-producing countries and the need to use alternative, locally-sourced ingredients (Florou-
Paneri et al. 2014; Garcia-Launay et al. 2014). Also, a considerable part of the protein supply
of monogastric farm animals originates from cereals (e.g., corn, wheat, barley). However, the
AA composition of cereals and other plant protein sources such as rapeseed meal is not as good
as the AA composition of soybean meal to fulfil the AA requirement. This, in combination with
the reduction of CP, has led to the use of free AA (e.g., Lys, Met, Thr, Trp, and Val) to ensure

a proper supply of AA while making the animal diet cheaper and more convenient to formulate.

The production of animal-derived products (e.g., meat, milk, and eggs) also results in the
production of by-products that are not used for human consumption (e.g., feathers, blood, and
offals). These by-products have been used as protein sources in animal feed but the risk of
pathogen transmission has reduced their use, especially in Europe. To reduce this risk, animal

proteins can be hydrolysed into peptides, a shorter chain of AA, which also improves the
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digestibility of proteins that are resistant “by nature” such as feathers. Hydrolysis of protein
sources provides an opportunity to valorise these by-products and turn them into viable

alternative AA sources in animal diets (Dieterich et al. 2014; Bah et al. 2016).

In monogastric farm animals, dietary AA can be supplied as intact proteins, peptides, or as free
AA. Free AA and small peptides can be absorbed directly by the gut while intact proteins and
larger peptides have to be hydrolysed through digestion in the gastrointestinal tract (Wu 1998;
Krehbiel and Matthews 2003). Consequently, different dietary forms of AA are absorbed at
different rates, which can have consequences on the postprandial metabolism of AA. This
literature review explores the interests and perspectives of supplying dietary AA in free form,
as peptides, or as intact protein, focussing on their use in the diets of monogastric farm animals
like pigs and poultry. It may help to understand AA metabolism in a context of using alternative

forms and sources of AA in farm animal diets.

2.1. Digestion of dietary protein and absorption of amino acids and small peptides

The provision of dietary AA is required for the production of animal-derived products as they
are the building blocks of proteins constituting meat, milk, and eggs. Proteins play diverse
functions such as serving as structural components (e.g., collagen, myosin, actin), as metabolic
substrates, and as catalysts to various chemical reactions like enzymes (Cox and Nelson 1942;
Wu 2013). Although there are about 700 naturally occurring AA, the focus of this review is on
the standard proteinogenic AA for animals, which are the 20 AA used for protein synthesis that
are encoded for in the standard genetic code (Cynober 2002; Wu 2013). Selenocysteine, a rare
AA found in some animal proteins (Clark and Pazdernik 2013), is not considered in this review.
Peptides can be categorized by the number of AA residues they have, which ranges from di-
and tri-peptides to longer oligopeptides with up to 20 AA residues. Those with even more AA

residues (but less than 50 residues, corresponding to <10,000 Da molecular weight) are simply
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Table 1. Protein and amino acid digestibility (%) of different protein sources fed to monogastric farm
animals

Protein source CP LYS MET TAA Reference/s
Soybean meal 700 799 801 744  CervantesPahmandStein
(2010)
Fermented soy 70.1 72.7 83.7 76.5 Cervantesggil(r)l;dand Stein.
Wheat gluten 88.6 77.6 83.2 82.7 Chae et al. (1999)°
Fish meal 708 829 860 752 Cervan"esgglfgda“d Stein.
Whey protein 93.3 89.9 Gottlob et al. (2006)°
Meat & bone meal 67.8 56.5 65.6 67.8 Wang et al. (2018)¢
Spray-dried plasma 81.8 81.2 82.4 82.3 Jeong et al. (2016)°
Skim milk 81.7 83.8 85.8 83.6 Chae et al. (1999)°
. Cervantes-Pahm and Stein.
Casein 81.3 92.6 95.1 84.7 (2010)¢
Kerr et al. (2019) and
Feather meal 57.8 62.0 66.5 Grazziotin et al. (2006)!
van der Peet-Schwering et
Faba beans 89.0 81.2 55.0 al. (2006)°
van der Peet-Schwering et
Peas 91.9 90.9 66.8 al. (2006)¢
van der Peet-Schwering et
Canola meal 72.3 66.4 70.3 al. (2006)°

aSummary of the ileal digestibility of some dietary protein sources. Free amino acids are not included in the table as they are
considered to be completely digestible

"Values are presented as percentage for crude protein (CP), lysine (Lys), methionine (Met), and total amino acids (TAA).
°Apparent ileal digestible values — measured by the proportion of ingested AA left in the distal ileum

dStandardized ileal digestible values - Apparent ileal digestibility corrected for endogenous losses



Literature Review

called polypeptides, while a common protein has more than 50 AA residues and has a more

complex three-dimensional structure (Ten Have et al. 2007; Munro 2012).

Digestion is the breakdown of large macromolecules into absorbable nutrients (Kong and Singh
2008). Digestibility is the coefficient of disappearance of a nutrient from the gastrointestinal
tract after ingestion (Sauer and Ozimek 1986). For monogastric farm animals, protein digestion
involves the breakdown of dietary proteins and large peptides through hydrolysis in the stomach
and small intestine. The resulting small peptides and free AA are the forms that can then be
absorbed by the small intestine. Digestibility of protein in animal diets involves the
measurement of what is left of its constituent AA after passing the whole, or a section, of the
gastrointestinal tract. Since there is virtually no absorption of AA in the large intestine,
experimental methods for estimating “true” protein digestibility until the distal ileum, the last
section of the small intestine, have been put in place and the ileal digestibility for many available
ingredients used in monogastric animal diets has been determined. The protein and AA
digestibility of different intact protein sources varies (Table 1), which may be attributed to the
complexity of their protein structure or even their AA profile (Cox and Nelson 1942; Bhattarai
et al. 2017). Pre-hydrolysis of proteins increases their digestibility compared to the native

(intact) form (Heimburger et al. 1997).

Absorption of free AA and small peptides from the small intestinal lumen into the systemic
circulation involves nutrient transporters located in the enterocyte membrane. Some studies
show that the distribution of AA and peptide transporters in the gut is influenced by the form
by which the AA are provided (Morales et al. 2017). In pigs, the expression of genes coding for
AA transporters is upregulated when AA are provided in free form as opposed to their intact
protein counterparts (Zhang et al. 2013; Morales et al. 2017). Likewise, the expression of

intestinal PepT1, the main dietary peptide transporter in the small intestine, is upregulated in
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pigs fed a diet with a high protein content, especially if the protein is highly digestible (Gilbert

et al. 2008a).

Protein sources with similar digestibility values do not necessarily have the same kinetics of
digestion and absorption. The kinetics of digestion and absorption is difficult to study in vitro
as it involves different and complex mechanisms and, in vivo, it requires multiple cannulation
along the gut, which can be complicated and raises ethical concerns that limit its use. The
appearance of AA in the systemic circulation after feeding may also be used to study the
dynamics of digestion and absorption. However, the postprandial plasma concentration of AA
reflects not only the combined dynamics of digestion and absorption, but also the metabolism
by the splanchnic tissues and the protein turnover and AA metabolism of the whole organism
(Liao et al. 2018). After feeding, the concentrations of AA in the peripheral blood steadily
increase followed by a gradual decline (Figures 3 and 4). The magnitude of this increase and
decrease is more important when feeding rapidly absorbed AA like free AA and hydrolysed
proteins. In rats (Figure 3), gastric administration of intact proteins, hydrolysates, or free AA
with the same AA profile results in a quicker appearance of AA in the plasma for free AA and
hydrolysates as opposed to intact proteins. Thus, the plasma AA kinetics of free AA and
hydrolysates results in an asymmetric bell-shaped curve while it was rather flat for intact
proteins (Kodera et al. 2006), but this is not the case for all intact protein sources. In young
men, the postprandial plasma Leu concentration reaches its maximum within one hour after
ingestion of whey protein, with a kinetic curve looking similar to that of feeding free AA and
hydrolysates (Figure 4). However, feeding casein results in a kinetic curve that remained flat
throughout the experiment (Dangin et al. 2001), like for intact soy proteins. Though feeding
free AA and hydrolysates results in a faster appearance of AA in the plasma, the rate of
appearance of AA after the ingestion of different intact proteins may be variable, which allows

to classify intact proteins as so-called fast- and slow-proteins (Dangin et al. 2001). Fast-proteins
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(e.g., whey) are proteins that are quickly digested and absorbed, and the released AA appear
quickly in the blood. Conversely, slow-proteins (e.g., casein, soybean meal) are digested slower
and their constituent AA appear with a more delayed increase in plasma postprandial
concentrations (Koopman et al. 2009). Therefore, the postprandial AA kinetics of slow-proteins

often look flat compared to fast-proteins.

2.2. Consequences of feeding intact proteins, hydrolysates, or free amino acids on animal
metabolism

The postprandial metabolic responses of animals after feeding intact proteins and protein
hydrolysates or free AA are summarized in Figure 5. The kinetics of digestion and absorption
determine the metabolic fate of AA by non-digestive tissues (Wang et al. 2021a). More
specifically, this fate is mainly due to the rate of AA appearance in the plasma. A rapid increase
and high concentrations of AA in the peripheral circulation induced by feeding free AA or
hydrolysates result in contrasting outcomes. It increases the rate of AA deamination
(catabolism) by the liver (De Feo et al. 1992; Davis et al. 2002) while also enhancing protein
synthesis of tissues like the muscle (Dangin et al. 2001). The increase in muscle protein
synthesis is also induced by the insulin response after a meal by favouring the utilisation of AA
for protein synthesis while decreasing protein breakdown (O’Connor et al. 2003; Paddon-Jones
et al. 2004). Although insulin and AA act independently on protein synthesis (O’Connor et al.
2003), they synergistically stimulate muscle protein synthesis after meal ingestion. Feeding free
AA or hydrolysates induces a higher postprandial peak of insulin compared to feeding intact
proteins (Calbet and Holst 2004) with certain AA like Arg, Leu, Phe, and Gln being known to
stimulate insulin secretion (van Loon et al. 2000; O’Connor et al. 2003). Particularly, Leu has
been shown to increase the sensitivity of muscle to insulin and stimulates muscle protein
synthesis (Anthony et al. 2002). Compared to feeding hydrolysates or free AA, the postprandial
insulin secretion and plasma AA concentrations are lower for intact proteins (van Loon et al.
2000), which can lead to lower protein synthesis and retention (Koopman et al. 2009).
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Feeding animals diets with free AA and peptides also increases AA catabolism and therefore
results in an inefficient use of AA (Davis et al. 2002; Hou et al. 2017). Some studies found that
feeding free AA instead of intact proteins resulted in an inefficient use of AA for protein
retention (Batterham and Murison 1981; Batterham and Bayley 1989). With a sudden and quick
appearance of AA in the plasma after ingestion of free AA, the sites of protein synthesis are
assumed to be saturated, which can reduce the uptake and use of AA by tissues (Batterham and
Bayley 1989). Since AA are not stored in the body, free AA remain in the plasma and are
subject to catabolism (Boirie et al. 1997a; Guillet et al. 2004). Conversely, the delayed plasma
appearance of AA released by the digestion of intact proteins results in lower catabolism of AA
and, even though it results in a lower rate of protein synthesis, may result in a better nitrogen

balance after the meal (Boirie et al. 1997a).

In practical conditions, farm animals are fed with a mixture of the different forms of AA (i.e.,
protein-bound and free AA). In pigs, the absorption of total Lys and Thr was lower when pigs
were fed a low CP diet supplemented with free Lys and Thr than when these AA were provided
in the same amount as intact proteins (Yen et al. 2004). This occurs despite a faster absorption
of these two AA when supplied as free form as indicated by the maximum plasma
concentrations of Lys and Thr in the portal vein that were observed two hours earlier than for
pigs fed intact protein. A more gradual appearance of dietary AA in the systemic circulation as
observed after ingestion of intact proteins may lead to a greater protein utilization and muscle

protein accretion (Reidy et al. 2013; Wang et al. 2021a).

In the lumen of the gut, proteins of non-dietary origin are commonly referred to as “endogenous
proteins”. Feeding intact proteins results in greater endogenous protein production than with
feeding free AA (Nyachoti et al. 1997). The endogenous proteins are nitrogen-containing
compounds like digestive enzymes, products of the mucosal membrane (e.g., mucins), and

sloughed off epithelial cells (Awati et al. 2009). A significant part of these endogenous proteins
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(e.g., gastric and pancreatic secretions and enzymes) is produced in response to digesta present
in the gastro-intestinal tract (Lobley 2003). Feeding free AA instead of intact proteins,
diminishes the secretion of proteolytic enzymes and could therefore affect the “apparent”
protein digestion (Butts et al. 1993; Adeola et al. 2016). In addition, endogenous secretions can
be partially re-absorbed and are not necessarily lost for the animal (Souffrant et al. 1986).
Endogenous secretions thus have both a direct (i.e., providing the digestive enzymes) and an
indirect effect (i.e., by contributing to protein secretion and absorption in the gut) on digestion

and, eventually on plasma AA appearance.

The gut itself also uses dietary AA, thereby affecting the overall bioavailability of these AA.
The portal-drained viscera, which include the stomach, intestines, pancreas, and spleen, are
estimated to use 30 to 60% of AA like Thr, Lys, and Phe (Stoll and Burrin 2006), while they
only account for less than 10% of the body weight in monogastric animals. Some of these
dietary AA are metabolized by the gut to produce other molecules. For example, the gut tissue
has been shown convert dietary Met to Cys that is one of the three AA constituting glutathione,
a major antioxidant in the gut (Riedijk et al. 2007; Li et al. 2014). Apart from the gut tissue, the
microbiota found in the small intestinal lumen also use dietary AA (Apajalahti and Vienola
2016). In broilers, the AA requirement of lactic acid producing bacteria (i.e., Lactobacillus spp.,
Streptococcus spp., and Enterococcus spp.), which is the dominant microbiota population in
the small intestine, is very close to the AA requirement of birds (Dai et al. 2013; Apajalahti and
Vienola 2016). This may mean that the gut microbiota can potentially compete with the animal
for dietary AA, which might be more critical for essential AA. Proteins that are not digested in
the small intestine are fermented in the large intestine, affecting the microbial ecosystem and
favour the proliferation of harmful bacteria (Apajalahti and Vienola 2016). Conversely, feeding

free AA or hydrolysed proteins that are absorbed very quickly in the small intestine prevents
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Table 2. Nutritional classification of proteinogenic amino acids in the diets of monogastric farm animals.”

Mammals® Poultry®
EAA CEAA NEAA EAA CEAA NEAA
Cys Gln Ala Arg Gln Ala
His Glu Asn Cys Glu Asn
Ile Gly Asp Gly Cys® Asp
Leu Pro Ser His Tyrf Ser
Lys Arg? Ile
Met Cys® Leu
Phe Tyr" Lys
Thr Met
Trp Phe
Tyr Pro
Val Thr
Trp
Tyr
Val

aTable derived from Wu et al. (2014); Amino acids are listed in their three-letter [UPAC abbreviation; EAA — Essential amino
acids; CEAA — Conditionally essential amino acids; NEAA — Non-essential amino acids

"Includes pigs and ruminants, also applicable for rodents

“Includes chickens, ducks, quails, and geese

dArginine is classified as a conditionally essential amino acid for pig by NRC (2012)

°Cystine; can be synthesized in the liver by conversion of Met and Ser, but Met needs to be in sufficient amount

fCan be synthesized in the liver by conversion of Phe as long as it is in sufficient amounts
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the proliferation of harmful bacteria (Wang et al. 2016b; Zhang and Piao 2021) and may

contribute to maintain the absorptive and digestive capacities of the small intestine.

2.3. Feeding free amino acids and hydrolysed proteins to complement intact proteins in
animal diets

In terrestrial farm animal nutrition, dietary AA are mostly provided as intact proteins from
soybean meal and cereal grains. Other protein sources include cereal by-products, legumes, oil
seed meals, and animal-by products (Florou-Paneri et al. 2014) and the use of these sources
differs between countries and geographic areas. During the last decades, there has been an
increased use of free AA, which are often added to supplement and complement low-protein
diets to ensure the proper supply of AA and allows formulating diets with a composition close
to the requirements of the animal. Dietary AA are commonly classified as nutritionally essential
or non-essential AA. The essential AA are those that should be provided by the diet because of
the inability of the animal to synthesize the carbon backbone and those that are insufficiently
synthesized. Non-essential AA can be synthesized de novo using metabolic intermediates
(D’Mello 2003). However, there is a difference between the biochemical and the biological
capacity to synthesize non-essential AA. In young pigs, reducing the dietary supply of NEAA
has been shown to limit protein synthesis and growth (Deng et al. 2009). Thus, even though
animals may have the capacity to synthesize non-essential AA, they may have a dietary
requirement for these AA (Wu et al. 2013) at certain production stages. For example, during
pregnancy, lactation, and weaning Arg, Glu, Gln, Gly, and Pro may become limiting for pigs
and require a dietary supply (Wu et al. 2014). Therefore, it is difficult to define the “essentiality”

of AA because all AA are conditionally essential (Table 2).

Ideal protein is a concept used in animal nutrition to express the AA requirements of the animal.
It refers to the balance of dietary AA that is needed to exactly cover the productive potential of
farm animals. It concerns all the essential AA and some conditionally essential AA. The

capacity to synthesize the other non-essential AA is assumed to be sufficient to cover the
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requirements (Emmert and Baker 1997). The AA profile of ideal protein is expressed as a ratio
relative to of Lys, which is the first limiting AA in typical diets. However, it ignores possible
interactions among AA (e.g., among the branched-chain AA) (Kim et al. 2001a; van Milgen
and Dourmad 2015). Also, the ideal protein requirement depends on the physiological state of
the animal (e.g., weaned piglets, growing pigs, gestating and lactating sows, laying hens) and
on the capacity to synthesize certain AA (e.g., Pro and Gly in poultry), and therefore, different
ideal protein ratios have been proposed. The concept of ideal protein is simple and has been

widely used in formulating diets for monogastric animals.

2.3.1. Use of free amino acids in farm animal nutrition

The concept of ideal protein largely contributed to the use of free AA in animal diets.
Furthermore, it is believed that the CP of the diet can be reduced without affecting performance
as long as the supply of essential AA and non-essential AA is ensured (Heo et al. 2009;
Gloaguen et al. 2014). Thus, the provision of synthetic essential AA to complement intact
proteins in the diet allows that farm animals can perform according to their genetic potential,
as dictated by the ideal protein concept. The highest efficiency of nitrogen utilization is
achieved when the supply of all AA exactly matches the requirement. This means that more
nitrogen will be used for protein retention and production of animal derived-products and less
nitrogen is excreted (Garcia-Launay et al. 2014). Providing protein sources that are not easily
digested results in a lower efficiency of nitrogen utilization. Likewise, provision of AA in

excess lowers nitrogen efficiency.

Free AA in pure, crystalline form like L-Lys, DL-Met, L-Thr, L-Trp, and L-Val are commonly
added to commercial animal diets. The L-enantiomers are produced by fermentation and
subsequent purification, whereas DL-Met is produced through chemical synthesis. Other
commercially available AA include L-Met and hydroxy analogues of Met. The reduction of the

CP content of the diet accompanied by supplementation of free AA has been called the “protein-
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sparing effect of free AA” (Han et al. 1995). However, there are practical limitations to the
extent of this effect. Providing a very low CP diet to broilers (4.5% lower CP than the control
diet) reduced their growth performance even though the diet was supplemented by all limiting
EAA according to the ideal protein concept (Wang et al. 2021b). Similarly, finishing pigs fed
with diets with very low levels of CP (11 vs 14%) supplemented with EAA had lower growth
performance than those fed a control diet (Tuitoek et al. 1997). Recent studies suggest that the
synthesis of NEAA in pigs depends on the availability of EAA and glucose (Hou et al. 2017),
both of which are primarily sourced from the diet. Also, direct supplementation of NEAA in
free form may alleviate the need for their de novo synthesis when AA nitrogen is limiting

(Gloaguen et al. 2014).

The provision of Lys, Met, and Thr in synthetic form in broiler diets resulted in higher plasma
concentrations of these AA than when they were provided as intact proteins (Chrystal et al.
2020a). In pigs, the Lys and Thr plasma concentrations remained higher for a longer period
when these AA were provided in free form instead of intact proteins (Morales et al. 2020). High
plasma concentrations after ingestion of free AA for an extended period may indicate that these
AA are not used for protein synthesis, which may be a signal of inefficiency in AA utilization.
This may be caused by an AA imbalance in plasma due to the rapid appearance of AA (Yen et
al. 2004). Batterham and Bayley (1989) suggested that this imbalance may also result in
increased AA catabolism and therefore in a lower AA efficiency of feeding diets with free AA.
To summarize, the bioavailability of AA provided in free form by the diet may not be the same
as that coming from intact proteins. It remains unknown if there is a ratio between AA coming
from intact proteins and free AA that optimizes AA utilisation for protein retention.

There is a growing interest in the targeted utilisation of free AA for roles other than being
constituents of body proteins and peptides. These AA are usually provided as free AA instead

of intact proteins as their dietary amounts can only be precisely adjusted using free AA. Certain
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AA (e.g., Asn, Thr, Ser, and Val) have effects on the modulation of metabolic pathways (Wu
et al. 2010; Wu 2013), the regulation of protein synthesis and turnover, carbohydrate, and AA
metabolism (Wu et al. 2010; Dai et al. 2013), and feed intake (Trevisi et al. 2018), while others
(e.g., Arg, Gln, Glu, Gly, and Trp) are involved in signalling, immunity, and antioxidative
responses (Wu et al. 2009, 2010). The supplementation of Gln in the diet of young broiler
chickens has been shown to improve intestinal health with longer villi length, greater intestinal
IgG and IgA concentrations, and improved growth performance compared to birds fed a control
diet (Bartell and Batal 2007; Chalvon-Demersay et al. 2021). Stress hormones and stress-related
behaviour were also reduced in young chicks when given diets that were supplemented with
Ala, Ser, and Pro (Kurauchi et al. 2009). Otherwise, AA like Trp, Gln, Leu, and Ala can support

health and can be adjusted based on age and the health status of animals (Le Floc’h et al. 2018).

2.3.2. Hydrolysed proteins or peptides in farm animal nutrition

The hydrolysis of intact protein sources opens up the possibility of using inedible, waste, or by-
products in animal diets and therefore reduce competition with the food supply for humans,
while also increasing the nutrient value of common ingredients by making their protein
fragment more digestible (Hou et al. 2017). These ingredients are collectively called hydrolysed
proteins or hydrolysates, which essentially means that they provide AA as peptides instead of
intact proteins. Hydrolysis of intact protein sources improves their nutritional value and also
reduces anti-nutritional factors that may be present (Pasupuleti and Braun 2008; Martinez-
Alvarez et al. 2015). For soybean meal and other highly digestible materials, the improvement
may be marginal, but pre-hydrolysis of materials that are not easily digested improves their
nutritional value substantially. Hydrolysis of non-edible materials like feathers (with a protein
digestibility of less than 10%) results in a five-fold increase of its protein digestibility while a
more intensive hydrolysis process renders the feathers almost completely digestible (Grazziotin

et al. 2006). Hydrolysis techniques by chemical (i.e., acidic or basic) or physical means (i.e.,
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steam and pressure) are used for both animal-derived proteins (e.g., casein, whey, blood, meat,
mucosa) and plant-based proteins (e.g., soybean, wheat, barley) (Pasupuleti et al. 2008;
Dieterich et al. 2014). Keratin-based materials (e.g., feathers, wool, and hair) can be processed
through these means and can also be treated by controlled bacterial breakdown (Pasupuleti and
Braun 2008). Other protein sources can be processed through microbial fermentation
techniques that not only improves digestibility but also modifies the AA profile of the material
(Jones et al. 2010; Cervantes-Pahm and Stein 2010). Extensive hydrolysis results in a greater
proportion of small peptides and free AA compared to those that were only partially or briefly
hydrolysed (Bouhamed and Kechaou 2017), but it may also result in the degradation of the AA
(Papadopoulos et al. 1986; Bellagamba et al. 2015). Certain hydrolysis conditions induce
crosslinking of AA or racemization with a negative impact on digestibility (Friedman 1999;

Bouhamed and Kechaou 2017).

Like certain free AA, peptide-rich ingredients can have properties other than being a highly
digestible AA source. Peptides with less than 20 AA residues and abundant in Arg, Lys, and
Pro residues induce beneficial effects like immune modulation and antimicrobial activities
(Lopez-Barrios et al. 2014). Hydrolysed protein products have been tested for their
immunomodulation and anti-oxidant properties (Norgaard et al. 2012; Hou et al. 2017) and as
alternatives to antimicrobial to support health and growth performance of animals (Hou et al.
2017). However, the benefits on growth performance of hydrolysed proteins in animal feeds is
inconsistent and their functional properties are not fully understood (Nergaard et al. 2012;
Martinez-Alvarez et al. 2015). These functional properties have been attributed to bioactive
peptides such as opioid peptides (4 to 8 AA residues) that alter feeding behaviour by binding
to certain receptors in the brain (Hou et al. 2017). In addition, some bioactive peptides exert
antimicrobial effects by damaging the membrane of harmful bacteria or directly affecting their

metabolism (Lopez-Barrios et al. 2014; Hou et al. 2017). Protein hydrolysates are usually fed
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to young animals with high AA requirements and with a less mature immune and digestive
system like weaned piglets and chicks (Min et al. 2004; Hou et al. 2017). Young broiler
chickens fed a diet supplemented with hydrolysed pig mucosa had greater performance
compared to those fed the control diet (Frikha et al. 2014), but no effect was observed in older
chickens. This might be because younger animals are more susceptible to the functional
properties of hydrolysates as they are still developing their immune and digestive systems.
Poudel et al. (2020) reported changes in the faecal microbiota of young pigs fed a peptide-based
feed additive and hypothesised that such changes may favour the maturity of the digestive tract.
Chemical and physical hydrolysis techniques involve processes that indiscriminately cut the
protein into smaller fragments. As a result, the resulting product may have different peptides in
terms of size and AA composition, which may explain the inconsistencies on the observed
effects on the animal. Thus, animal performance may vary substantially and enhanced
performance cannot be pinpointed to a particular peptide in the hydrolysate. There is a general
understanding regarding the positive effects of hydrolysis of protein sources, but further
characterisation of the resulting peptides is still needed. This information is important because
it may provide “additional value” to these ingredients over and above to the value of a highly

digestible source of AA.

2.4. Conclusion

Although farm animal diets contain intact proteins, there has been an increasing trend to
substitute and complete the diet with free AA or hydrolysates. Though feeding these new forms
has advantages, there is still much to be learned. A better characterization of the peptides from
currently available sources is needed to identify the nutritional and functional properties of
peptides. Future research should identify and quantify how the dietary form of AA affects
metabolism. For example, it is unknown if the animal can metabolically differentiate between

free and protein-bound dietary AA. Most of the recent studies regarding dietary form of AA
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deal with their short-term effects, but there is limited information on the long-term effects on
metabolism and physiology. For nutritionists, the challenge will be to determine the ideal
proportion of AA provided as intact proteins or in free form for optimizing animal performance

and health in a sustainable way.
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3. Dietary amino acid balance and unbalance: biological consequences

We know that feeding animals with diets whose AA content is either in excess or deficient for
at least one AA (relative to their AA requirement) can cause feed refusal and impair protein
synthesis (Gietzen 1993; Kampman-van de Hoek et al. 2016). We also know that there are
specific interactions between dietary AA especially those among AA whose chemical structures
are similar, where these interactions can hinder each other’s availability and utilization for
protein synthesis (Yun et al. 1991; Cemin et al. 2019). Numerous studies have been made to
define the AA requirements of animals, and diets are now formulated to ensure that they can be
balanced to be close as possible to the animal’s requirements. We will first define and
characterize the different types of imbalances of AA caused by feeding diets with unbalanced

AA and then discuss their biological consequences.

3.1. Defining “unbalance” and “imbalance”

First, we need to define the terms “unbalance/d” and “imbalance/d” as these are continuously
used throughout the thesis. The semantics of the two terms may be similar, as they can both be
adjectives. We mainly used the term “unbalance/d” as a verb that pertains to the AA profile of
the diet. Large deviations of the AA profile of the diet relative to the animal’s requirement
means that the dietary AA profile is “unbalanced”. While the term “imbalance/d” is mainly
used as a noun describing the state of a biological system and in this thesis, we mainly use it to
talk about the plasma or a specific tissue. The disproportion in terms of the AA supply at the
sites of protein synthesis induces a state of AA “imbalance”. Throughout the discussion, the

logical flow of things is that an “unbalanced” diet can cause an “imbalanced” metabolic state.

3.2. Unbalanced dietary amino acids: deficiency, excess, and antagonism

A main goal of protein and AA nutrition is not only to ensure that the diet provides AA, but
also to ensure that the supply is in the correct proportion relative to the animal’s requirement.

A diet with unbalanced AA can refer to either excess or deficiency of the amount of AA. As
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previously said (see subsection 2.3.1 in this literature review), unbalanced dietary AA can cause
negative metabolic and physiological responses especially because the process of both protein

breakdown and synthesis can be impaired (Kumta and Harper 1961; Harper 1964).

Our focus in this section is on how the dietary AA profile can cause AA imbalances. An
unbalanced dietary AA profile can be just as detrimental as any negative factor like
inflammation, injury, and stress in inducing a disruption of AA metabolism (Eggum et al. 1981;
Cynober 2002; Cervantes et al. 2017). The pioneering works of Alfred Harper and colleagues
(1961; 1964; 1965; 1970; 1970) provided strict definitions as to what constitutes an AA
imbalance within the context of the dietary AA profile and feeding. According to them, an AA
imbalance is the negative state observed when one or more AA become limiting because they
are either lacking in the diet or they have a relative deficiency due to the addition of excess
amounts of one or more AA. These negative effects can sometimes be attenuated by the
supplementation of the most limiting AA or structurally similar AA (Harper et al. 1970; Salter
et al. 1990). Hence, there are three main categories of AA imbalances: deficiency, excess, and

antagonism.

The AA imbalance caused by the deficiency of one or more AA can limit protein synthesis as
all proteinogenic AA should be available at the sites of protein synthesis (Munro 2012). If not,
protein synthesis would be hindered (Kim et al. 2001b). This is mostly the case for essential
AA as they cannot be synthesized by the animals and are required to be supplied by the diet.
The first tissues to be crossed by absorbed essential AA are the intestine and liver who both
have high metabolic requirements for AA and can thus modify the AA profile of the plasma
(Gietzen 1993; Bauchart-Thevret et al. 2011). A limited supply of essential AA for peripheral
tissues limits their protein synthesis which means that all the other AA will be in relative excess

and ultimately catabolised (Brosnan 2003; Liao et al. 2015). This type of AA imbalance can be
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corrected by adding the deficient AA in the diet (Brown and Cline 1974; Kampman-van de

Hoek et al. 2016).

Another type of AA imbalance is AA antagonism. The antagonism of AA is the inhibitory effect
of one AA to other structurally similar AA (Harper 1964; Roura et al. 2008). This type of AA
imbalance involves the interactions between AA in that excessive intake of one AA increases
the dietary requirement of another AA (Sauberlich 1961). Antagonisms among AA can exist at
two levels: antagonism between AA sharing the same enzyme for catabolism and antagonism
between AA sharing the same transporters in the gut during absorption and in peripheral tissues
(Calvert et al. 1982; Block et al. 1985; Krehbiel and Matthews 2003). Some of the most well-
known AA antagonisms are those between branched-chain AA, who share the same enzyme
for transamination, and between Lys and Arg, who share the same transporters (Sauberlich
1961; Brosnan 2003; Cemin et al. 2019). Like for the case of AA deficiency, AA antagonism

can be fixed by the addition of the other, structurally similar AA.

Harper (1964) initially defined AA toxicity as the negative condition caused by having
excessive quantities of any or all dietary AA. It is often accompanied by an immediate reduction
of feed intake and increased AA catabolism (Benevenga et al. 1976; Liao et al. 2015). Unlike
AA deficiency and antagonism, AA toxicity cannot be alleviated by supplementation of other
AA. Presently, AA toxicity is often used as a general term to describe the adverse effects of
excessive AA intake even though the toxic levels of individual AA may be different
(Muramatsu et al. 1976; Benevenga et al. 1976). For example, rats have more tolerance for
excess dietary Thr than for excess Tyr (Schweizer 1947; Sauberlich 1961; Tedesco et al. 2018).
Currently, a dose-response for each AA is needed to define the point when each AA becomes
toxic before commercially available free AA can be put on the market (Garlick 2004). However,

the most adverse effects of AA toxicity were those observed and induced in very specific
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laboratory conditions (i.e., force feeding, very large supply, intravenous injections) that may

not be observed in normal circumstances (Benevenga and Steele 1984; Gupta et al. 2013).

3.3. Metabolic and physiological consequences

Most of the AA imbalances result in negative responses like feed refusal, growth retardation,
reduced nitrogen and AA utilization, and development of pathological lesions in extreme
situations (Harper 1964; Leung et al. 1968; Muramatsu et al. 1976; Toohey 2014). We highlight

some of these responses in the next subsections.

3.3.1. Consequences on feed intake

The very first sign of an AA imbalance is typically the depression of feed intake and even
complete feed refusal (Harper 1964; Li et al. 2007; Cemin et al. 2019). Reduced feed intake
may be a measure to protect animals from any metabolic harm or damage as has been seen in
situations of forced-feeding (Peng and Harper 1970; Clement and Harper 1974). This reduction
in feed intake is almost immediate for most of the imbalances and a complete refusal can even
happen for a few days when the diet is completely devoid of at least one essential AA (Gietzen
1993). Furthermore, pigs also seem to have the capacity to choose a more AA balanced diet

over an unbalanced one when offered a choice (Edmonds et al. 1987).

The underlying biochemical explanation to feed intake depression has been hypothesized in
older studies (Harper and Rogers 1965; Peng and Harper 1970). The authors suppose that upon
feeding a diet with unbalanced AA, the liver (and possibly the intestine) will retain the most
limiting AA effectively further reducing even more its supply to peripheral tissues. As the AA
supply to the plasma becomes more unbalanced over time, cells are triggered to release protein
kinase GCN2 which can be detected by the anterior piriform cortex of the brain which
ultimately results in feed refusal (Maurin et al. 2005; Shuzhen et al. 2005). This sequence of
the postprandial response of animals tells us some important concepts that are used repeatedly

in this thesis. First is that unbalanced dietary AA can limit protein synthesis of peripheral tissues
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and secondly, the AA imbalance is detected by the brain and induces negative physiological

effects.

3.3.2. Consequences on protein deposition

As feeding animals with a diet with unbalanced A A limits protein synthesis, it can be associated
by a reduction in protein deposition (Kumta and Harper 1961; Edmonds et al. 1987). Due to
impaired protein synthesis, tissue proteins would need to be broken down to mobilize AA in an
effort to supply the missing essential AA in the systemic circulation (Kimball and Jefferson
2002). Feeding diets with unbalanced AA can thus have a negative effect on overall protein
balance and synthesis. A diet with just one missing essential AA can result in the same
detrimental effect on protein deposition as feeding a protein-free diet (Leung et al. 1968; Verney
and Sidransky 1975). As compromised protein deposition can easily be seen through the growth
performance of animals, growth retardation is the most convenient way to verify the reduction

in protein deposition.

We also see this reduction of performance in instances when AA are in excess in the diet. In an
early study of Sauberlich (1961), he studied the toxicity of 19 proteinogenic AA (except Gln)
by feeding rats diets where AA were individually added at 5% higher than normal levels and
found that there was a systematic depression of their growth. The depression varied for each
AA with the most drastic effect found for excess Met. Meanwhile, there was only a very
minimal depression in growth when Glu, Pro, and Ser were provided in excess, and excess Ala
did not even negatively affect growth (Sauberlich 1961). Although, feeding AA is relatively
safe and animals, with the exception of certain AA (i.e., Met), typically have a certain tolerance
for the different imbalances previously described. In fact, the animal can adapt to these
situations and after an initial feed intake reduction, animals will adapt and return to their normal
feed intake (Harper et al. 1970; Dilger et al. 2007). Still, these types of information becomes

increasingly important because of the increasing supplementation of free AA in animal diets.
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3.3.3. Consequences on metabolism

Whether AA are lacking or in excess in the diet, protein synthesis will be hindered causing high
plasma AA concentrations and a higher proportion of catabolized AA will need to be excreted
(Cynober 2002; Kimball and Jefferson 2002; Lobley 2003). Several studies have found that
feeding animals with diets with unbalanced dietary AA induces an imbalance in the plasma
level compared to feeding a diet with a balanced AA profile (Morrison et al. 1961; Zimmerman
and Scott 1965; Gustafson et al. 1986). However, plasma AA concentrations can return to
normal, relative to that of animals fed a balanced diet, once the dietary AA profile is corrected.
For example, a diet with excess Leu resulted in depression in feed intake and growth in
chickens, and can be prevented by “balancing” it with the other branched-chain AA, Ile and

Val (Calvert et al. 1982; Cemin et al. 2019).

Among all proteinogenic AA, excesses of the sulphur-containing AA is one of the most harmful
(Sauberlich 1961; Yang and Liao 2019). Pigs preferred to eat diets with extra (4%) Arg, Lys,
or Thr compared to diets with extra Met (Edmonds et al. 1987). Longer feeding (at least 6 days)
of excess Met can result to infertility, cardiovascular disease, and liver damage (Benevenga et
al. 1976; Matsueda and Nityama 1982; Fau et al. 1988). Excess free Cys has neurotoxic effects
in developing mammals and can even cause some deaths in rats (Sauberlich 1961). The authors
attributed this to the reaction of Cys with pyridoxal 5-phosphate, the active of form of vitamin
B6 involved in all transamination reactions, which caused the depletion of pyridoxal 5-
phosphate (Osman et al. 1997; Dilger et al. 2007). Kumta and Harper (1961) found that feeding
unbalanced dietary AA with excess Met and Phe to rats hindered their ability to synthesize Trp
pyrrolase, an enzyme that catalyses Trp oxidation to N-formyl-L-kynurenine, which is an
important pathway for the production of the coenzyme nicotinamide adenine dinucleotide
(Pilotte et al. 2012). Ribosomal polysome aggregation in liver cells was reduced upon feeding

AA unbalanced diets, ultimately compromising protein synthesis (Clement and Harper 1974).
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3.3.4. What about using amino acids as functional molecules?

The concept of defining AA requirements in relation to the pathophysiological state of the
animal is not new (Grimble 1992; Egerland et al. 1996; Grimble and Grimble 1998). It has been
recently replaced by the concept of functional AA, which corresponds to the utilisation of AA
for purposes other than their nutritive functions (Le Floc’h et al. 2018). A very broad definition
of functional AA was previously presented that indicated that these AA are those that can have
roles in improving health, growth, development, reproduction, and lactation of animals by
regulating certain key metabolic pathways when provided in amounts higher than the
requirement (Wu et al. 2010). Hence, there seems to be a thin line between excess dietary AA
being functional and when it starts being in excess and potentially toxic for healthy animals.
Although, with this definition, as AA demand is reduced during periods of stress and disease,
it means that all AA maybe considered as functional AA (Le Floc’h et al. 2004; Cervantes et
al. 2017). Still, this feeding strategy is currently employed by supplementing certain AA like
Arg, Gln, Pro, and Trp among others to animal diets on top of the requirement with positive
results to growth and performance (Beaumont et al. 2021; Chalvon-Demersay et al. 2021;

Rodrigues et al. 2021).

3.4. Conclusion

Unbalanced dietary AA can impair animal metabolism. It can greatly reduce plasma
concentrations of limiting AA and can have a profound negative effect on protein synthesis.
For the case of AA deficiency or antagonism, the AA imbalances can be corrected by the dietary
supplementation of certain AA while for the case of excess AA, certain AA can be more
detrimental to AA metabolism than others. Amino acid catabolism is also increased in response
to these imbalances. Therefore, care is needed when formulating animal diets and knowledge
on AA biochemistry and animal physiology is needed to be able to properly provide animals

with balanced dietary AA.
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Figure 6. Circular production system of keratin by-products in the animal production cycle.

Table 3. Major poultry production by-products and some of their potential uses.?
By-product % BWP CO};;Z:'&H% Potential use
Blood 5 <30 Production of hydrolysed bioactive peptides
Animal feed ingredient (blood meal)
Residual meat, bone, 6 10-30  Animal feed ingredient (meat meal)
and offals Mineral source
Enzymes
Lipids
Growth media and emulsifier
Flavouring materials
Feathers 8 > 85 Animal feed ingredient (feather meal)
Biomedical uses
Leather production
Textiles and clothes (insulation)
Fertilizers
Production of activated carbon

Source of single amino acids
aPData on table is adapted from Sharma & Gupta (2016), Shestakova et al. (2021), Seidavi et al. (2019) and Lasekan et al. (2013)
"Percent body weight of poultry species
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4. Feather proteins

Around 20 million tons of animal by-products, those not included in the dressed carcass, are
processed annually and reused in agriculture (Marti et al. 2011; National Research Council
2012). Reusing by-products of the animal production industry reduces wastage and improves
the sustainability of animal production (Gooding 2012; Kerr et al. 2019). For poultry
production, by-products include blood, meat trimmings, bones, offals, and feathers. Among
these, feathers make up the majority of the by-product material produced (Fagbemi et al. 2020).
In this thesis, our focus is on feathers, a keratinous material, and its transformation into an
ingredient that can be used for animal diets. A closed-loop system of animal production,
particularly for reusing keratinous by-products is shown in Figure 6 while a summary of

potential uses of some major poultry by-products can be found in Table 3.

Presently in Europe, poultry by-product such as poultry meat meal, bone meal, and feather meal
are classified as processed animal protein (PAP). Among these, the use of feather meal might
be the most sustainable as it prevents the unsustainable disposal of feathers by incineration or
in landfills and feathers are not very biodegradable (Shestakova et al. 2021). The difficulty to
naturally degrade feathers is because they are principally composed of keratin, a very rigid
protein whose physiological functions require it to be tough. The durability of this protein is
one of the main reasons (along with food safety) why feathers needs to first be hydrolysed (at
least partially) to release its otherwise non-bioavailable AA (Lee et al. 2016; Machado et al.
2018). The most common technique to process feathers is a simple hydrolysis technique by
steam and pressure. After such processing, feathers are converted into feather meal, the form of
feathers that is commonly used in animal feeds as PAP and as organic fertilizers. This section
of the bibliography will deal with the use of feathers as an AA source for animal feed and
highlighting EHF and how it can be used as a model AA source to answer the scientific

questions of the thesis.
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Table 4. Amino acid composition (g'kg™!) of different keratinous materials.®

. . a-keratin B-keratin
Amino Acid Human hair Wool Feathers
Ala 39.9 50.4 55.6
Arg 117 95.5 66.6
Asx® 54.2 62.5 60.4
Cys® 245 130 70.7
Glx4 166 134 95.3
Gly 67.9 92.0 101
His 16.4 8.42 5.73
Ile 29.9 33.9 44 .8
Leu 113 104 89.4
Lys 72.2 52.9 20.5
Met 8.06 5.41 4.67
Phe 25.3 31.7 44.5
Pro 37.5 61.9 81.1
Ser 102 116 128
Thr 66.5 60.4 46.4
Trp 2.98
Tyr 26.6 46.0 234
Val 53.3 55.6 76.8

aValues are average of values from Wang et al. (2016a), Esparza et al. (2018), Robbins and Kelly (1970), Ward et al. (1955)

and internal analyses.

bAspartic acid and asparagine

°Cystine

dGlutamic acid and glutamine
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4.1. Composition and chemical structure of feathers

Feathers are the external covering uniquely found in avian species. They are attached to their
epidermis and acts as a barrier to the external environment that provides insulation and
waterproofing for the birds (Wang et al. 2016a). Feathers are hard but flexible, have low
molecular density, and are hydrophobic (Reddy and Yang 2007). These properties are the result
of their chemical structure as they mainly consist of small, uniformly sized low molecular
weight proteins arranged in a fibrous-like filament structure (Ullah et al. 2011) with each
filament connected with strong hydrogen and sulphide bonds (Schor and Krimm 1961; Esparza
et al. 2018). This type of protein structure is a characteristic of those belonging to the keratin
family of fibrous proteins which can exist as a- and B-keratin (Schor and Krimm 1961). The
two types of keratins have different properties as they differ in their chemical structure, with j3-
keratins having shorter polypeptide chains which allows the protein to be arranged in a pleated
conformation called B-sheets, making it more compact and rigid compared to the more flexible
a-keratin whose protein is arranged in a-helix structure (Bragulla and Homberger 2009; Esparza
et al. 2018). This difference in their protein structure stems from only slight differences in the
AA composition (Table 4). Feathers are almost entirely made up of B-keratin, while human hair
and sheep wool are made up of a-keratin (Wang et al. 2016a). Higher Gly and Ser concentration
in B-keratins allows for more hydrogen bonds between the protein filaments (Calvaresi et al.
2016). The concentrations of these two AA are increasing from human hair, sheep wool, to
poultry feathers, which is why human hair can be expected to be softest and feathers to be the

hardest among the three.

4.2. Production, utilization, and nutritive value of feather meal

According to the Global Feather Meal Market Research Report for 2021 (360 research reports),
feather meal is an economically important material for animal feed with a global market value

of 360 million USD as of 2021. The United Nations’ Food and Agriculture Organization
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Table S. Typical nutrient composition of feather meal®

Nutrient Unit Average Min Max n
Dry matter % 93.7 92.0 95.0 7
Crude protein % 86.5 85.1 88.5 6
Crude fibre % 1.40 1.00 1.40 3
Ether extract % 8.25 6.35 9.20 3
Ash % 5.63 3.20 5.90 5
Minerals
Calcium % 0.41 0.33 0.48 2
Phosphorus % 0.48 0.45 0.50 2
Potassium % 0.22 0.10 0.33 2
Sodium % 0.34 0.32 0.35 2
Chloride % 0.23 0.20 0.26 2
Amino Acids
Alanine gkg! 44.8 38.5 59.2 7
Arginine gkg'! 64.0 56.3 80.9 7
Aspartic Acid® gkg! 60.2 49.5 67.0 7
Cyst(e)ine gkg! 43.7 28.7 59.1 7
Glutamic Acid® gkg! 96.0 84.0 109 7
Glycine gkg! 77.1 63.3 127 7
Histidine gkg! 8.11 5.46 13.0 7
Isoleucine gkg'! 39.7 3.64 54.7 7
Leucine gkg! 66.4 6.6 97.7 7
Lysine gkg! 18.2 2.01 30.2 7
Methionine gkg! 6.72 5.00 9.30 7
Phenylalanine gkg'! 44.9 39.5 56.4 7
Proline gkg! 93.7 83.3 167 7
Serine gkg'! 102 82.0 125 7
Threonine gkg! 45.5 37.2 55.8 7
Tryptophan gkg'! 6.42 4.90 9.30 4
Tyrosine gkg! 25.8 21.2 28.8 7
Valine gkg! 68.3 57.5 84.9 7

®Values are average of values from Kerr ez al. (2019), Hicks and Verbeek (2016), Shestakova et al. (2021), Moritz et al. (2001),
NRC (2012), and 2 internal analyses.

YIncludes aspartate

‘Includes glutamate
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estimated that 135 million MT of poultry livestock was produced in 2020 (FAO 2021).
Assuming that feathers account for 8% of the total body weight of birds (see Table 3), there
should be around 10.8 million MT of feather waste globally for 2020. Current market data from
Global Market Insight reported that for this year, global feather meal production is only around
1.90 to 2.10 million MT. This means that feather transformation into feather meal is
underutilized with only around 20% of global feather by-products being valorised into feather
meal. Nevertheless, market reports show that more than 95% of produced feather meal goes to
animal feeds. Around 60% of which are used in poultry feeds, 25% in cattle diets, and 10% in
fish and aquaculture diets with the rest being used for pets and pig diets. In Europe, feather
meal and other PAP were only authorized to be fed to fish and pets, but they were recently
granted authorization to be fed to pigs under regulation (EC) number 2021/1372 of the
European parliament and of the council of as of 17 August 2021. According to the regulations,
feather meal should be derived from category 3 feathers as those from healthy birds killed in an
accredited slaughterhouse or poultry rendering plant. With the new European regulations and
its extended use in pig diets, we could expect an increase in the utilization and global demand

for feather meal to be used in animal diets.

Feathers contain 85-90% protein (Kim and Patterson 2000; Kumar et al. 2012) and 3-5%
minerals, as much as half of which can be sulphur as feathers is rich in Cys (Ward et al. 1955;
Esparza et al. 2018). The composition of feather meal is summarized in Table 5. Compared to
typical protein sources used in animal diets, the AA composition shows very high levels of Cys,
Ser, Pro, and Glu while having very low levels of Lys and Met. Furthermore, protein
digestibility usually only ranges from 70 to 80% (Kim and Patterson 2000; Grazziotin et al.
2006; Kerr et al. 2019). Valorising feathers by rendering (steam and pressure) does not alter its
AA profile but cuts up the keratin protein into a less rigid protein accessible to digestive

enzymes. Without this step, raw feathers are only around 10% digestible (Grazziotin et al.
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2006). Some other emerging techniques to process feather is through enzymatic hydrolysis with
keratinase and other proteases (Clemente 2000; Kumar et al. 2012) while another is through the
introduction of microorganisms that degrade keratin (Grazziotin et al. 2006; Karaveli and Deniz
2021). With the former, the AA profile of raw feathers will not be changed but due to the
microbial fermentation of the protein, the AA profile is altered. The degree of alteration will
depend on the microorganism used and the time of incubation (Kim and Patterson 2000). Newer
chemical methods of feather processing is through chemical hydrolysis. This can be done with
either an acidic or basic medium with the goal of further increasing AA availability of
hydrolysed feathers (Kim et al. 2002; Lee et al. 2016; Bouhamed and Kechaou 2017). The
digestibility and AA profile of feather meal is variable among samples as this largely depends
on processing methods that are not well standardized between manufacturers (Papadopoulos et
al. 1986; Park et al. 2019). Generally, the nutritional value of feather meal is lower than that of
other poultry PAP (Park et al. 2019) mainly because of the unbalanced AA profile (i.e., low
Lys, Met, and His) and relatively low digestibility. Thus, the inclusion of feather meal in animal
diets has been limited to around 10% as it can depress growth and lower feed intake when given
in higher amounts due to its poor nutritional value (Kim and Patterson 2000; van Heugten and
van Kempen 2002). It is improbable that increasing digestibility will increase feather meal use
in the diet because of its AA profile. So, a possible solution to increase rendered feather
utilization is not through the valorisation of feather meal for animal feeding, but from other

industries that can have uses for feathers and its constituting AA (see Table 3 and Figure 6)

4.3. Extensively hydrolysed feather protein
4.3.1. Process and utilization

An innovative processing method of a French company (BCF Life Sciences, Inc.) allows to
hydrolyse feathers and take out some crystalline AA like Cys and Tyr (Figure 7) to be used as

supplements for human nutrition. This also adds more value to the protein fraction of feathers

58



Table 6. Nutrient composition of feather meal compared to the extensively hydrolysed feather

Nutrient Unit Feather Meal EHF
Dry matter % 93.7 98.3
Crude protein % 86.5 88.0
Ash % 5.63 7.23
Sodium % 0.34 2.60
Chloride % 0.23 2.42
Total amino acids % 91.2 88.7
Free amino acids % 82.3
Amino Acids
Ala gkg! 44.8 44.5
Arg gkg! 64.0 55.8
Asp gkg! 60.2 62.3
Cys gkg! 43.7 15.6
Glu gkg! 96.0 95.7
Gly gkg! 77.1 72.4
His gkg! 8.11 6.00
Ile gkg! 39.7 38.8
Leu gkg! 66.4 67.0
Lys gkg'! 18.2 16.7
Met gkg! 6.72 5.00
Phe gkg! 44.9 43.1
Pro gkg! 93.7 95.1
Ser gkg'! 102 115
Thr gkg! 45.5 43.8
Trp gkg'! 6.42
Tyr gkg! 25.8 7.10

Val gkg! 68.3 62.9
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as individual purified AA can be sold in a more premium price point. Furthermore, this process
also leaves a product (EHF) composed of a mix of the remaining AA fraction of feathers. The
commercial EHF (Protamine, BCF Life Sciences, Inc., Pleucadeuc, France) is produced by
extensive acid hydrolysis of feathers and is composed of a mix of AA with a very stable product
composition. Like feather meal, it has a very high nitrogen and AA content (88.7% total). Due
to the extensive hydrolysis process, the AA of EHF come in the form of free AA and small
peptides (82.0% of total AA are in free form, the rest are small peptides) which makes it a
highly digestible product (Figure 8). The EHF is used in diets of fish and aquatic species (i.e.
shrimps) to promote feed intake and as a growth promoter (Kersanté et al. 2021). Furthermore,
since all of its protein fraction comes in free AA or in low molecular weight peptides (<800
Da), it is also used in specialized diets for carnivorous pets with allergic diseases (Vanderhoof

et al. 2016).

4.3.2. Nutritive values and lack of data in species of interest

The nutritive profile of EHF compared to feather meal is given in Table 6. The nutrient content
and AA profile of both products is similar, hence, the AA profile of EHF is also unbalanced.
As the production of EHF involves the extraction of Cys and Tyr, these AA are present in lower
amount in EHF compared to feather meal. Unlike for the rendering process of feather meal
production, Trp is destroyed during acid hydrolysis so EHF is devoid of this AA. Total AA in
vivo digestibility of EHF measured in cecectomized cockerels, was around 97% with each AA,

except Tyr and Trp, having at least 90% digestibility (unpublished).

One of the biggest commercial use of EHF is as an AA source for pet food. Hence, the main
interests of the company is to characterize the nutritive value of this product for pets. However,
due to the difficulties associated with animal experiments involving pets, an alternative animal
model was used. Therefore, an adult pig model can be used as they mostly eat for maintenance,

much like the majority of pets. For that purpose, the adult mini-pig model is practical to use
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because of its adult size and metabolism. A previous experiment performed by the team
(Meniga et al. 2017) showed that feeding adult mini-pigs with EHF results in prolonged
elevated plasma AA concentrations, which may signal inefficient use of AA (Liao et al. 2018;
Weijzen et al. 2022). The initial hypothesis is that this might have been caused by the intrinsic
properties of EHF, whose AA profile is strongly unbalanced and/or supplies AA as free and

small peptides (Kumta and Harper 1962; Batterham et al. 1986; Bos et al. 2003).

4.3.3. Extensively hydrolysed feather as an experimental model

Even with the limitations of EHF in feeding to pigs (i.e., unbalanced AA profile and palatability
issue), this material has an opportunity as a model AA source to study the consequences of both
the form and balance of AA in diets on pig metabolism and physiology. In AA balance studies,
the protein sources used are usually intact proteins and balancing the AA profile is achieved by
adding free AA (Ten Have et al. 2007; Spring et al. 2020). While this design is generally
acceptable, providing AA in different forms in the diet can cause a transient AA imbalance in
the sites of protein synthesis caused by the differences in the arrival times in the blood of AA
coming from the digestion of intact protein sources and from readily absorbable free AA
(Batterham 1974; Yen et al. 1991). With using EHF to study dietary AA profile balance, it

allows us to overcome these confounding effects.
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EXPERIMENTAL METHODS
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1. Scientific questions and animal experiments

The objectives of the thesis are to determine whether the dietary AA balance and form can have
an effect on the AA metabolism and intestinal physiology of pigs. Since both responses result
from complex interactions between digestion and metabolism, the best approach is through in
vivo methods with animal experiments. We performed two animal experiments, each with their
own objectives that are in line with answering the thesis’ scientific questions. An overview of
these experiments is presented in Table 7. In the first experiment (Exp. 1), we used two pig
models of different physiological stages that have contrasting uses of dietary AA to study the
metabolic effect of feeding a diet with a balanced AA profile compared to diet with an
unbalanced AA profile. The second experiment studied the metabolic (Exp. 2A) and digestive
(Exp. 2B) responses of growing pigs to the provision of dietary AA in different forms, namely
intact proteins, or free AA and small peptides from either an extensively hydrolysed AA source
or as purified free AA. The technical properties of EHF allowed us to use it as a model for both
AA balance and form studies. In this section of the dissertation, we justify the different

experimental models and techniques we used to answer our scientific questions.
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2. Model protein source

The thesis was done in collaboration with BCF Life Sciences (Pleucadeuc, France) because of
the scientific interest in using EHF as a model protein source. This product comes from the
extensive hydrolysis of feathers and even though its AA profile is quite unbalanced, the process
completely transforms the protein fraction of EHF into free AA and small peptides. These
properties make it an ideal protein source for this thesis. Firstly, it is made up of feathers, a
protein source which is also commercially available as an intact protein (feather meal).
Secondly, and probably more importantly, it allows us to use purified free AA to balance its
AA profile without worrying about transient AA imbalances caused by the difference in the

rate of plasma appearance of intact proteins and free AA.
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3. The postprandial metabolism of animals approached by plasma concentrations of
amino acids, other metabolites, and insulin

Our main goal was to study the effect of the balance and form of AA in the diet on AA
bioavailability and metabolism. Our approach was through measuring the changes in the plasma
concentrations of AA, other metabolites, and insulin after feeding pigs equipped with a jugular
catheter to facilitate the sampling procedure and to handle the pig with minimal stress and pain.
The surgery was done accounting for ethical standards and with experienced operators. The
experiments were done in compliance with the ARRIVE animal experimentation guidelines

and the EU directive 2010/63/EU for animal experiments.

3.1. Postprandial plasma metabolite and hormone kinetics

At the whole animal level, protein and AA metabolism can be approached using various
experimental techniques like measurement of plasma metabolites, protein balance, protein
deposition, and growth performance. Our approach was to study the evolution of plasma AA
concentrations over time (or kinetics) after feeding. Compared to the other mentioned methods,
the advantage of the technique is that it affords us to study the dynamic metabolic response of
the pigs to dietary AA balance and form. Apart from being able to study the bioavailability of
dietary AA, pairing the postprandial plasma concentrations of AA to that of other metabolites
and hormones can also give us an estimate of the overall postprandial metabolic response. Thus,
we also measured postprandial plasma glucose, insulin, and urea. Insulin is the main anabolic
hormone of the body that stimulates cellular AA uptake and protein synthesis (van Loon et al.
2000; Davis et al. 2002). Its release is affected by the presence of nutrients in the plasma, most
notably of AA and glucose. Both these nutrients can independently trigger its release (Patti et
al. 1998; Saltiel and Kahn 2001), so postprandial plasma glucose may also play a role in AA
metabolism, and vice-versa. Meanwhile, plasma urea is produced by the liver after its
catabolism of AA, its concentration is frequently used by experiments to reflect the inefficient

use of AA (Chen et al. 1995; Regmi et al. 2018). Furthermore, making plasma analyses allows
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us to use the same animal multiple times with the possibility of testing different experimental
treatments, allowing us to use individual animals as their own control and does not require many

animals.

3.2. Modelling postprandial plasma kinetics

Postprandial plasma AA kinetics have been frequently used to describe dietary AA
bioavailability by studying the differences in concentrations between experimental diets using
a repeated-measures model or a pairwise comparison of each sampling point. However, this
technique ignores the underlying biological interactions between two subsequent sampling
points. In pharmacokinetics, the bioavailability of administered drugs is instead studied by
calculating the area under the curve (AUC), which corresponds to the “metabolic exposure” to
the drug that’s being studied. Calculating for the AUC will be more insightful than doing
pairwise comparisons of postprandial sampling points to study the metabolic response of pigs
to different experimental diets. This calculation can be done using the integration process if the
equation of the curve and its boundaries are known. However, unlike in pharmacokinetics, this

technique is harder to implement for plasma AA as their concentrations are never zero.

To better characterise and understand our results, we developed a conceptual model in parallel
to the thesis (van Milgen et al. 2022). The model incorporated the possible underlying biological
mechanisms in play after ingestion of a meal that summarises postprandial plasma
concentration data in a limited number of parameters (see Annex 2 for more information). It
works with the assumption that there is a homeostatic control of plasma AA concentration that
is maintained through a target concentration (Figure 9). This is a rather strong assumption
because the plasma AA concentration may not be controlled directly, but could also be the result
of the independent control of the influx (i.e., appearance of dietary AA, de novo synthesis) and

the outflux (i.e., protein synthesis, AA catabolism) of AA in the plasma. Still, using the
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developed model allowed us to re-describe our data and interpret the changes in the postprandial

kinetics using only a few parameters with biological meaning.

To better imagine postprandial plasma AA kinetics and what it typically looks like, an example
is illustrated in Figure 10. There is typically an increase in concentrations after feeding,
followed by a decrease, where the shape follows a bell-shaped curve. The elephant in the room
is that plasma concentrations and their postprandial kinetics are not metabolic fluxes. Further
complicating this is the fact that even though the appearance of dietary AA in the plasma is a
big part of the increase in concentration after feeding, a portion of this concentration comes
from de novo synthesis and mobilization from tissue proteins. Moreover, we also cannot
distinguish whether the decrease in plasma AA concentrations is because of incorporation in
body proteins or because of catabolism. Despite these limitations, this does not preclude us
from making certain interpretations in terms of postprandial utilization of AA, as some are more
plausible than others. For example, an increase in plasma concentrations after feeding is more
likely because of increased influx from the diet than either increased mobilization or decreased
outflux. A second example is the comparison between adult and growing pigs who have
contrasting AA utilization and potential for protein deposition. In the period right after the meal,
protein synthesis is assumed to be much higher in growing pigs that deposit protein than in
adult pigs whose protein synthesis is mostly done to replenish the tissue AA pool lost through

obligatory mobilization rather than for protein deposition.
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4. Digestive response

The small intestine is at the interface between the diet and metabolism. It regulates the
availability of dietary AA for the organism through digestion of proteins, absorption of AA,
and first pass utilization of AA. Furthermore, supplying AA as free AA or as intact proteins is
expected to cause adaptations that include morphological changes of the surface of absorption
measured by the morphology of the small intestine mucosa and the capacity to transport AA
measured by the expression of AA transporters. All these physiological changes, along with the

inherent bioavailability of nutrients in the diet, contribute to nutrient digestibility.

4.1. Digestibility measurements using the slaughter technique and indigestible markers

Digestion of protein results in the release of its constituent AA followed by their subsequent
absorption of epithelial cells. Digestibility is the coefficient of disappearance of dietary
nutrients from the intestinal lumen after feeding (Rivest et al. 2000). For pigs, even though the
digestion process starts in the stomach, the bulk is done through the digestion by pancreatic
enzymes released in the duodenum. The absorption of AA and small peptides mainly happens
in the jejunum until the ileum. Hence, the digestive and absorption processes are closely tied to
the physiology of the small intestine, which suggests that any changes in intestinal physiology
can also have an effect on AA digestibility. Feeding intact proteins that needs to be digested
would have lower digestibility than dietary free AA and small peptides as AA in these forms
does not need to be digested. Measurement of AA digestibility can give an insight on the

physiological effects of the form of AA in the diet of pigs.

In the thesis, we measured digestibility using the slaughter and marker method. This involved
feeding pigs a diet with indigestible markers (titanium dioxide and cobalt-EDTA) after an
overnight fast. We chose to slaughter our pigs and collect digesta samples 3 hours after the meal
as our experimental diets are soluble (it is mostly made up of starch) and we know that the

average retention time the soluble fraction (liquid) of the digesta is around 3 to 4 hours (Wilfart
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et al. 2007; Schop et al. 2019). The digesta samples and the feed were analysed for the content
of both AA and indigestible markers that were then used to compute for digestibility. We chose
this method as it is relatively convenient to do and other more precise techniques like

cannulation may affect intestinal physiology.

4.2. Intestinal morphology

The luminal surface of the small intestine is lined with multiple finger-like projections called
villi that increases the total surface area of the small intestine significantly. The main function
of these vascular structures is to absorb nutrient. The invaginations between villi are called
crypts, the most basic functional unit of the small intestine where the synthesis of new epithelial
cells and their differentiation mainly occurs. As the cells in the crypt are not yet differentiated,
there is virtually no absorption happening in this structure (Xia et al. 2005; Ma et al. 2019). By
measuring the morphology of these structures in the small intestine, we get an idea of the total
surface area for absorption. Villi size, height, and area serve as indicators of the total available
surface for absorption while deep crypts can typically mean damage to the small intestine and
lower capacity for absorption (Al-Masri et al. 2015). We expect that these properties will differ

in pigs fed intact proteins and free AA.

4.3. Gene expression of amino acid transporters

The absorption of AA and small peptides in the intestinal lumen is typically done by the various
AA transporters with different specificities and a peptide transporter (PepT1) that transport all
combinations of small peptides (di- and tri-peptides). These transporters are situated in the
enterocyte membrane. The abundance of these transporters in the intestine can be directly
proportional to substrate abundance which is also dependent on the form of AA in the diet
(Kilberg et al. 2005; Morales et al. 2015). One classical way to check for the abundance of
transporters in the small intestine is through measurement of the expression of genes coding for

these transporters. Indeed, for part of this thesis, we fed pigs with different forms of AA that
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we expect to be available at different times and at different sections of the small intestine. This
should then result in differences in the expression of different AA transporters across the

different sections.

Another factor that can affect the gene expression of different AA transporters in the small
intestine of pigs is the AA profile of the diet (Zhang et al. 2013). Indeed, the AA profile of the
model protein source that we used in the experiments is quite unbalanced with very low levels
of certain essential AA like Lys, Met, and His. Thus, it can be used to study the effect of feeding

a diet with limiting amounts of essential AA.

In Exp. 2B, we selected four AA transporters and the peptide transporter PepT1 to analyse in
the different sections of the small intestine. The AA transporter, ASCT2, is a sodium-dependent
transporter that transports all neutral proteinogenic AA except for Asp, Arg, Glu, Lys, and His
(Broer and Fairweather, 2018), while those under the SLC7 family, CAT-1, y'LATI, and
b%*AT, transport cationic AA namely, Arg, His, and Lys (Yin et al., 2014). However, b%"AT is
also implicated in the transport of neutral AA (Yin et al., 2014; Broer and Fairweather, 2018).
So, among the AA transporters whose expression was measured, ASCT2 and b®*AT have broad
specificities and have the ability transport most proteinogenic AA (at least 14 AA). However,
since b®"AT can also transport Lys, an essential AA, that is supplied in low amounts in the diet,
we hypothesized that this may lead the animal to express more of this transporter than ASCT2

as the animal adapts and tries to capture as much Lys as possible.
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EXPERIMENT 1 (Exp. 1)

Postprandial plasma amino acid and metabolite kinetics of adult and growing pigs fed a
diet with free amino acids and small peptides with a balanced or unbalanced amino acid
profilef
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Experimental Results

1. Abstract

Feeding diets with an unbalanced amino acid (AA) profile can reduce the postprandial AA
utilization for protein synthesis. Growing pigs use dietary AA mainly for protein accretion,
whereas adult pigs use AA mainly for maintenance. The requirement for AA for growth is much
larger than that for maintenance and growing pigs may therefore be more affected by a diet with
an unbalanced AA profile than adult pigs. This study aimed to compare the postprandial plasma
AA and metabolite concentrations of adult and growing pigs after feeding a diet with either an
unbalanced (UNB) or a balanced AA profile (BAL). The postprandial plasma concentrations
of AA were used to study the influence of AA balance on postprandial AA metabolism.
Extensively hydrolysed feathers (EHF) were used as an AA source. Both BAL and UNB
contained EHF supplemented with L-Ala, L-Asp, L-Glu, Gly, and L-Trp while BAL was also
supplemented with L-His, L-Ile, L-Lys, L-Met, and L-Tyr. Four growing and four adult pigs
were fitted with a jugular catheter and received each diet as a meal test thrice. The meal test
consisted of giving a small meal after an overnight fast followed by serial blood collection for
360 min. A non-linear regression model was used to describe the postprandial plasma AA
kinetics. Plasma kinetics of adult and growing pigs fed BAL resulted in a higher area under the
curve (AUC) for the AA that were used to balance the diet. For the other AA, feeding BAL
resulted in lower AUC, suggesting faster metabolic utilization of AA for protein synthesis. The
apparent quantity of dietary AA appearing in the plasma after feeding was lower in adult pigs,
suggesting higher first-pass AA utilization in the intestine and liver. For adult and growing pigs,
balancing the AA profile of the diet resulted in faster overall metabolic utilization of AA as

seen in the generally lower AUC of BAL compared to UNB.

Key words: amino acid, amino acid balance, metabolism, pig, plasma metabolite

72






Experimental Results

2. Introduction

The metabolism of dietary amino acids (AA) is affected by the dynamics of protein digestion
and AA absorption and by the balance between the different AA and other nutrients. For
animals, an imbalance occurs when AA arrive in different quantities and at different times
relative to their utilization for protein synthesis (Yen et al. 2004). In a diet with an unbalanced
AA profile, a limiting supply of one or more AA results in a relative excess of other AA that
reduces the overall efficiency of AA utilization (Regmi et al. 2018) and increases nitrogen
excretion (Gloaguen et al. 2012). Specifically, it results in lower postprandial plasma
concentrations of the limiting AA, while the non-limiting AA are found in higher concentrations

compared to feeding a diet with a balanced AA supply (Henry et al. 1992).

The consequences of feeding unbalanced dietary AA can be assessed by measuring protein
balance, protein deposition, or animal growth during a few days or weeks. An alternative is to
focus on the postprandial metabolism, which constitutes a period of high protein anabolism due
to the stimulation of protein synthesis by insulin and AA (Davis et al. 2002). This technique is
usually approached by analysing the postprandial plasma AA curve to quantify the
bioavailability of dietary AA and estimate metabolic fluxes (Cynober 2002). The arrival of
dietary AA in the plasma is affected by dietary supply and the first-pass utilization of the
intestine and liver (Wu et al. 2005), while AA disappearance is affected by their utilization by
peripheral tissues and the rate of AA catabolism (Kampman-van de Hoek et al. 2016). Although
controlled by fluxes, plasma AA concentrations cannot be used as direct measures of metabolic
fluxes (Cynober 2002). Nevertheless, indirect interpretations can be made from postprandial

changes in plasma AA concentrations.

The utilization and metabolic fluxes of dietary AA can be affected by both the balance among
dietary AA and the form in which dietary AA are provided as. Indeed, feeding readily

absorbable free AA seems to induce a lower postprandial AA utilization than when provided as

73






Experimental Results

proteins that first need to be digested (Batterham and Bayley 1989; Yen et al. 2004). In the
study presented here, the metabolic consequence of dietary AA balance is assessed, while the
study of Eugenio et al. (2022, submitted) focuses on the dietary form of AA. In both
experiments, feather protein was used as a model source of AA. Feather protein has a very low
content of Lys and a high content of Cys compared to muscle protein (Grazziotin et al. 2006).
Consequently, feather protein can be used as a model source of unbalanced AA, especially for
growing pigs with a high potential for muscle protein deposition. Furthermore, extensively
hydrolysed feathers (EHF) supply AA in free form and as small peptides and have a
digestibility close to 100% (Kersanté et al. 2021). Therefore, the AA profile of a diet with EHF
as the only AA source can be balanced by supplementation with free AA without the

confounding effect of providing dietary AA in different forms.

In this experiment, we compared the changes in postprandial plasma concentrations of AA,
other metabolites, and insulin of adult and growing pigs after feeding a diet with an unbalanced
AA supply (UNB) with EHF with a diet where EHF was supplemented with free AA to balance
its AA supply (BAL). We hypothesised that feeding BAL would result in lower postprandial
plasma concentrations of AA, most notably for AA that were supplied in the same amount in
both diets, as more AA would be used for protein synthesis. Furthermore, feeding UNB is
expected to have a more marked effect in growing pigs that have higher needs for AA to support

muscle protein deposition than in adult pigs.
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3. Materials and Methods
3.1. Animals, housing, diets, and experimental design

Six adult Yucatan mini-pigs (38.7 + 2.9 kg) of 12 months of age and six growing pigs (Pietrain
x [Large-White x Landrace]; 48.9 = 0.8 kg) of 18 weeks of age from the experimental herd of

UE3P (INRAE, Saint-Gilles, France https://doi.org/10.15454/1.5573932732039927E12) were

surgically fitted with a jugular catheter under general anaesthesia. All pigs in the experiment
were non-castrated males. After an overnight fast, pigs were cleaned and premedicated by
intramuscular injection of 15 mg/kg body weight of ketamine (Imalgene 1000, Merial, Lyon,
France). Anaesthesia was maintained with aerosolized isoflurane (Isoflurane, Baxter,
Maurepas, France) mixed with oxygen (3 - 5%) and administered using a gas mask. An
indwelling silicone catheter was then inserted through a collateral vein in the right external
jugular and externalized through the back of the pig’s neck and then kept in a strengthened-
elastic pocket kept directly above the site of externalization. The wound was cleaned and
disinfected using an iodine solution every other day. Furthermore, 1 mL per 10 kg body weight
of amoxicillin (Duphamox, Zoetis, Malakoff, France) on the second and fourth day after the
operation was provided. Feed allowance was gradually increased for three days after surgery.

The catheters were flushed every two days with a 5 mL saline solution mixed with heparin

(1%).

The growing and adult pigs were housed successively in the same experimental facilities with
1 week in between to clean and disinfect the room and pens. Pigs were kept in individual pens
(1.0 x 3.5 m) enriched with toys and plastic floor mats. Water was available ad libitum. The
room was environmentally controlled with temperature maintained at 26 °C, relative humidity
at 60%, and 12 h of light daily. For each stage, the experiment lasted 4 weeks, including 1 week

of recovery from surgery and adaptation to the experimental diets.
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Table 8. Nutrient and amino acid content of extensively hydrolysed feathers and analysed composition (as fed) of the
balanced (BAL) and unbalanced diets (UNB) fed to adult and growing pigs'

[tems EHF? Adult pigs Growing pigs
BAL UNB BAL UNB
Composition, %
EHF 17.0 17.0 17.0 17.0
Corn starch 65.9 66.0 65.9 66.1
Sugar 2.00 2.00 2.00 2.00
Vegetable oil 4.00 4.00 4.00 4.00
Synthetic fibre 5.00 5.00 5.00 5.00
Limestone 0.50 0.50 0.50 0.50
Dicalcium phosphate 2.00 2.00 2.00 2.00
Vitamin and mineral premix? 0.50 0.50 0.50 0.50
Refined iodized salt 0.60 0.60 0.50 0.50
Purified amino acids
L-Ala 0.15 0.79 0.01 0.77
L-Asp 0.17 0.30 0.07 0.31
L-Glu 0.18 0.30 0.07 0.31
L-Gly 0.16 0.78 0.01 0.78
L-Trp 0.20 0.20 0.20 0.20
L-His 0.20 0.27
L-Ile 0.50 0.50
L-Lys 0.74 0.97
DL-Met 0.20 0.21
L-Tyr 0.25
Analysed content
Dry Matter, % 98.0 90.1 89.2 89.2 88.7
Total nitrogen, % 12.4 2.83 2.85 2.85 2.90
Gross energy, MJ-kg™! 18.0 15.7 15.6 15.6 15.7
Amino acids, g-kg’!
Only added in BAL
His 5.62 2.45 0.91 3.43 1.00
Ile 43.7 9.86 5.39 10.3 5.57
Lys 17.4 6.73 2.47 9.37 2.79
Met 5.64 3.06 0.89 291 0.91
Tyr 6.52 1.30 1.17 3.51 1.24
Mostly added in UNB
Ala 42.7 8.29 13.5 7.25 14.6
Asp 64.6 11.0 11.5 11.1 13.9
Glu 97.3 16.4 16.6 16.7 19.3
Gly 71.7 13.5 19.9 11.8 18.8
Equal amounts in BAL and UNB
Arg 59.5 10.01 9.11 9.38 9.41
Cys 19.2 1.37 1.33 1.31 1.81
Leu 74.1 11.5 10.9 11.2 11.3
Phe 45.1 7.94 7.19 7.23 7.29
Pro 95.1 16.2 15.6 15.9 16.0
Ser 117 19.7 18.6 18.8 19.0
Thr 43.5 7.57 7.14 7.23 7.31
Trp 0.00 2.11 1.87 1.63 2.05
Val 73.8 8.86 8.31 8.70 8.63

'Diets were offered as mash

2EHF: extensively hydrolysed feathers; cystine and tyrosine were partially removed after extensive hydrolysis of feathers; Trp is
destroyed by the process of extensive acid hydrolysis of feathers

3Provided per kg of complete diet: vitamin A, 1,000,000 IU; vitamin D3, 200,000 IU; vitamin E, 4,000 mg; vitamin B1, 400 mg;
vitamin B2, 800 mg; calcium pantothenate, 2,170 mg; niacin, 3,000 mg; vitamin B12, 4 mg; vitamin B6, 200 mg; vitamin K3, 400
mg; folic acid, 200 mg; biotin, 40 mg; choline chloride, 100,000 mg; iron (sulfate), 11,200 mg; iron (carbonate), 4,800 mg; copper
(sulfate), 2,000 mg; zinc (oxide), 20,000 mg; manganese (oxide), 8,000 mg; iodine (iodate), 40 mg; cobalt (carbonate), 20 mg; and
selenium (selenite), 30 mg



Experimental Results

The experimental diets were formulated for adult and growing pigs and either had a balanced
(National Research Council 2012) or unbalanced ideal AA profile, using EHF as the main AA
source (Table 8). In all diets, L-Trp was added as EHF is devoid of this AA. The free non-
essential AA L-Glu, L-Asp, L-Gly, and L-Ala were added to have iso-nitrogenous diets. The
AA profile of BAL was balanced by supplementing the diets with L-Lys, DL-Met, and L-His.
To have the concentrations of all branched chain AA balanced with each other, L-Ile was added
in BAL. Also, L-Tyr was added in BAL for growing pigs as they have higher Tyr requirements
than adult pigs. All free AA were bought from Sigma Aldrich Chimie (St. Quentin Fallavier,
France). The pigs were fed with BAL throughout the experiment except for the days when meal
tests and serial blood sampling were performed. Feed was distributed twice daily amounting to

800 g/day for adult pigs and 1 200 g/day for growing pigs.

3.2. Meal tests and serial blood sampling

After an overnight fast, a first blood sample was collected. Then, a small meal (300 g for adult
pigs and 450 g for growing pigs) of either BAL or UNB was given, which ensured that the pigs
ate all the meal in less than 10 min (Le Floc’h et al. 2019). Blood was collected at 10, 20, 30,
40, 50, 60, 75, 90, 105, 120, 150, 180, 210, 240, and 360 min postprandially. During this period,
the pigs had no access to feed but had access to water. For each sampling, 4 to 5 mL of blood
was collected via the catheter and transferred in tubes lined with heparin. The catheters were
rinsed with sterile saline after each sample. The tubes with collected blood were immediately
placed on an ice bed before being centrifuged (3 000 g for 10 min at 4 °C) to separate plasma.
Plasma samples were then stored until analyses. Six meal tests, three times for each diet, for
four adult and four growing pigs, were carried out. Pigs received the meal test of BAL and UNB
in alternating order at intervals of two meal tests per week for three weeks so that each pig
served as its own control. The two remaining pigs were kept for the duration of the experiment

to serve as a replacement in the event of health problems or malfunctioning of the catheters.
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3.3. Feed analyses

Total nitrogen in feed was analysed by combustion in an automated analyser (LECO FP-428
Nitrogen Determinator, LECO, St. Joseph, MI). For AA analysis, feed samples were hydrolysed
in 6N hydrochloric acid for 24 h (48 h for branched-chain AA) at 110 °C with constant agitation.
For Met and Cys analysis, oxidation with performic acid for 4 h was done before hydrolysis for
18 h. The Trp content was determined after an alkaline hydrolysis with barium hydroxide for
16 h at 120 °C. The AA were analysed after derivatization by AccQtag (AccQ-Fluor reagent
kit, Waters, Guyancourt, France) using an HPLC system (Alliance System 2690, Waters,
Guyancourt, France). Gross energy content of the diets was measured in an adiabatic bomb

calorimeter (IKA, Staufen, Germany).

3.4. Plasma amino acid, metabolite, and insulin assays

The concentrations of AA in plasma were analysed using a UPLC system (Waters Acquity Ultra
Performance Liquid Chromatography system, Waters, Guyancourt, France) with the MassTrak
AAA column after derivatization of samples using the AccQtag Ultra method (Waters, Milford,
MA, USA). Plasma glucose (Glucose (HK), Thermo Fisher Scientific, Vantaa, Finland), urea
(Urea kit, Thermo Fisher Scientific, Asnieres-Sur-Seine, France), and free fatty acids
(FUJIFILM Wako Chemicals Europe GmbH, Neuss, Germany) were analysed with
commercially available kits using colorimetric methods through an automatic analyser,
Konelab 20i (Thermo fisher scientific, Courtaboeuf, France). Plasma concentrations of insulin
were measured using a radioimmunoassay kit (Insulin-CT, CisBio Bioassays, Codolet, France)
and an AIA-1800 device (Automated Immunoassay Analyzer; TOSOH Bioscience, Tokyo,

Japan).

3.5. Calculations and statistical analysis

Data for adult and growing pigs were computed and analysed separately. All statistical analyses

were done using R version 3.6.2 (R Core Team 2019). A generalised additive mixed model of
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the gam package of R (Hastie 2019) was used as a first analysis to assess the effect of time and
diet on plasma concentrations of metabolites and insulin, with the pig as the experimental unit.
Only the 20 proteinogenic AA were considered. The model includes time and diet as fixed
effects and pig and meal tests nested within pig as random effects. Time was declared as a
repeated measure and a smoothing variable. For all statistical analyses performed, a P < 0.05

was considered significant.

Plasma AA concentrations were also analysed using non-linear regression. A modified Erlang
function was used to analyse the postprandial plasma kinetics of AA (van Milgen et al. 2022).
The model describes the postprandial kinetics of plasma AA concentrations over time (Cy) and
assumes the existence of a target AA concentration during fasting. Ingestion of the meal results
in a temporary increase in plasma AA concentration, and may also change the target

concentration due to ingestion of the meal:
Caoy =Co + (/5 AUC 2 t2exp(=2 1)) + (C5(1 — exp(—1 1))

Where ¢ (min) is the time of sampling, Cy (umol/L) is the target AA concentration during fasting
(i.e, at t = 0), Cs (umol/L) the change of the target concentration relative to Cy due to the
ingestion of the meal, 4UC (umol/L-min) the area under the curve, and 4 (1/min) the fractional

flow rate.

Parameter estimates were obtained using the nls2 function (Grothendieck 2013). Fitting of the
model was done for each meal test for each pig, so that the response was expressed as a set of
four parameters (Co, Cs, A, and AUC). The effect of diet on the parameters was tested using the
Imer function of the ImerTest package (Kuznetsova et al. 2017) with diet as fixed effect and pig
and meal test as random effect. The Cs can be positive, negative, or not different from zero. A
t-test with the Is_means function (ImerTest package) was used to test if Cs differed from zero.

The AUC represents the metabolic exposure of the animal to dietary AA from which the
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apparent quantity of dietary AA arriving in the jugular plasma (Q; umol/L) can be calculated
as AUC x A (van Milgen et al. 2022). Differences in Q between the two diets may be due to
differences in dietary AA supply or to differences in first-pass AA metabolism of the intestine
and the liver. This was assessed as QOpar-uns/dietpar-uns (as percentage), where Opar-uns is the
ratio between the average QO when feeding BAL relative to feeding UNB, while dietpar-uns 1s
the ratio between the AA supply of BAL over UNB. The Ogui-uns/dietpar:uns 1s thus indicative
for the extent to which a different dietary AA supply between the two diets (i.e., through
dietgar-ung) results in a different apparent quantity of AA appearing in the plasma (i.e., through
Osar:uns). A Opar-uns/dietpar-ung of 100% means that the difference in the apparent quantity of

AA appearing in the plasma between the diets equals the difference in the dietary supply.
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Figure 11. Observed (Obs; mean + SD) and estimated (Est) postprandial concentrations (uM)
of plasma Lys of growing pigs (A, n = 12) and plasma Cys of adult Yucatan mini-pigs (B, n =
12) after feeding a diet with an extensively hydrolyzed feathers as a source of an unbalanced
amino acids (UNB) or a diet with extensively hydrolyzed feathers supplemented with
synthetic amino acids (BAL)



Experimental Results

4. Results
4.1. General observations

All animals appeared healthy and there were no problems with feed intake and blood collection
except for one adult pig who developed fever for 3 days. This pig was therefore replaced by
another pig. For all diets, Cys was around 30% lower than anticipated but the impact on results
should be similar since this is consistent for all diets. Apart from Cys, the AA content of BAL

were close to the targeted AA.

4.2. Postprandial plasma concentrations

The kinetics of postprandial plasma AA concentration was analysed through a non-linear
regression model. The model used was capable of fitting different response types (Figure 11),
which included curves for which the plasma concentration followed an asymmetrical bell-
shaped curve (Figure 11A for Lys in growing pigs) or an asymptotic curve (Figure 11B for Cys
in adult pigs). The capacity to fit different types of curves is due to the three terms of the
equation. The first term is the target AA concentration after fasting, the second term represents
the asymmetrical bell-shape curve, and third term reflects the change in the target concentration
due to ingestion of the meal. These aspects are additive in the equation and can be present to
different degrees in the response. For example, the asymmetrical bell-shaped curve is hardly
present for Cys. Likewise, when growing pigs are fed UNB, the target Lys concentration
decreased from around 150 uM during fasting to 100 uM after ingestion of the meal. Parameter
estimates for Cy, Cs, AUC, and A for adult and growing pigs are given in Tables 9 and 10,
respectively. For all AA, diet did not affect Cy for adult and growing pigs and Cyp was higher in

adult than in growing pigs.

For both adult and growing pigs, feeding BAL resulted in a higher AUC for most of the AA
only added in BAL (i.e., His, Ile, Lys, and Met, and also for Tyr for growing pigs). For AA that

were mostly added in UNB, only the AUC of Gly for adult pigs and Ala for growing pigs were
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higher. For the AA that were supplied in equal amounts by the diets, the AUC of Ser was higher
when feeding UNB in both adult and growing pigs, whereas it was lower for Arg in growing
pigs. Furthermore, the AUC of adult pigs was generally higher than that of growing pigs,
especially for UNB. In adult pigs, the 1 was not affected by diet, except for Ser, which was
higher in BAL. In growing pigs, the 4 of His, Lys, Met, and Cys was affected by the diet, all of

which were lower in BAL. The 4 of adult pigs was generally lower than that of growing pigs.

For adult pigs, A was not affected by diet, except for Ser, for which A was higher in BAL. For
growing pigs fed BAL, three of the five AA that were only added in BAL (i.e., His, Lys, and
Met) had lower 4. For AA that were supplied in equal amounts in BAL and UNB, only the 4 of
Cys was lower in growing pigs fed BAL compared to UNB. The 4 of adult pigs was generally

lower than that of growing pigs.

The difference in the apparent quantity of AA appearing in the plasma due to a difference in
dietary AA supply (i.e., Oar.uns/dietpar-ung) 1s given in Figure 12. For adult pigs, the
Opar:uns/dietsar:ung Was less than 100% for all AA except Ala, Gly, and Tyr, indicating that
the difference in the AA supply between the diets resulted in a lower change in the apparent
quantity of AA appearing in the plasma. For growing pigs, the Opar-.uns/dietpar-unp Was greater
than 100% for most AA, except for His, Lys, Met, Tyr, Asp, and Ser, the first four of which
were added only to BAL. For AA that were provided in equal amounts in both diets, adult and
growing pigs differed largely in their plasma response.

There was a significant effect of time (P < 0.01) on the postprandial plasma concentrations of
insulin, glucose, urea, and free fatty acids (Supplementary Figure 1) and diet did not affect these
concentrations (P > 0.10). On average, the urea concentration was 285 mg/L in adult pigs and
206 mg/L in growing pigs. The insulin peak, roughly occurring 50 min postprandially, was 68.2

pU/mL in adult pigs and 49.8 pU/mL in growing pigs.
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5. Discussion

The nutritional studies that assess the consequences of a dietary AA balance usually formulate
the experimental diets by adding free AA to balance the AA profile of protein sources.
However, providing AA both as proteins and in free form in the diet can result in a transient
AA imbalance caused by differences in the time of arrival of AA in the plasma (Batterham and
Bayley 1989; Yen et al. 2004). This is because proteins first need to be digested while free AA
are readily absorbable and appear quickly in the plasma after feeding (Batterham and Bayley
1989). To overcome the confounding effect of digestion kinetics, EHF was used here as a model
source of rapidly absorbable AA with an unbalanced AA profile. Eighty-two percent of the AA

in EHF are in free form; the remainder are small peptides (Kersanté et al. 2021).

The postprandial kinetics of most AA followed a bell-shaped curve with an increase in plasma
concentration during the first hour after meal ingestion, followed by a decrease. The decrease
in plasma concentration coincided with the postprandial peak of insulin (Supplementary Figure
1A), an anabolic hormone known to stimulate protein synthesis and intracellular AA transport
(Davis et al. 2002), which was observed 50 min postprandially. Furthermore, it also coincided
with the postprandial increase in plasma urea concentration (Supplementary Figure 1C) that
resulted from the hepatic deamination of AA (Bos et al. 2003). The postprandial plasma AA
kinetics were described and summarized in a limited number of parameters with biological
meaning. The model was capable to summarize all the observed shapes of postprandial plasma
AA kinetics. It is based on the idea that plasma concentrations are controlled intrinsically by
homeostasis through target concentrations during fasting (Cyp) and after feeding (Cyp + C).
However, the concept of AA homeostasis remains a simplification of biological reality, and
plasma AA concentrations are not constant over time, even after prolonged fasting (Bertolo et
al. 2000). Plasma A A concentrations are not necessarily controlled intrinsically, but may be the

result of changes in influx (i.e., the appearance of dietary AA after the first-pass metabolism of
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the intestine and the liver, de novo synthesis, body protein breakdown) and outflux (i.e., for
protein synthesis, AA catabolism), both of which may be controlled independently (van Milgen
et al. 2022). However, opposing mechanisms may result in the same change in plasma
concentration. For example, either an increase in AA influx or a decrease in outflux would
result in the same plasma response (i.e., an increase in AA concentration). Although changes in
plasma AA concentrations should not be interpreted directly as changes in AA fluxes, certain
mechanisms are more plausible than others (van Milgen et al. 2022). For example, the
postprandial increase in plasma concentration is likely initiated by the increase in the influx of

AA from the ingestion of a meal, and not to a decrease in AA outflux.

In the model, the parameter Cy corresponds to the target AA concentration that the animal tries
to maintain during fasting. However, it can also be interpreted as the initial plasma
concentration and the estimated Cy were close to the measured AA concentrations before the
test meal, and were in line with those reported for adult and growing pigs (Mohamed et al.
2019; Campos et al. 2019). As anticipated, Cp was not affected by diet. It was assumed that the
target concentration may be affected by meal intake but, for most AA, Cs did not differ from
zero indicating that postprandial AA concentrations generally went back to initial
concentrations. However, there were cases where there was a change in the target AA
concentration. For example, the Cs for Lys was negative when feeding UNB and this can be
interpreted as the result of an enduring demand for Lys for protein synthesis while the dietary
Lys supply was limiting.

The AUC can be interpreted as the metabolic exposure of the animal to a dietary AA as it
appears in the plasma after absorption, uptake, and metabolism by the intestine and liver (influx)
until it disappears either due to its incorporation into protein or after being catabolised (outflux).
The AUC of AA that were only added in BAL as free AA (i.e., His, Ile, Lys, Met, and Tyr)

were significantly higher in BAL compared to UNB. For AA that were supplied in equal
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amounts in both diets (i.e., Ala, Asp, Glu, and Gly), the AUC was lower for BAL, probably
indicating a higher utilization of these AA for protein synthesis. The Q is the apparent quantity
of AA arriving in the plasma after first-pass metabolism by the intestine and the liver (van
Milgen et al. 2022). It is an apparent quantity because the blood flow is unknown and Q can
therefore not be compared directly with the dietary intake. However, since all pigs were fed
with the same amount of feed during the experiment, it can be assumed that the blood flow was
similar for both diets (Vaugelade et al. 2000; Val-Laillet et al. 2011). Thus, the
Osar:uns/dietpar-uns reflects the extent to which a difference in the amount of AA supplied by
BAL over UNB resulted in an equivalent difference in Q. For both adult and growing pigs, the
values of Opar.uns/dietsar:uns of Ala and Gly were above 100%. This is consistent with the
synthesis of these AA by the intestine and liver (Fujita and Yanaga 2007; Sarabhai and Roden
2019). Contrary to UNB, His, Ile, Lys and Met (and Tyr for growing pigs) were not limiting in
BAL. The Qgar-uns/dietpsr:ung was lower than 100% for most of these AA, suggesting that

more of these AA were metabolized in the first-pass by the intestine and the liver.

In growing pigs, the Opar.uns/dietsar.unp Was greater than 100% for all non-limiting AA except
for Asp and Ser, suggesting that the first-pass metabolism in the intestine and liver of most AA
was lower for BAL than for UNB. Conversely, in adult pigs, Opar.uns/dietsar:uns Was less than
100% for most non-limiting AA except for Ala, Gly, and Tyr. This suggests that the first-pass
metabolism of the intestine and liver plays a relatively important role in AA homeostasis in
adult pigs, because differences in the dietary AA supply between BAL and UNB result in
smaller differences in plasma concentrations. The difference in the fate of the dietary AA
between adult and growing pigs may explain their contrasting responses. In adult pigs, dietary
AA are mainly used for renewal of body proteins and catabolism whereas in growing pigs, AA
are mainly used for muscle protein synthesis and accretion (Moehn et al. 2004; Park 2006).

This is consistent with the lower AUC of growing pigs than that of adult pigs, especially for
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UNB. The utilisation of these AA for muscle protein synthesis is a plausible explanation, as
growing pigs have higher AA requirements for protein deposition compared to adult pigs.
Moreover, the stark contrast in AA utilization between adult and growing pigs is also seen in
the postprandial plasma urea concentration (supplementary Figure 1A), that was lower for
growing pigs indicating they were catabolising less AA in the liver than adult pigs (Broer and
Bréer 2017). In growing pigs, Phe was provided in approximately the same amount in both
diets, whereas Tyr was provided in higher amounts in BAL. The QOpui-uns/dietsar-ung was lower
than 100% for Tyr and greater than 100% for Phe. This suggests that growing pigs fed UNB
diet catabolized Phe in the liver to synthesize Tyr. In adult pigs, Tyr and Phe were provided in
equal amounts in both diets. The Opar.uns/dietpar-ung Was roughly equal to 100% for Tyr, but
less than 100% for Phe, suggesting that Phe was metabolized more in the first-pass in adult pigs

fed diet BAL than those fed diet UNB.
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6. Conclusion

Balancing the AA profile of diets by adding free AA affected the postprandial plasma AA
concentrations of almost all AA. The first-pass metabolism of AA in the intestine and liver
seemed to contribute to control plasma AA homeostasis in response to dietary AA balance.
Adult pigs utilise more dietary AA in the first-pass than growing pigs, but growing pigs have
higher utilisation of plasma AA, most likely for muscle protein synthesis. For adult and growing
pigs, balancing the AA profile of EHF resulted in higher and faster overall utilization of

postprandial plasma AA for protein synthesis.
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1. Abstract

Dietary proteins need to be digested first while free amino acids (AA) and small peptides are
readily available for absorption and rapidly appear in the blood. The rapid postprandial
appearance of dietary AA in the systemic circulation may result in inefficient AA utilisation for
protein synthesis of peripheral tissues if other nutrients are not available at the same time. The
objective of this experiment was to compare the postprandial concentrations of plasma AA and
other metabolites after the ingestion of a diet that provided AA either as proteins or as free AA
and small peptides. Twenty-four male growing pigs (38.8 + 2.67 kg) fitted with a jugular
catheter were assigned to one of three diets that provided AA either in protein form (INT), free
AA and small peptides (HYD), or as free AA (FAA). After an overnight fast and initial blood
sampling, a small meal was given to each pig followed by serial blood collection for 360 min.
Postprandial concentrations of plasma AA, glucose, insulin, and urea were then measured from
the collected blood. Non-linear regression was used to summarize the postprandial plasma AA
kinetics. Fasting concentrations of urea and other AA were higher (P < 0.05) while postprandial
plasma insulin and glucose were lower (P < 0.01) for INT than for HYD and FAA. The area
under the curve was lower for INT for most AA (P <0.05), resulting in a flatter curve compared
to HYD and FAA. This was the result of the slower appearance of dietary AA in the plasma
when proteins are fed instead of free AA and small peptides. The flatter curve may also result
from more AA were being metabolised by the intestine and liver when INT was fed. The
metabolism of AA of the intestine and liver was higher for HYD than FAA. Providing AA as
proteins or as free AA and small peptides affected the postprandial plasma kinetics of AA, urea,
insulin, and glucose. Whether the flat kinetics when feeding proteins has a positive or negative

effect on AA metabolism still needs to be explored.

Keywords: protein-bound amino acids, free amino acids, metabolism, pig, plasma

metabolites
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2. Introduction

Feeding livestock requires the use of limited resources like land, water, and energy that
contribute to the pressure on the environment. Using free, non-bound amino acids (AA) in
animal diets instead of traditional protein sources like soybean meal is a way to address
increasing concerns regarding the negative environmental impact of animal husbandry (Garcia-
Launay et al. 2014). Apart from the reduction of the dependency on protein sources that are
resource-intensive, an alternative is to use by-products of animal production as they contributes
to a circular economy and the lessening of wastes (Garcia-Launay et al. 2014). Furthermore,
using free AA allows for formulating diets with a reduced crude protein content with an AA
profile close to the requirement, an approach that reduces nitrogen excretion (Chrystal et al.
2020b). Even though providing low crude protein diets with supplemental free AA has been a
well-established practice in animal nutrition (Gloaguen et al. 2014; Selle et al. 2020), some
studies reported that feeding animals with diets with large amounts of free AA reduces the
efficiency of AA utilization for growth (Batterham and Bayley 1989; Yen et al. 2004). Since
free AA and small peptides can be absorbed directly in the small intestine without the need for
digestion (Wu 1998; Krehbiel and Matthews 2003), they appear rapidly in the plasma.
Differences in the rate of appearance between AA, other nutrients, or energy may cause a
temporary imbalance at the sites of protein synthesis and result in increased AA catabolism

compared with feeding AA as proteins (Bos et al. 2003; Yen et al. 2004).

The efficiency by which dietary AA can be used for protein synthesis depends on both the form
and balance of dietary AA. In a previous experiment, the effect of the AA balance on their
utilisation was studied (Eugenio et al., submitted). In this experiment, the focus is on the form
by which AA are supplied, using feather proteins processed in varying degrees as a model
protein source. Presently, feathers are mainly valorised in the animal feed sector as feather meal

by simple physical processing through steam and pressure that leaves the protein intact but
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makes it accessible to digestive enzymes. A more intensive process like extensive acid
hydrolysis transforms the protein fraction of feathers into free AA and small peptides (Kersanté
et al. 2021). In this study, we compared the postprandial plasma concentrations of AA,
metabolites, and insulin in pigs fed either feather meal, extensively hydrolysed feathers
composed of 84% of free AA and 16% small peptides, or a mix of free AA following the AA
profile of the extensively hydrolysed feathers. We hypothesised that pigs fed a diet with proteins
have lower postprandial plasma concentrations of AA and insulin compared to pigs fed a diet

with the extensively hydrolysed feather or the mix of free AA.
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Table 11. Composition and nutrient analysis (as fed) of the three experimental diets fed to growing pigs’

INT HYD FAA
Ingredients, %
Limestone 0.90 0.90 0.90
Monocalcium phosphate 2.20 2.20 2.20
Vitamin and mineral premix? 0.50 0.50 0.50
Refined iodized salt 0.60 0.60 0.60
Sugar 2.00 2.00 2.00
Extensively hydrolysed feathers 17.0
Feather meal 17.0
Vegetable oil 4.00 4.00 4.00
Corn starch 67.8 67.7 69.7
Synthetic fibre 5.00 5.00 5.00
L-Trp 0.10 0.10
Amino acid mix® 15.0
Analysed content
Moisture, % 10.3 11.1 9.66
Total nitrogen, % 2.58 2.28 2.10
Gross energy, MJ/kg 16.6 15.8 16.4
Total amino acids, g/kg 143 150 136
Amino acids, g/kg
Ala 7.40 6.70 5.40
Arg 9.50 8.40 7.60
Asp 9.80 9.60 9.40
Cys 4.80 12.2 12.2
Glu 15.8 14.9 13.1
Gly 11.8 11.1 9.70
His 0.90 1.00 0.50
Ile 7.20 7.10 6.60
Leu 12.3 13.4 11.4
Val 11.7 11.4 10.3
Lys 2.60 2.50 3.10
Met 0.60 0.80 0.80
Phe 7.30 7.40 7.40
Pro 13.6 13.4 13.2
Ser 16.9 17.9 14.1
Thr 6.60 6.70 5.20
Tyr 0.90 0.70 0.80
Trp 3.50 5.10 4.90

"Experimental diets were offered to the pigs as mash. INT — intact protein; HYD — extensively hydrolysed protein; FAA — free
amino acids

Provided per kg of complete diet: vitamin A, 1 000 000 IU; vitamin D3, 200 000 IU; vitamin E, 4 000 mg; vitamin B1, 400
mg; vitamin B2, 800 mg; calcium pantothenate, 2 170 mg; niacin, 3 000 mg; vitamin B12, 4 mg; vitamin B6, 200 mg; vitamin
K3, 400 mg; folic acid, 200 mg; biotin, 40 mg; choline chloride, 100 000 mg; iron (sulfate), 11 200 mg; iron (carbonate), 4 800
mg; copper (sulfate), 2 000 mg; zinc (oxide), 20 000 mg; manganese (oxide), 8 000 mg; iodine (iodate), 40 mg; cobalt
(carbonate), 20 mg; and selenium (selenite), 30 mg

3Amino acid mix consisted of L-Lys, DL-Met, L-Thr, L-Val, L-Arg, L-His, L-Ile, L-Leu, L-Glu, L-Tyr, L-Asp, L-Gly, L-Ala,
L-Cys, L-Phe, L-Pro, and L-Ser



Experimental Results

3. Materials and methods
3.1. Animal housing, diets, and experimental design

The experiment was carried out at UE3P (INRAE, Saint-Gilles, France

https://doi.org/10.15454/1.5573932732039927E12). Thirty male Piétrain x Large-White x

Landrace growing pigs were selected at 12 weeks of age (33.7 + 4.1 kg). They were surgically
fitted with a jugular catheter following the procedure of Eugenio et al. (submitted). Throughout
the experiment, pigs were housed in individual pens (1.0 x 2.0 m) equipped with a nipple drinker
and a feeding trough. The room was environmentally controlled with temperature maintained
at 26 °C, relative humidity at 60%, and 12 h of light daily. After the surgery, pigs were allotted
to one of three dietary treatments where AA were provided as feather meal as a model of
proteins (INT), as extensively hydrolysed feathers providing AA as free AA and small peptides
(HYD), or as purified free AA with the same AA profile as that of HYD (FAA). The ingredient
and nutrient composition of the experimental diets are given in Table 11. Apart from the AA
source, the ingredient composition of the three diets was almost identical. L-Trp was added in
HYD (and also in FAA) as it is destroyed by the extensive hydrolysis process. All free AA were
bought from Sigma Aldrich Chimie (St. Quentin Fallavier, France) except for L-Cys and L-
Tyr, which were supplied by BCF Life Sciences (Pleucadeuc, France). Experimental diets were
offered as mash. A daily feed allowance of around 1 200 g/day was distributed twice daily as
meals (morning and afternoon). Throughout the experiment, the pigs were offered a mixture of
the experimental diet (at 90%) and a regular, pelleted starter diet (at 10%) as the pigs did not

eat well when fed exclusively with the experimental diet.

3.2. Meal tests and serial blood sampling

One week after catheter implantation, pigs were submitted to a meal test that consisted of giving
each pig a small meal followed by serial blood collection. After an overnight fast, a first blood

sample (4 - 5 mL) was collected. Then, a small meal (300 g) was given to ensure the pigs ate
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all the offered experimental diet in less than 10 min. From 10 to 360 min after the meal, blood
was collected at 10, 20, 30, 40, 50, 60, 75, 90, 105, 120, 150, 180, 210, 240, and 360 min. Blood
was collected in tubes lined with heparin and immediately placed on an ice bed before being
centrifuged (3 000 g for 10 min at 4 °C) to separate plasma. Plasma samples were then stored
in freezers (-80 °C or -20 °C) until further analyses. The catheters were rinsed with sterile saline
after each blood sampling. During the blood sampling procedure, pigs had no access to feed but
had access to water. This procedure was done for 24 pigs (8 pigs per treatment). The other pigs
were kept for the duration of the experiment to serve as a replacement in the event of health

problems or malfunctioning of the catheters.

3.3. Feed analyses

The nitrogen concentration in the feed was analysed by combustion in an automated analyser
(LECO FP-428 Nitrogen Determinator, LECO, St. Joseph, MI). For AA analysis, feed samples
were hydrolysed in 6N HCI for 24 h at 110 °C with constant agitation to release AA. For Met
and Cys analysis, oxidation with performic acid was done for 4 h before hydrolysis for 18 h.
The Trp content was determined after alkaline hydrolysis with barium hydroxide for 16 h at
120 °C. The AA content was analysed after derivatization by AccQtag (AccQ-Fluor reagent
kit, Waters, Guyancourt, France) using an HPLC system (Alliance System 2690, Waters,
Guyancourt, France). The gross energy content was measured in an adiabatic bomb calorimeter

(IKA, Staufen, Germany).

3.4. Plasma amino acids, metabolites, and insulin assays

The plasma concentrations of AA were analysed using a UPLC system (Waters acquity ultra
performance liquid chromatography system, Waters, Guyancourt, France) with the MassTrak
AAA column after derivatization of samples using the AccQtag Ultra method (Waters, Milford,
MA, USA). Plasma glucose (Glucose (HK), Thermo Fisher Scientific, Vantaa, Finland) and

urea (Urea kit, Thermo Fisher Scientific, Asnieres-Sur-Seine, France) were analysed with
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commercial kits using colorimetric methods in an automatic analyser, Konelab 20i (Thermo
fisher scientific, Courtaboeuf, France). Plasma concentrations of insulin were measured using
a radioimmunoassay kit (Insulin-CT, CisBio Bioassays, Codolet, France) and an AIA-1800

device (Automated Immunoassay Analyzer; TOSOH Bioscience, Tokyo, Japan).

3.5. Calculations and statistical analysis

All statistical analyses were done using R version 3.6.2 (R Core Team 2019). The pig was the
experimental unit. The average postprandial plasma concentrations of AA, glucose, urea, and
insulin were analysed using a generalized additive mixed model (GAMM function) of the gam
package of R (Hastie 2019). The model included time of blood sampling and diet as fixed effects
and the pig as the random effect. Time was declared as a repeated measure and a smoothing
variable. A difference was considered to be significant at P < 0.05 for all statistical analyses

done.

Plasma AA concentrations were further analysed using non-linear regression with a modified
compartmental Erlang function (van Milgen et al. 2022). The model assumes the existence of
a target AA concentration that the animal tries to maintain. This target concentration may be
affected by the ingestion of the test meal, resulting in a model with either three or four
parameters (van Milgen et al. 2022). The 3-parameter model was used to describe postprandial
plasma kinetics when the initial and final concentrations were similar while the 4-parameter
model was used when these concentrations differed. Depending on the AA, the models used in

the experiment were:

3-parameters: C;) = Cy + (1/2 AUCA3 t? exp(—A 1))

4-parameters: C,) = Cy + (1/2 AUCA3 t? exp(—At)) + (Cs(1 — exp(—At))

Where Cp) (UM) is the plasma AA concentration at the time of sampling (¢, min), Cp (UM) the

target AA concentration during fasting (i.e., at # = 0), Cs (uM) the change in the target AA
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concentration relative to Cy, AUC (uM-min) the area under the curve over and above the target
AA concentration, and 4 (1/min) the rate of the postprandial change in AA concentration. For

the 4-parameter model, 4 is also the rate of change of the target AA concentration.

The choice of the model was done on a per AA basis to compare the values of parameters using
the same model between diets. First, the individual plasma concentrations of the 20
proteinogenic AA were fitted using the 4-parameter model using the NLS2 function (nls2
package (Grothendieck 2013)) of R. Regardless of the diet, if Cs differed from zero for at least
half the pigs (> 12 pigs) for a particular AA, the 4-parameter model was used. In the other cases,
the plasma concentrations were refitted using the 3-parameter model. The effect of the diet on
each parameter was tested using the LMER function using the ImerTest package (Kuznetsova

et al. 2017) with diet as a fixed effect and pig as a random effect.

The apparent appearance of dietary AA in the plasma after ingestion of the meal (Q; uM) was
calculated as AUC x 4. The differences in O between two experimental diets may be due to a
difference in AA supply or to a difference in the first-pass metabolism of dietary AA by the
intestine and the liver. This was assessed by computing for the ratio between the QO of two
treatments and the ratio between the AA supplied by the two dietary treatments. This ratio
estimates the extent to which dietary AA are metabolised differently in the first pass between
two diets. This ratio was computed for INT over HYD (Quyp:ivi/dietuyp.ivt), for INT over FAA
(QFaua:ivt/dietraa-nt), and for HYD over FAA (Quyp:ras/dietnuyp:ra4), and expressed as

percentages.
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4. Results
4.1. General observations

Except for one pig that needed to be replaced, most of the pigs appeared healthy during the
experiment. The AA profiles of the diets were similar to expected values. Although for FAA,

some AA were somewhat lower than expected (i.e., Glu, Gly, Ser, and Thr).

4.2. Average postprandial plasma concentrations of metabolites and insulin

The average postprandial plasma concentrations of glucose, insulin, and urea are given in
Figure 13. The postprandial plasma glucose concentration was lower while that of urea was
higher for pigs fed INT compared to pigs fed HYD or FAA. The postprandial plasma insulin
concentration was highest for FAA and lowest for INT. The concentration of urea after an

overnight fast was higher for INT compared to the other diets.

4.3. Postprandial kinetics of plasma amino acids

The 4-parameter model was used for Arg, Cys, Gln, Glu, Ile, Leu, Val, Phe, Pro, Ser, Thr, and
Tyr, which all had a positive Cs. For the other proteinogenic AA, the 3-parameter model was
used. The fitting of the 3-parameter model is illustrated in Figure 14A for the postprandial
plasma concentrations of Met where the ingestion of the meal induced a bell-shaped curve and
initial fasting concentration was similar to the final concentration. Figures 14B and 14C show
the kinetics of Val and Thr and illustrate how feeding INT resulted in a relatively flat curve,
whereas feeding HYD or FAA results in an asymmetrical bell-shaped curve where the final

concentration was higher than the initial concentration (i.e., Cs > 0).

Tables 12 and 13 present the estimates for Cyp and Cs, and for AUC and 4, respectively. Pigs fed
INT had higher values of Cy for Arg, His, Ile, and Val than the two other diets. Pigs fed HYD
had the highest Cyp of Trp while those fed FAA had the highest Cy for Cys and Thr. Pigs fed
INT had generally lower estimates of Cs, AUC, and 4. For Cs, HYD had a higher estimate for

Leu while FAA had the highest Cs for Pro and Thr. The AUC of Trp was highest for FAA and
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Table 12. Estimates of the initial concentration (Cp) and change in target concentration (Cs) of
the postprandial plasma amino acid kinetics of growing pigs fed a diet with amino acids
originating from intact protein (INT), extensively hydrolysed protein (HYD), or free amino

acids (FAA)!
Amino Co, uM Cs, uM

acid | INT HYD FAA RSD Pper | INT HYD FAA RSD Ppie
Ala 322 314 361 424  0.08 . . . . .
Arg | 116 70.1° 82.0° 21.6 <0.01 | 46.6 440 394 270 0.86
Asn | 464 476 50.8 7.03  0.46

Asp | 524 526 520 1.04 099 . . . . .
Cys |263%® 223> 330° 6.74 001 | 7.65° 15.9*° 17.7*% 7.89 0.04
Gln 392 405 401 495 0.87 | 558 458 333 427 057
Glu | 739 689 703 143 081 | 606 660 075 65 0.18
Gly | 1,103 1,138 1,405 252  0.07

His | 59.9° 51.7%° 427° 124  0.04 ) ) ) ) )
Ile 118  87.9° 982 167 <0.01 | 155 30.0 151 172 0.17
Leu 149 122 137 222  0.07 | 109> 552% 40.0* 294 0.02
Val | 440* 334> 359® 494 <001 | 17.8° 123* 99.5* 60.0 <0.01
Lys 559 484 453 227  0.64

Met | 28.1 237 279 564 024 . . . . .
Phe | 964 915 838 212 050 | 23.1 499 405 238 0.10
Pro 194 203 217 289 0.29 | 89.8° 117®* 173* 61.0 0.04
Ser 161 180 178 634  0.81 | 51.5> 128 134* 622 0.03
Thr | 584°> 652 939 238  0.02 | 343> 113*® 200*° 863 <0.01
Trp | 34.0° 44.0*° 409® 588 <0.01 . . . . .
Tyr | 594 688 619 158 048 | 17.6° 505* 64.5* 214 <0.01

"Parameter estimates (least square means) for the target concentration after fasting (Co) and the change in target concentration
due to ingestion of the meal (Cs) of the modified Erlang function (see text for details) from 24 pigs fed either INT, HYD, or
FAA,;* within a row with different superscript letters differ (P < 0.05) from each other; RSD — residual standard deviation
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lowest for INT. The A of Ala, Asn, and GIn was highest for HYD and lowest for INT. The Cy
of Cys, Gly, and Thr was higher for pigs fed FAA than for those fed HYD. The AUC of Arg,
Asn, Gly, His, Leu, Met, and Trp was higher for the pigs fed FAA, while the A of Met was
higher for pigs fed HYD. The Quyp.ivi/dietuyp:ivt and Qraa:ivt/dietraa.ivr were all above 100%
for all AA (Figure 15). Also, the Onyp.ras/dietuyp.rFaa was below 100% for all AA, except for

Cys (Figure 16).
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Table 13. Estimate of the area under the curve (AUC) and the fractional flow rate (1) of the
postprandial plasma amino acid kinetics of growing pigs fed a diet with amino acids originating
from intact protein (INT), extensively hydrolysed protein (HYD), or free amino acids (FAA)!
Amino AUC, uM-min x10? J, 1/min x107
acid INT HYD FAA RSD Ppir | INT HYD FAA RSD  Ppix

Ala 220 285 364 112 0.06 | 253> 3332 293 (58 0.04
Arg 61.1> 157@  227* 557 <001 | 321 456 3.82 129 0.14
Asn 18.1° 19.1® 31.3% 6.67 <0.01 | 3.05® 5.23* 4312* 139 0.02
Asp 0.63> 5.812 494* 271 <001 | 941 328 423 489 0.06
Cys 13.1° 105 359% 676 0.04 | 543 275 430 243 0.11
Gln 954 107 146 949 0.55 | 2.60> 428 377 123 0.04
Glu 123 325 298 173 0.08 | 746 4.04 462 336 0.15
Gly 943 772 1,306 459  0.09 | 0.92° 2.87* 2.19* 1.04 0.01
His 163> 234 322° 755 <001 ]| 3.15 457 412 117 0.07
Ile 184> 110* 136* 293 <0.01 | 4.12 5.02 462 094 0.19
Leu 28.1° 175  233* 490 <0.01 | 451 5.09 448 1.06 045
Val 5320 254* 2852 725 <0.01 ] 393 411 396 0.83 0.90
Lys | 72.8° 77.3% 1158 258 <0.01 | 3.36° 4.85% 448 060 <0.01
Met 12.6° 19.5* 302*° 569 <0.01| 465 6.65 478 1.70 0.05
Phe 274> 1112 151* 407 <0.01 | 3.19 4.18 342 1.12 021
Pro 112° 5122 628 177 <0.01 | 224> 285 286* 0.50 0.03
Ser 21.8°  413*  455* 210 <0.01 | 3.11 3.00 2.83 079 0.78
Thr 98.7° 441* 558 167 <0.01 | 334 351 3.16 096 0.77
Trp 9.86° 18.8° 259* 496 <001 | 446 473 439 072 0.62
Tyr 14.8°  72.0° 863* 279 <001 | 3.65 3.89 348 099 0.71

"Parameter estimates (least square means) for the area under the curve (4UC), and the fractional flow rate (1) of the modified
Erlang function (see text for details) from 24 pigs fed either INT, HYD, or FAA;  within a row with different superscript
letters differ (P < 0.05) from each other; RSD — residual standard deviation
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5. Discussion

The objective of this study was to assess the form of the dietary AA supply on the postprandial
plasma concentrations of AA, urea, glucose, and insulin in growing pigs. To gain insight in the
interpretation of the postprandial plasma AA kinetics, a model was used that described the
changes in plasma concentration over time using three or four parameters with biological
meaning (van Milgen et al. 2022). It was hypothesised that the appearance of AA from proteins
in the plasma was more gradual because of the need of proteins to be digested, while free AA
and small peptides are quickly absorbed and readily available for absorption (Wu 1998;
Krehbiel and Matthews 2003; Bos et al. 2003). To ensure that pigs ate the experimental diets,
a small amount of standard starter diet was mixed with the experimental diets and this was the
same for all diets (10%). Nevertheless, 85% of the AA intake was provided by the experimental
diets and most of the observed responses would be due to the experimental diets. The measured
plasma concentrations of AA as well as the other metabolites and insulin were in accordance

with other experiments conducted in growing pigs (Bertolo et al. 2000; Zem Fraga et al. 2021).

Despite the fact that the three diets were formulated to provide the same amount of each AA,
we observed some deviations between the expected and analysed AA contents. The
concentration of Cys was lower in INT compared to the other two diets, which had more than
double the amount of this AA. This can be explained by the processing involved in the
production of feather meal that converted some Cys to lanthionine (Papadopoulos et al. 1986).
The concentration of Trp was also lower for INT as feather meal is low in this AA. L-Trp was
not added in diet INT as this would have meant providing it in free form, which could impact
some of the measured traits, particularly the AUC. The AUC can be interpreted as the metabolic
exposure of the animal induced by the appearance of dietary AA in the plasma after first-pass
metabolism by the small intestine and the liver and clearance of AA due to metabolism by

peripheral tissues like the skeletal muscle. Metabolism includes the incorporation of AA into
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proteins, AA catabolism, or their conversion to other metabolites. The lower AUC of Cys and
Trp for INT fed pigs than the other treatments probably resulted from a lower Cys and Trp

intake.

Feeding proteins induced a modest and gradual increase in plasma AA concentrations that
resulted in a low AUC compared to pigs fed HYD and FAA. These observations are consistent
with the low digestibility of AA from feather meal (Grazziotin et al. 2006; Sulabo et al. 2013).
Other studies found that the appearance of dietary AA in the plasma is less and slower for
proteins than for free AA (Koopman et al. 2009). The parameter 4 characterises the change in
AA concentrations and a low value of 4 results in a more gradual increase and decrease of AA
concentration. The A of INT was lower than those of HYD and FAA. Apart from the low
digestibility of INT, the rate of AA appearance in the plasma may be influenced by the first-
pass metabolism of AA in the intestine and the liver. The ratio of the average Q and dietary
supply between two diets is indicative for the difference in first-pass AA metabolism in the
intestine and liver between two diets. The observation that Qpuyp.nr/dietuyp. vt and
Orua.ivt/dietraq:vt was higher than 130% (see Figure 15) indicates that more AA were used in
the first-pass by the intestine and liver when feeding diet INT compared to diets HYD or FAA,
which agrees with results of others (Metges et al. 2000; Daenzer et al. 2001; Wu 2009). The
rapid absorption of AA from HYD and FAA seemed to be associated with a lower intestinal
and hepatic metabolism in the first-pass. This observation may explain the higher urea
concentrations measured in the fed state in pigs fed INT compared to those fed FAA and HYD.
The concentration of urea in the plasma is an indicator of AA catabolism occurring mainly in
the liver (Brown and Cline 1974). In the fed state, it reflects the catabolism of dietary AA
whereas in the fasted state, it reflects the catabolism of AA released by protein breakdown.
Accordingly, pigs fed proteins may be mobilising more AA during an overnight fast, which

also explains the higher Cy for most AA in INT. Hence, after an overnight fast, pigs fed INT
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seemed to be in a more catabolic state than pigs fed FAA and HYD, similar to the findings of

other studies (Kampman-van de Hoek et al. 2016).

Feeding HYD and FAA induced higher concentrations and a higher peak of plasma insulin
compared to INT. Insulin is the main anabolic hormone that induces muscle protein synthesis
(Davis et al. 2002; O’Connor et al. 2003). The insulin concentration only marginally increased
after feeding INT. The post-prandial change in AA concentration was more prominent (i.e.,
larger AUC and a higher peak concentration) for most AA of HYD and FAA than for INT and
this may be attributed to differences in absorption rates rather than to rates of AA utilization for
protein synthesis. It is difficult to assert how the shape (i.e., flat or bell-shaped) or rate of
appearance in the plasma (i.e., slow or rapid) is associated with the rate of protein synthesis.
However, AA are not only constituents of body proteins, but also act as anabolic signals (Groen
et al. 2015). A more marked postprandial AA concentration may therefore result in a higher
signal for protein synthesis. However, this was not confirmed in broilers where no difference
in the net protein synthesis after feeding proteins and free AA was observed (Chrystal et al.
2020b). Otherwise, the metabolic signals of feeding proteins and free AA start not only as AA
appear in the plasma, but also in the stomach and the intestine. The tertiary and quaternary
structures of the protein may be detected by the intestinal tissues, which may affect the post-
absorptive metabolism. However, there is limited information about this in the literature

(Jahan-Mihan et al. 2011; Piumetti 2022).

Even though feeding HYD and FAA induced very similar postprandial responses, there were
some noticeable differences. Feeding FAA generally resulted in a greater AUC compared to
feeding HYD. This was even more apparent in the Qnyp:ra4/dietuyp.ra4 ratio, which was lower
than 100% for most AA (see Figure 16). An explanation might be because of the small peptides
present in HYD, which may have been more metabolized in the intestine and liver compared to

free AA (Hara et al. 1984; Ten Have et al. 2007). Actually, peptides are not transported out of
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the intestinal cells and they first need to be hydrolysed into their constituent AA before being

transported to the peripheral tissues (Krehbiel and Matthews 2003).
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6. Conclusion

Providing AA in protein form or as free AA and small peptides affects the postprandial kinetics
of AA, urea, insulin, and glucose. Feeding INT results in a relatively flat plasma kinetics and
lower plasma concentrations of AA compared to feeding HYD and FAA. This means that the
form of AA in the diet of pigs has an influence in their bioavailability, but it remains unclear if
the response of feeding proteins is to be interpreted positively (lower metabolic exposure and
higher AA utilization for protein synthesis) or negatively (higher urea concentrations, lower

insulin concentrations).
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1. Abstract

Dietary amino acids (AA) supplied as protein or in free form are digested and absorbed at
different rates, but can also induce differences in the intestinal physiology of pigs. We compared
the AA digestibility, gene expression of AA transporters, and intestinal morphology of pigs fed
diets providing different forms of AA. Thirty growing pigs (33.7 £4.1 kg) were fed one of three
experimental diets that provided AA as protein from feather meal (INT), as free AA and small
peptides obtained by extensive hydrolysis of feathers (HYD), or as a mix of individual purified
AA with the same AA profile as HYD (FAA). Pigs were fed the same quantity of feed, energy,
and AA. After 14 days, pigs were slaughtered 3 h after feeding a meal with indigestible markers.
Digesta and tissue were collected from different sections of the small intestine. Jejunal digesta
was used to measure AA digestibility. Samples of the duodenum, jejunum, and ileum were
analyzed for the gene expression of intestinal AA transporters and intestinal morphology. The
AA digestibility of INT was lower compared to HYD and FAA (P <0.05). Digestibility of Cys,
Gly, His, Met, and Pro was lower for FAA compared to HYD (P < 0.05). This may be due to
the small peptides in HYD, which are absorbed faster than individual AA. The villi area in the
ileum of HYD fed pigs was the highest (P < 0.05) among the treatments, which may be
associated with the reabsorption of endogenous proteins, which occurs mostly in the ileum. In
the duodenum, INT expressed more PepT1 (P < 0.01) probably due to the rapid transit time of
digesta when HYD and FAA are fed. Pigs fed HYD expressed more ASCT2 (P = 0.02) and
CAT-1 (P = 0.04) in the jejunum compared to the pigs fed the other diets. The expression of
these transporters along the intestine depended on the relative abundance of dietary absorbable
AA. The results showed that the dietary AA form can have an influence on the morphology and

on the expression of different AA transporters along the different sections of the small intestine.

Keywords: amino acid transporter, digestibility, free amino acid, intact protein, intestinal

morphology, pig
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2. Introduction

In pig feeds, amino acids (AA) are mostly supplied as proteins principally from protein sources
like soybean meal and cereals. Purified free AA are also added to reduce the crude protein
content of the diet while ensuring that the AA supply meets the animal’s requirement. Also,
alternative protein sources including by-products of animal production are becoming
increasingly available (Holkar et al., 2018). These alternative protein sources require
technological processes to be sanitized and to improve digestibility. Feathers are typically
pressured cooked to produce feather meal whose AA are still protein-bound (Papadopoulos et
al., 1986), while extensive acid hydrolysis transforms the protein into free AA and small

peptides (Hou et al., 2017).

The dynamics of protein digestion can affect the availability of AA for the animal and
subsequently their metabolism. Pre-hydrolyzed dietary proteins have a higher digestibility than
proteins (Vente-Spreeuwenberg et al., 2004; Grazziotin et al., 2006) and free AA and small
peptides do not need to be digested and can be rapidly absorbed after feeding (Weijzen et al.,
2022). Both the reduction and the lack of a need for digestion induce differences in the digestive
and absorptive capacities of the small intestine (Dai et al., 2013; Morales et al., 2017). These
differences can be seen through changes in the morphology and the expression of different AA

and peptide transporters in the intestine of pigs (Ma et al., 2019).

The objective of this experiment was to compare the intestinal morphology and gene expression
of AA transporters in the three sections of the small intestine and the jejunal AA digestibility
of pigs after feeding a diet that supplies AA either as proteins or as free AA and/or small
peptides from an extensively hydrolyzed protein or as purified AA. We hypothesized that the
higher availability of absorbable AA in the proximal part of the small intestine would result in
an increased surface area of absorption and increased expression of AA transporter genes in the

proximal part compared to the latter part of the small intestine.
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Table 14. Composition and nutrient analysis (as fed) of the three experimental diets fed to
growing pigs'

Item INT HYD FAA
Ingredients, %
Limestone 0.90 0.90 0.90
Monocalcium phosphate 2.20 2.20 2.20
Vitamin and mineral premix> 0.50 0.50 0.50
Refined iodized salt 0.60 0.60 0.60
Sugar 2.00 2.00 2.00
Extensively hydrolysed feather 17.0
Feather meal 17.0
Vegetable oil 4.00 4.00 4.00
Corn starch 67.8 67.7 69.7
Synthetic fibre 5.00 5.00 5.00
L-Trp 0.10 0.10
Amino acid mix® 15.0
Analysed content
Moisture, % 10.3 11.1 9.66
Total nitrogen, % 2.58 2.28 2.10
Gross energy, MJ/kg 16.6 15.8 16.4
Total amino acids, g/kg 143 150 136
Amino acids, g/kg
Ala 7.40 6.70 5.40
Arg 9.50 8.40 7.60
Asp 9.80 9.60 9.40
Cys 4.80 12.2 12.2
Glu 15.8 14.9 13.1
Gly 11.8 11.1 9.70
His 0.90 1.00 0.50
Ile 7.20 7.10 6.60
Leu 12.3 13.4 11.4
Val 11.7 11.4 10.3
Lys 2.60 2.50 3.10
Met 0.60 0.80 0.80
Phe 7.30 7.40 7.40
Pro 13.6 13.4 13.2
Ser 16.9 17.9 14.1
Thr 6.60 6.70 5.20
Tyr 0.90 0.70 0.80
Trp 3.50 5.10 4.90

"Experimental diets were produced in dry form and were offered to the pigs as mash; INT — intact protein; HYD — hydrolysed
protein; FAA — free amino acid

2Provided per kg of complete diet: vitamin A, 1 000 000 IU; vitamin D3, 200 000 IU; vitamin E, 4 000 mg; vitamin B1, 400
mg; vitamin B2, 800 mg; calcium pantothenate, 2 170 mg; niacin, 3 000 mg; vitamin B12, 4 mg; vitamin B6, 200 mg; vitamin
K3, 400 mg; folic acid, 200 mg; biotin, 40 mg; choline chloride, 100 000 mg; iron (sulfate), 11 200 mg; iron (carbonate), 4 800
mg; copper (sulfate), 2 000 mg; zinc (oxide), 20 000 mg; manganese (oxide), 8 000 mg; iodine (iodate), 40 mg; cobalt
(carbonate), 20 mg; and selenium (selenite), 30 mg

3Amino acid mix consists of L-Lys, DL-Met, L-Thr, L-Val, L-Arg, L-His, L-Ile, L-Leu, L-Glu, L-Tyr, L-Asp, L-Gly, L-Ala,
L-Cys, L-Phe, L-Pro, and L-Ser
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3. Materials and methods
3.1. Ethics approval for animal experimentation

The experiment followed the ARRIVE animal experimentation guidelines and the EU directive
2010/63/EU for animal experiments. The protocol was approved by the regional ethical
committee and the experiment was granted authorisation (APAFiS #27196-2020091509061764

v2) by the Ministere de I’Enseignement Supérieur, de la Recherche et de 1’Innovation.

3.2. Animal housing, diets, and experimental design

Thirty male Piétrain x Large-White x Landrace growing pigs (33.7 + 4.1 kg) were selected at
12 wk of age and were randomly assigned to one of three experimental diets during this 14 d
experiment. The animals used in the experiment were all fitted with jugular catheters because
they were also used in another experiment (Eugenio et al., submitted) involving a meal test
followed by serial blood sampling. This procedure was done in the middle of this experiment
(at 7 d). The experiment was done in the facilities of UE3P (INRAE, Saint-Gilles, France

https://doi.org/10.15454/1.5573932732039927E12), where the pigs were housed in individual

pens (1.2 x 2.0 m) equipped with a nipple drinker and a feeding trough in an environmentally
controlled room (temperature: 26 °C; relative humidity: 60%; 12 h of light). The experimental
diets provided AA either as protein from feather meal (INT), as free AA and small peptides
from extensively hydrolyzed feathers (HYD), or as free AA with the same AA profile as HYD
using purified AA (FAA). The ingredient and nutrient composition of the experimental diets
are given in Table 14. Purified L-Trp (Sigma Aldrich Chimie, St. Quentin Fallavier, France)
was also added in HYD and FAA as the extensively hydrolyzed feather was completely devoid
of this essential AA. Apart from L-Cys and L-Tyr, which were provided by BCF Life Sciences
(Pleucadeuc, France), all purified AA used to formulate FAA were obtained from Sigma
Aldrich Chimie (St. Quintin Fallavier, France). Experimental diets were offered as mash. A

daily feed allowance of 1,200 g was distributed twice daily as meals (morning and afternoon).
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For each meal, the pigs were offered a mixture of the experimental diet (at 90%) and a regular,
pelleted starter diet (at 10%) as there were palatability issues when exclusively feeding the
experimental diets. The inclusion of the starter diet was marginal, and only a minor and similar
impact on the measured responses for the three diets was expected. On the 14™ day of the
experiment, pigs were offered a small meal (300 g) of their respective experimental diets mixed
with indigestible markers titanium dioxide (TiO2) and cobalt-EDTA (Co-EDTA) that were

each added at 4%.

3.3. Slaughter and tissue sample collection

Three hours after feeding the diet with indigestible markers, pigs were sedated with general
anesthesia by injecting 10 mL per kg body weight of ketamine (Imalgene 1000, Merial, Lyon,
France) then euthanized by injection of 5 mL per 50 kg body weight of a cocktail of
embutramide, mebezonium, and tetracaine (T61, MSD Santé Animale, Beaucouzé, France) via
the catheter followed by exsanguination. Immediately after opening the abdominal cavity, the
stomach until the distal ileum was removed, and the cardiac, pyloric, and ileocecal sphincters
were immediately clamped. The small intestine was divided in three parts corresponding to the
duodenum, jejunum, and ileum. The duodenum was defined as the first 70 cm of the small
intestine, the ileum as the last 70 cm (Al-Masri et al., 2015), and the jejunum as the segment in-
between. The contents of each intestinal segment were collected, weighed, and frozen. The
frozen intestinal contents were freeze-dried later, ground, and stored in a cold room for future
analysis. For the tissue samples, the middle part of each segment was collected and rinsed with
saline water and placed on a cold plate rinsed with RNAse-away (Invitrogen Corp, Carlsbad,
USA). This sample was then divided into two parts. One sample of around 3 to 4 cm was
immediately placed in 10% neutral buffered formalin and kept in a cold room. The other sample
was finely cut and around 2 g of tissue was collected in microtubes and immediately placed in

liquid nitrogen before being stored at -80 °C for future analysis.
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3.4. Intestinal morphology

The tissue samples from the duodenum, jejunum, and ileum that were fixed in formalin were
transferred to 70% ethanol in less than 48 h. Two small samples from each tissue sample were
cut and embedded in paraffin. Small bands of the paraffin embedded tissue were finely cut (5
uM) using a microtome (HistoCore Multicut, Leica Biosystems, Illinois, USA) and mounted
on glass slides. The samples were then stained with hematoxylin and eosin and examined under
a light microscope (Eclipse E400, Nikon, Champigny-sur-Marne, France) using an image
analysis software (NIS-Elements AR 3.0; Nikon Instruments). The measurements on villi
(height and area) and crypts (depth) were done on at least 20 villi and 20 crypts that were well
oriented for each sample with x 40 magnification. From these measurements, the villi height to

crypt depth ratio was calculated.

3.5. Gene expression of amino acid and peptide transporters

Approximately 70 mg of frozen (in liquid nitrogen) duodenum, jejunum, and ileum samples
were pulverized (Precellys 24, Bertin Instruments, Montigny-le-Bretonneux, France) with the
Trizol reagent (Invitrogen Corp, Carlsbad, USA) and a commercial ribonucleic acid (RNA)
isolation kit (NucleoSpin RNA, Machery-Nagel, Hoerdt Cedex, France) to obtain purified RNA
samples following the manufacturer’s recommendations. These were then eluted with 150 uL
RNA-free water. Total RNA was determined using an automated spectrophotometer (DeNovix
DS-11, DeNovix Inc., Delaware, USA). The quality of total RNA was measured using the
automated Bioanalyzer 2100 (Agilent Technologies, Massy, France) with the RNA 6000 Nano
Assay version II kit (Agilent Technologies, Massy, France). The samples were only kept when
the RNA integrity number generated using Bioanalyzer 2100 Expert software (Agilent

Technologies) was at least 7.

Complementary deoxyribonucleic acid (DNA) was synthesized from 2 pg of total RNA in a

reverse transcription reaction using a commercial high capacity RNA-to-DNA kit (Applied
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Biosystems, Thermo Fisher Scientific Baltics UAB, Vilnius, Lithuania) and incubated in a
thermocycler (PTC-100 Thermal Cycler, MJ Research, Massachusetts, USA) for 60 min at 37
°C. The reaction was stopped by elevating the temperature to 95 °C for 5 min. The primers for
the peptide transporter, PepT1 (SLC15A1), and the AA transporters ASCT2 (SLC1A5), b%"AT
(SLC7A9), and y'LATI (SLC7A7) have been described previously (Sun et al., 2015; Morales
et al., 2017) while for CAT-1 (SLC7A1), a specific primer was designed using their published
sequences at the Genbank. Two reference genes, peptidylprolyl isomerase A (PPIA) and heat
shock 90kD protein 1 § (HSPCB), were used to normalize the variations on messenger RNA

levels (Park et al., 2015). The primers and their sequences are summarized in Table 15.

A calibration curve for each primer, including that of reference genes, was generated using a
pooled complementary DNA sample (calibrator) with an equal representation of each diet and
each tissue that was diluted seven times (16, 4, 1, 0.25, 0.06, 0.02, and 0.003 ng-pL!) and
plotting its crossing threshold (Cy) against the logl0 value of each dilution after a polymerase
chain reaction (PCR; Applied Biosystems, California, USA) run. The arbitrary efficacy of each

primer was then calculated using the log10 of the slope (linear regression) for each gene.

The expression of the target genes in the duodenum, jejunum, and ileum was estimated using a
quantitative PCR assay using the Fast SYBR Green Master Mix (Applied Biosystems). Briefly,
a mixture consisting of 2.5 ng of the complementary DNA samples, 0.5 uM of each forward
and reverse primer for each target gene, 6.25 puL of Fast SYBR Green Master Mix, and RNA
free water to complete a final volume of 12.5 pL was prepared in PCR plates (Thermo
Scientific) and centrifuged (2,250 g for 30 s at room temperature). In each PCR plate, three
calibrators and two negative controls (pooled RNA sample per tissue without any reverse
transcription step) and one RNA-free water were also placed. The StepOnePlus software
(Applied Biosystems) was programmed to run an amplification protocol consisting of 40 cycles

of 3 s at 95 °C for complementary DNA denaturation, followed by 30 s at 60 °C for annealing
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and extension reactions to synthesize messenger RNAs. The dissociation protocol consisted of
a linear increase of 1 °C per min and was performed from 60 to 95 °C. Throughout this protocol,
a continuous fluorescence acquisition was performed to obtain a melting curve. The melting
curve of each specific PCR product was analyzed to ensure that no primer dimers or nonspecific

DNA products were amplified.

The calibrators were used to compute for relative expression of each target gene for each
sample. The NormFinder software was used to compute for the normalization factor for each
sample (Andersen et al., 2004). Thus, the gene expression of each target gene was expressed as

a normalized, relative value for each sample using the equation:

Efficacy_(“ Sample—Ct Calibrator)

Normalized relative expression = ——
Normalization factor

3.6. Chemical analyses of feed and intestinal content samples

The gross energy content of the diets was measured in an adiabatic bomb calorimeter (IKA,
Staufen, Germany). Total nitrogen concentrations in the diets and digesta were analyzed by
combustion in an automated analyzer (LECO FP-428 Nitrogen Determinator, LECO, St.
Joseph, MI). For AA analysis, feed samples were hydrolyzed in 6N HCI for 24 h at 110 °C with
constant agitation to release AA. For Met and Cys analysis, oxidation with performic acid for
4 h was done before hydrolysis for 18 h. The Trp content was determined after alkaline
hydrolysis with barium hydroxide for 16 h at 120 °C. The AA were analyzed after derivatization
by AccQtag (AccQ-Fluor reagent kit, Waters, Guyancourt, France) using a high-performance

liquid chromatography system (Alliance System 2690, Waters, Guyancourt, France).

3.7. Marker quantification and digestibility calculations

It was intended to measure the AA digestibility in the duodenum, jejunum, and ileum. However,
the collected quantity of digesta from the duodenum and ileum was not enough to perform the

AA analysis. Hence, only samples collected from the jejunum were used. The jejunal
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digestibility was used as an indicator of the difference in AA digestibility between diets as most

of the AA absorption happens in the jejunum (Broer and Fairweather, 2018).

The indigestible markers were quantified in the feed and jejunal contents using a modified
technique by Tsanaktsidou and Zachariadis (2020). Briefly, the TiO> and Co-EDTA in the
samples were determined using wet acid digestion and mineralization by first boiling the
samples in 30 mL of concentrated nitric acid for 2 min followed by addition of concentrated
sulfuric acid while heating for 4 min or until the solution becomes clear to white yellowish. The
mineralized samples were then allowed to cool by placing the samples in an ice bath and diluted
to 100 mL using deionized water (Milli-Q system, Millipore, USA). For each marker, a
calibration curve was established using 6-point curve (concentrations: 0.0, 0.1, 0.2, 0.5, 0.8,
1.0, and 2.0) by preparing standard solutions with TiO2 and Co-EDTA. Using an inductively
coupled plasma-atomic emission spectrometer (SpectrAA 220FS, Varian, Grenoble, France),
the concentrations (as mg-L!) of titanium and cobalt were determined at 336.112 nm and
231.160 nm, respectively. These concentrations were then used to compute the quantities (as

g-kg") of TiO2 and Co-EDTA in the samples.

Jejunal digestibility (%) was computed as:

Markerp; Markerp;
Digestibiltiy = l1 - (—D‘“> % < Digesta )l * 100

Nutrientp;es Nutrientp;gestq

3.8. Statistical analysis

All statistical analyses were done using R version 3.6.2 (R Core Team, 2019). The pig was the
experimental unit. Except for jejunal digestibility, statistical analysis was done per intestinal
segment. Data were analyzed with a linear mixed model using the Imer function of R in the
ImerTest package (Kuznetsova et al., 2017). The model included the main effect of diet with

pig and replicate as random effect. Least square means were computed using the emmeans
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function of R under the EMMEANS package (Lenth, 2020). A P-value < 0.05 was considered

a statistically significant difference.
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4. Results
4.1. General observations

One pig was replaced in the experiment as it did not recover well after the surgery and feed
intake did not return to normal. All the other pigs appeared healthy during the experiment. For
FAA, some AA were somewhat lower than expected (i.e., Glu, Gly, Ser, and Thr). Nevertheless,

the AA profiles of the diets were similar.

4.2. Intestinal morphology of duodenum, jejunum, and ileum

The results of the intestinal morphology of the duodenum, jejunum, and ileum of the pigs are
given in Figure 17. The surface area of the villi was the largest for HYD pigs and the smallest
for INT pigs in the ileum. Crypt depth was lower in the jejunum for HYD pigs compared to
INT and FAA pigs. The ratio of the villi length over crypt depth in the jejunum was lower for

INT pigs compared to both HYD and FAA pigs.

4.3. Relative expression of amino acid and peptide transporters along the small intestine

The relative expression of the gene coding for the intestinal peptide transporter PepT1 was
higher in the duodenum of INT pigs compared to both HYD and FAA pigs (Figure 18). In the
jejunum, the expression of the genes coding for the sodium-neutral AA exchanger, ASCT2, and
the high affinity cationic amino acid transporter, CAT-1, was the highest in HYD pigs and the
lowest in FAA pigs. Regardless of the diet, the expression of PepT1, y'LATI1, and b®"AT was
generally higher in the jejunum compared to that in both duodenum and ileum. The inverse held

for ASCT2 and CAT-1, which were the least expressed in the jejunum.

4.4. Jejunal digestibility

The jejunal digestibility of all AA was considerably lower for INT than both HYD and FAA
(Table 16). For INT, the digestibilities of His, Val, and Trp were less than 70% and the highest
value was for Ile at 89.1%. For HYD and FAA, most digestibilities were higher than 90% with

the exception of His for HYD and Cys, Gly, His, Lys, and Pro for FAA. The digestibilities of
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Table 16. Digestibility (%) of dietary amino acids measured in the jejunum of pigs fed a diet
whose amino acids originated from intact protein (INT), extensively hydrolyzed protein (HYD),
or free amino acids (FAA)'

Amino acid INT HYD FAA RSD P-Value
Ala 80.5° 95.52 91.42 5.37 <0.01
Arg 81.6° 96.2° 93.0° 5.33 <0.01
Asp 72.8° 9432 91.3? 7.09 <0.01
Cys 73.5¢ 97.82 83.3b 2.85 <0.01
Glu 83.6° 9432 91.6 3.89 <0.01
Gly 77.7¢ 93.0° 88.2° 3.60 <0.01
His 66.5° 88.02 70.1° 9.04 <0.01
Ile 89.1° 97.52 96.82 2.68 <0.01
Leu 88.3P 97.5% 96.42 2.78 <0.01
Lys 72.8P 90.0? 89.42 5.87 <0.01
Met 70.6° 93.0? 91.2b 5.99 <0.01
Phe 78.6° 97.12 96.6% 2.73 <0.01
Pro 78.0° 95.12 87.3b 4.60 <0.01
Ser 88.9b 98.32 97.22 2.24 <0.01
Thr 84.7° 96.3% 93.9° 3.13 <0.01
Tyr 73.1P 96.6* 95.82 3.50 <0.01
Val 69.7° 97.6 96.82 2.52 <0.01
Trp 60.9° 90.9° 90.3? 4.38 <0.01

Total amino acid 74.2b 96.0? 093.22 3.71 <0.01

'Digestibilities were measured using the slaughter method where the digesta was collected three hours after feeding a diet with
indigestible markers (TiO2 and Co-EDTA); Y within a row with different superscript letters differ (P < 0.05); RSD — residual
standard deviation
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all AA were numerically higher for HYD compared to FAA, with the digestibilities for Cys,

Gly, His, Met, and Pro being statistically higher.
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5. Discussion

This experiment aimed to study the changes in the intestinal physiology of pigs that can be
induced when feeding AA either as proteins and/or free AA and small peptides. Other studies
found that the replacement of proteins by hydrolyzed proteins in the diet of weanling pigs to
increase the villi height to crypt depth ratio in the proximal part of the small intestine (Ma et
al., 2019). Furthermore, the provision of free AA in the diet has been shown to increase the
expression of intestinal AA transporters in different sections of the intestine (Zhang et al., 2013;
Morales et al., 2017). Both these studies suggested that the availability of readily absorbable

substrates affected the intestinal capacity to absorb AA.

Apart from the intrinsic digestibility of proteins in the diet, digestibility can also be affected by
transit time. The transit time of digesta from the stomach to the end of the small intestine is
comprised between 5 to 6 h for the solid fraction and between 3 to 4 h for the liquid fraction
(Schop et al., 2019). In our experiment, we assumed that no AA from the last meal remained in
the intestine after an overnight fast for any of the experimental diets when pigs were slaughtered
to collect digesta. Digestibilities were calculated from digesta samples taken 3 h after the meal,
but only little digesta was found in the duodenum or ileum. However, this does not preclude
that digesta was still present in the stomach to arrive in the duodenum later on, or that digesta
would appear later in the ileum. Hence, the digestibility values reported here are probably
affected by the time between the meal and slaughter. If the animals were slaughtered earlier,
reported digestibility values would probably have been lower. Consequently, the values
reported in Table 16 are to be interpreted as relative values to be compared between diets.
Compared to proteins that need to be digested to release AA, free AA and small peptides are
immediately absorbed. As all the AA in HYD and FAA were small peptides and/or free AA,
we expected their higher AA digestibility compared to INT and this was confirmed in the study.

The AA digestibility of HYD was systemically higher than that of FAA with, on average, a 4%
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difference. This is surprising because 18% of the AA in HYD were supplied as small peptides.
Indeed, dietary peptides are known to stimulate endogenous secretions more than free AA
(Butts et al., 1993) and endogenous secretions contribute to underestimating the “true”
digestibility (Stein et al., 2007). However, this was not confirmed by the results on crypt depth.
The hyperplasia of crypt cells usually signals damage to the small intestine (Haschek et al.,
2010) or increased endogenous secretions (Xu et al., 2003). As the pigs in the experiment were
in good health, the lower crypt depth of HYD pigs than FAA pigs in the jejunum may be
interpreted as lower endogenous secretions when feeding HYD compared to FAA, which is not
in accordance with their AA digestibility. Alternatively, the absorption of small peptides may
be faster than that of individual AA (Shiraga et al., 1999; Broer and Fairweather, 2018), because

at least two AA are absorbed by a single peptide transporter.

The measured traits to assess the morphology of the three sections of the small intestine are in
line with those reported by other experiments (Park et al., 2020). Both villi length and crypt
depth can be used as indicators of digestion and absorption capacity of the small intestine (Xia
et al., 2005). Part of this is because the villi have a structural function and increase the surface
area of the small intestine (Xia et al., 2005; Guay et al., 2006). Another part is because the villi
is the main unit of AA absorption in the small intestine with the AA transporters located on its
surface (Gao et al., 2000; Salgado et al., 2002). A higher villi height thus reflects an increased
total intestinal surface area for nutrient absorption. Contrary to villi, crypts have very little
absorptive functions as it has virtually no AA transporters (O’Loughlin et al., 1996; Umar,
2010). Hence, an increased villi size and villi height to crypt depth ratio was interpreted as a
higher capacity for intestinal absorption (Zhang et al., 2017). Our results confirm the
observations of Yun et al. (2005) and Park et al. (2020) who found that feeding pigs with highly
digestible diets resulted in higher villi height and villi height to crypt depth ratio as these indices

were higher in the jejunum of HYD and FAA compared to INT. Conversely, the lower villi
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length to crypt depth ratio in the jejunum of pigs fed INT could be associated with the presence
of proteins that are still being digested. Indeed, a deeper crypt may be the outcome of increased
total endogenous secretions (schulze, 2006; Stein et al., 2007). Some studies found more
endogenous secretions when feeding diets with protein compared to diets where the supplied
AA are immediately absorbable (Chung and Baker, 1992). The increased presence of
endogenous protein in the jejunum may have also contributed to the lower digestibility of INT
which was systematically lower than HYD and FAA. Most endogenous proteins are re-
absorbed in the ileum (Lobley and Lapierre, 2003), and an increased surface area of the ileum
for INT could be expected. However, it was unclear why the villi area of HYD pigs that was

the highest among the experimental diets in the ileum, followed by FAA.

The expression of PepT1 was the highest in the duodenum of INT fed pigs. This was unexpected
because there should be less absorbable peptides in the duodenum of INT than in HYD pigs,
especially given their digestibility. Another surprising finding was that the expression of PepT1
was not different from HYD and FAA. We hypothesized that the release of the gastric acid in
the stomach may have hydrolyzed the small peptides in HYD into its constituent AA, meaning
there were virtually no dietary peptides arriving in the small intestine for both HYD and FAA.
Otherwise, as the transit time of the soluble part of the digesta containing free AA and peptides
is very quick in the proximal part of the small intestine (Schop et al., 2019), this may have not
given enough time for peptides from HYD to be absorbed in the duodenum compared to those
in INT. This might be the reason why we saw higher expression of PepT1 in the jejunum
compared to the duodenum across all the experimental diets, but it may be more evident for
HYD, whose PepT1 expression in the jejunum was around twice to that of the duodenum.
Furthermore, because digestive enzymes were mostly released in the duodenum, their eventual
breakdown (to be re-absorbed as they were not used) may have caused an “infusion” of peptides

which may be why we saw a higher expression of PepT1 in the jejunum of FAA (and possible
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HYD) fed pigs compared to their duodenum. Meanwhile, the increased expression of PepT1 in
the jejunum compared to the duodenum of INT fed pigs was expected as this was the result of
normal protein digestion, and therefore increased abundance of small peptides. The expression
of ASCT2 and CAT-1 in the jejunum was the highest for pigs fed HYD. The ASCT?2 transports
most proteinogenic AA except for Asp, Arg, Glu, His, and Lys (Broer and Fairweather, 2018)
whereas CAT-1 transports the cationic AA Arg, His, and Lys (Yin et al., 2014; Broer and
Fairweather, 2018). These two AA transporters are able to transport most proteinogenic AA in
the diet, except for Asp and Glu, and their higher expression in pigs fed HYD might explain

why AA digestibility was marginally higher for HYD compared to FAA.
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6. Conclusion

The results of this experiment showed that feeding AA as free AA and small peptides instead
of proteins results in changes in the intestinal physiology of pigs. Substrate availability is
probably the main determinant of these changes, which may have been caused by the inherently
different dynamics of digestion. However, even though free AA and small peptides in the diet
are readily available and do not need digestion, the variation in the digestibility of individual
AA is most likely due to the difference in the amount of endogenous proteins produced and the

presence of small peptides in HYD that are absorbed faster.
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Synthesis of the results

Extensively hydrolysed feathers can be used as a model of dietary AA source to study the
effects of the balance and form of AA in the diet of animals on AA metabolism and
digestive physiology.

When pigs are fed a diet with limiting amounts of some essential AA, the concentrations
of the limiting essential AA goes below fasting concentrations six hours after meal
ingestion. Balancing the AA profile of diets by the supplying the limiting AA using
synthetic AA would result in higher overall AA utilization during the postprandial period.
The AA utilization of adult and growing pigs is different and there seems to be different
levels of its control. The first-pass metabolism of the intestine and the liver has the ability
to control the amount and profile of dietary AA released in the systemic circulation.

The difference in the AA digestibility of intact proteins and free AA and small peptides
affects the rate of appearance of dietary AA. This influences the postprandial metabolic
utilization of AA and the overall metabolic status of pigs as seen in the postprandial kinetics
of urea and insulin.

The bioavailability of AA from intact proteins and free AA is not the same because the
former needs to be digested before they can be available to the pig. However, even though
both free AA and small peptides in the diet are readily absorbed by the animal, they do not
have the same bioavailability.

The form of AA in the diet influences substrate availability and affects the physiology of
the small intestine of pigs like the surface area of the mucosa and the gene expression of

different AA and peptide transporters.
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The aim of the thesis was to study the metabolism of AA and the digestive physiology of pigs
after feeding a diet whose AA profile is either balanced or unbalanced or a diet whose AA is
supplied either as intact proteins or as free AA and small peptides. Our strategy was to split this
objective into two scientific questions that we attempted to answer with two animal experiments
using EHF as a model AA source. In the first experiment (Exp. 1), we assessed the postprandial
metabolism of AA of adult and growing pigs after feeding a diet with a balanced or unbalanced
AA profile. In the second experiment, we determined if the form of AA in the diet, supplied
either as intact protein or as free AA and small peptides, has an impact on the postprandial
metabolism of AA (Exp. 2A) and the intestinal physiology (Exp. 2B) of pigs. As we have
already discussed the results of the experiments in the previous section, the goal of this section

is to add new insights to data produced in the two experiments.

The responses of AA metabolism and digestive physiology to feeding AA are complex and
depend on factors like the profile of AA in the diet, the dietary form of AA, the balance with
the other nutrients, the frequency of feeding, and the physiological stage of the animal. After
feeding, dietary AA are mainly used for protein synthesis. The first-pass metabolism of the
intestine plus the liver takes precedence and these tissues first take the AA that they need from
the diet before making the rest available for the muscle and other extra-intestinal tissues. Once
in the plasma, the metabolic fate of dietary AA is to be incorporated into proteins (Bos et al.
2003) whereas the excess AA will be catabolised. Protein synthesis is controlled by AA
availability and the fact that feeding is also known to stimulate the secretion of insulin, an
anabolic hormone stimulating protein synthesis (O’Connor et al. 2003). Insulin greatly
contributes to the response of protein metabolism of pigs by driving the uptake of AA by
peripheral tissues (Davis et al. 2001, 2002). However, protein synthesis can only occur when
all the proteinogenic AA are present and in sufficient amounts (Munro 2012). Due to this,

protein synthesis is constrained by the most limiting AA and the other non-limiting AA will be
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left unused (Dangin et al. 2001; Broer and Broer 2017) and will be ultimately catabolised and

excreted (Brown and Cline 1974; Gloaguen et al. 2012).

The form in which AA is supplied in the diet influences the rate of intestinal absorption and
their eventual appearance in the plasma, which can ultimately affect their bioavailability
(Metges et al. 2000; Weijzen et al. 2022). Free AA and small peptides do not need to be digested
before being absorbed and therefore appear in the plasma quite rapidly compared to intact
proteins. However, the rapid absorption and appearance of AA in the plasma may not
necessarily favour protein synthesis and deposition as it can also cause a transient excess of AA
in the sites of protein synthesis and result in inefficient use of AA (Batterham and Bayley 1989;
Officer et al. 1997). At the intestinal level, the difference in AA availability can also cause
changes in the physiology of the small intestine like its morphology and the expression of AA

and peptide transporters (Zhang et al. 2013; Morales et al. 2017).
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General Discussion

1. The postprandial amino acid metabolism of pigs

In the thesis, we approached the study of the AA metabolism of pigs in response to dietary AA
balance and form using the postprandial measurement of the concentration of AA, other
metabolites, and insulin in the systemic plasma (jugular vein). This was done because systemic
plasma AA concentrations can reflect the metabolic status of the animal (Leung et al. 1968;
Liao et al. 2018) and constitute a pool readily accessible for blood sampling with minimally
invasive techniques. However, plasma AA concentrations do not indicate how and how much
AA fluxes change. Part of this is because AA metabolism (i.e., protein synthesis, bioconversion,
de novo synthesis of non-essential AA, and AA catabolism) is done intracellularly and not in
the plasma (see Figure 2). For that purpose, we developed a conceptual model that summarises
and describes postprandial plasma AA kinetics after a meal in three or four parameters where
these concepts are taken into account (van Milgen et al. 2022). Ultimately, it was the parameters

of the model that we used to interpret the postprandial kinetics in response to a meal.

To draw our conclusions, we made strong assumptions regarding the sequence of metabolic
events in the postprandial period. For instance, we assumed that after feeding, the increase in
plasma AA concentrations can be attributed to the influx of dietary AA, even though release of
AA from the mobilisation of tissue proteins may also contribute to this influx. The decrease in
plasma concentrations, and how it can be used to interpret fluxes is much more complex. After
feeding, there are two possible sources of AA influx in the plasma (Figure 19), but the fluxes
contributing to outflux cannot really be distinguished (with our technique). We could have been
conservative and said that all outfluxes of AA from the plasma are just the uptake by peripheral
tissues, most notably the muscle. However, we went quite far in attributing the response of pigs
to various metabolic responses like inefficient AA metabolism, changes in the first-pass
metabolism of the intestine and liver, or increased catabolism due to relative excesses and

metabolic imbalances that may have been caused by our experimental treatments without
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explicitly measuring outfluxes. Even so, our confidence that our interpretations are correct is
high as we understood the limitations of the model plus we were able to relate the parameters

and the effects of our diets, to known biological mechanisms.

One of the intrinsic qualities of the model is that it assumes that the pig tries to maintain a target
concentration of AA. We used two different target concentrations: Cy or the target concentration
before feeding and Cna (or Co + Cs) or the target concentration after feeding. The concept of
target AA concentrations (both pre- and postprandial) may be arguable as plasma AA
concentrations are never constant even with prolonged fasting (Bertolo et al. 2000; Pratt et al.
2002). But in Exp. 1, where we did six meal tests per pig, we observed that fasting
concentrations are generally similar intra-pig (i.e., coefficient of variation was just 9.35% for
all AA on average). This suggests that fasting concentrations probably reflect the metabolism
of each individual pig and that target concentration is closely tied to the animal’s metabolic
status between meal tests. With the way the model works, Cy and the measured fasting
concentrations are closely related to each other. In Exp. 1, we saw that the Cy of AA was not
affected by the diet whereas we found some differences in the Cy of certain AA in Exp. 2A.
This is easily explainable as in Exp. 1, all animals were fed the same diet before each meal test
contrary to Exp. 2A. Fasting concentrations can indeed be affected by both the metabolic status
and the previous meal of animals (Harker et al. 1968; Hojfeldt et al. 2020). This clearly shows

that we can rely on the meaning and interpretation we gave to Co.

The concept of Cs defined as the difference between Cjina and Cp is necessary for the model
because not all postprandial AA concentrations returns to their fasting concentrations for the
duration of the measurements (360 min). In Exp. 1, feeding pigs with a diet with limiting
essential AA (i.e., UNB) results in the Cyna of the limiting AA going below Cpwhich we think
is because the pigs were fed a diet with no limiting AA (i.e., BAL) prior to the meal test. This

is also seen by other studies (Hill and Olsen 1963; Regmi et al. 2018) and exemplifies how
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animals may react to feeding diets with limiting essential AA and how we can assess this using
the model. Meanwhile in Exp. 2A, we saw that some AA did not require the model to include
Cs to properly fit their postprandial kinetics. For us, this validates the biological significance of
Cs. Feeding different diets before and during the meal test can indeed induce differences in the

metabolic fluxes of pigs, and Cs may be used to assess these difference.

Plasma AA concentrations measured in blood collected in the jugular vein is also influenced by
the first-pass metabolism of the digestive tract and liver. We used the parameter Q related to
the amount of AA in the diet to be indicative of the extent of first-pass metabolism between two
situations (diets or physiological status). For example, in Exp. 1, we showed that adult pigs
extracted more AA in the first-pass than growing pigs. Our results are in accordance with the
finding of Boirie et al. (1997b) who reported increases in the first-pass uptake of Leu with age
in humans. Furthermore, the O of INT in Exp. 2A is also lower than the O of HYD and FAA
as well as that of BAL and UNB in Exp. 1 (i.e., around 70% lower on average between all the
mentioned diets). This is consistent with the findings of some experiments that reported that the
uptake of AA by the intestine and liver is reduced when feeding free AA (Metges et al. 2000;

Daenzer et al. 2001).

Lastly, we think that the model characterised the postprandial AA metabolism of the pigs quite
well. In Exp. 1, our hypothesis was that a balanced AA profile may increase the utilization of
peripheral tissues compared to a diet with an unbalanced AA profile. We showed that the AUC
of BAL was lower than UNB. This is in line with the fact that protein synthesis only occurs
when all proteinogenic AA are present and in the right amounts (Munro 2012), meaning the
bioavailability of all AA systematically increases as long as we feed a balanced diet to animals.
In Exp. 2A, the AUC of HYD and FAA was higher than that of INT, but this may be more
indicative of their appearance rate rather than their disappearance rate. So the interpretation of

the AUC in Exp. 2A should be different than the interpretation we had in Exp. 1, as we probably
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cannot use 4AUC to estimate AA bioavailability for protein synthesis in this scenario. Likewise,
a study in broilers found that the postprandial protein synthesis rates were similar for both intact
proteins and free AA even though the latter appears in the plasma much quicker (Chrystal et al.
2020b). As AA are not really stored by the body except when used for protein synthesis, they
are degraded when they exceed the capacity of the cells for protein synthesis (Quevedo et al.
1994). Hence, the metabolic fate of dietary AA will mainly go towards protein synthesis if the
amount of AA in the cells are just enough to not trigger a catabolism response (Millward et al.
1996). So unlike in Exp. 1 where the rate of appearance of AA in the plasma is probably the
same for all diets, making conclusions regarding postprandial AA bioavailability is more
difficult in Exp. 2A. This shows that we are limited in the interpretations that we can make
because we did not measure fluxes. Nevertheless, this does not preclude from drawing viable

conclusions based on parameters like as AUC, as long as we are aware of its limitations.
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Table 17. Dry matter digestibility (%) in the different section of the small intestine of growing pigs fed an
experimental diet whose amino acid comes in the form of intact protein (INT), extensively hydrolysed

protein (HYD), or as free amino acids (FAA)?

Parameter INT HYD FAA RSD Ppiet
n 9 7 7
Duodenum® 11.2 27.8 48.4 27.8 0.11
Jejunum® 40.1 67.5 69.1 38.0 0.09
Ileum? 69.9° 88.1% 79.8% 10.2 0.03

aPData is presented as least square means. Statistics were done in R using the LMER function where diet was the fixed effect
and repetition was the random effect. RSD — residual standard deviation. We only chose samples where we had enough samples

to at least measure the dry matter for a single sample

All samples for INT were analysed in duplicates; only 6 samples from HYD were analysed in duplicate; only 4 samples from

FAA were analysed in duplicate
°All samples were analysed in duplicate

dOnly 5 samples each for INT and HYD were analysed in duplicate while only 3 samples from FAA were analysed in duplicate
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2. Physiological consequences of feeding pigs with different forms of amino acids

The intestine is a tissue that has various important functions, including digestion and absorption
of nutrients (Boudry et al. 2002; Blanco and Blanco 2017). Digestion of dietary proteins is
mainly done by enzymatic hydrolysis of intestinal proteases and peptidases and is necessary to
have constituent AA available to the animal (Switzar et al. 2013; Wang et al. 2021a), while
dietary AA and small peptides are immediately absorbed and transported by various AA and
peptide transporters (Brosnan 2003; Brder and Fairweather 2018). Both digestion and
absorption can be largely influenced by the physiology of the intestine (Deng et al. 2018; Ma
et al. 2019). Being a very adaptable tissue (Boudry et al. 2002; Pan et al. 2020), we can expect

that the intestine will adapt to substrate availability in the diet.

As clearly shown in Exp. 2B, the AA digestibility of HYD and FAA is much higher than INT.
Unfortunately, we were only able to report on AA digestibility in the jejunum because we did
not get enough samples from the duodenum and ileum for AA analysis. However, we were able
to measure dry matter digestibility of the diets across the three sections of the small intestine
(Table 17) for few samples (n < 10). We showed an effect of diet on dry matter digestibility in
the ileum which was found to be lower (P = 0.03) for INT compared to both HYD and FAA.
These results were in line with the results of other experiments (Jeong et al. 2016; Ma et al.
2019). Furthermore, the dry matter digestibility in the ileum was numerically higher for HYD
than FAA. This may be related to what we saw in Exp. 2B where the AA digestibility of HYD
was systematically higher than that of FAA. We hypothesize that it was explained by the
presence of peptides in HYD, which can be absorbed quicker than individual AA (Bréer and

Fairweather 2018).

Feeding free AA and small peptides instead of intact proteins was found to affect the intestinal
morphology and the expression of intestinal AA transporters across the three sections of the

small intestine of pigs, similar to the results of other experiments (Guay et al. 2006; Morales et
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al. 2017). These effects are anchored to the differences in the digestive dynamics of dietary AA.
However, it seems that the function of each section is also a major determinant regarding both
intestinal morphology and expression of transporters. Indeed, the release of digestive enzymes
occurs in the duodenum (Montoya et al. 2006) and we see in Figure 20 that the crypt depth in
the duodenum was highest (P < 0.05) among the three sections of the small intestine of pigs.
The villi length to crypt depth ratio, a frequently used index of the absorption capacity of the
small intestine, was the highest (P < 0.05) in the jejunum. This is most likely because the bulk
of absorption takes place in this section (Xia et al. 2005; Gilbert et al. 2008b). It also explains
the highest expression of PepT1, y'LAT1, and b% AT (P < 0.05) in the jejunum (Figure 21).
We hypothesize that the limiting Lys may be the reason for the lower expression of ASCT2 (P
=0.02) and CAT-1 (P < 0.01) in the jejunum. Because b%"AT (can transport Lys) is already
highly expressed, there might be a reduced need for CAT-1, which prefers Lys transport, and
ASCT?2, another AA transporter with broad specificity but cannot transport Lys (Jungnickel et

al. 2018; Broer and Fairweather 2018).

As already mentioned, in Exp. 2, pigs were fed with a small amount of standard starter diet
mixed with the experimental diets to limit the feed refusal of pigs, especially those fed EHF.
The effect of mixing a standard diet with the experimental diet on intestinal physiology is
probably negligible, or at least equivalent between the three diets. We did not encounter this
problem in Exp. 1 despite the experimental diets being quite similar. We think that it may have
something to do with the fact that the AA profile of the diets in Exp. 2B were deliberately left
unbalanced. Furthermore, the period during which the pigs were fed the experimental diets may
have been too short for their intestinal physiology to be affected by the diet. Although other
studies also fed the pigs for 14 days and found dietary effects, they were using young piglets
just after weaning (Zhang et al. 2013; Morales et al. 2017) whose intestines may have been

more responsive to dietary interventions than growing pigs.
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3. Future perspectives

Although the experiments allowed us to answer the scientific questions of the thesis, we think
that there are still some areas that should be explored by future studies. We mainly studied the
postprandial AA metabolism response of pigs to dietary AA balance and form. In doing so, we
precluded certain aspects of the overall AA metabolism in the responses we measured,
particularly the long-term protein and AA metabolism of pigs. This has usually been studied by
the nitrogen or AA balance studies that measure nitrogen or AA retention or through

measurement of growth performance and feed intake in response to dietary treatments.

We have mentioned many times in the dissertation that the study of AA metabolism, whether
in the first-pass or at the systemic level, is not complete without the study of AA flows and
metabolic fluxes. Former studies measured these fluxes using invasive techniques like
permanent catheters in the portal, hepatic, and other various gastric veins to study first-pass AA
metabolism and the combination of jugular vein and local catheters in the vein and artery of
one tissue (i.e., femoral muscle) to study regional AA metabolism. These techniques are more
difficult to justify and perform now and even more in the future due to evolving views and
regulations regarding ethical animal experimentation. Currently, there is a lot of effort being
done to develop alternative methods to study animal metabolism while limiting the
catheterisation of living animals. Collecting tissues after slaughtering (i.e., for AA deposition,
measurement of gene expression, etc.) is still an option. There are many experimental
approaches using labelled AA with stable isotopes (i.e., '>C or '°N) to study AA metabolism
but the principle is generally the same where one would follow the metabolic fate of AA through
AA dilution (collecting blood) or protein deposition (i.e., collecting blood and tissues) or AA
oxidation (i.e., collecting the urine, breath-test, etc.) for which the methods do not necessarily
require catheterisation of deep vessels (Hoskin et al. 2003; Fiorotto et al. 2012). Whatever the

technique, the use of tracers to quantify metabolism is based on modelling (i.e. mathematical
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Table 18. The fraction of peptides and its contribution to the total amino acid content of the extensively
hydrolysed feathers

Peptide size Fraction of peptides Fraction of total amino acids
> 4 amino acid residues® 7.80% 1.40%
3 —4 amino acid residues 29.8% 5.36%
2 — 3 amino acid residues 62.4% 11.2%

*The molecular weight of all peptides in the extensively hydrolysed feathers is less than 800 daltons
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equations) based on assumptions to measure metabolic fluxes. Lastly, ex vivo techniques may
also be applicable. One technique is the use of Ussing chambers, which allows to measure both
the absorption rate and retention of a “live” intestinal tissue (Awati et al. 2009). Future

experiments should consider these alternative methods.

Modelling approaches may also be done alone or associated to animal experiments. We have
done that, to a lesser degree, in the thesis by modelling the postprandial responses of pigs.
However, as already discussed, it still has limitations as long as we do not know fluxes.
Although, incorporating already available data (i.e., blood flow, first-pass metabolism, and
protein deposition/retention) may be a solution to improve current conceptual models. Apart
from metabolic fluxes, we can also imagine fine tuning of the model that was used in the thesis
to better analyse postprandial plasma AA concentrations. The model that we used in the thesis
uses the same flow rate (1) for the appearance of dietary AA in the plasma and its eventual
disappearance. We know that the postprandial appearance and disappearance rates of plasma
AA may be related, but may be controlled independently. Future modelling approaches may try

and distinguish the flow rates of the appearance (4;) and disappearance (A>) of plasma AA.

Something interesting that we have found with using EHF as the model protein source of the
thesis is that the metabolic and physiological responses of pigs are different compared to
feeding a diet with just purified free AA. We hypothesise that this is mainly caused by the
peptides in EHF. Throughout our experiments, we assumed that EHF does not need digestion.
However, a preliminary study done by the partner company of the thesis (BCF Life Sciences)
has characterised the distribution of the sizes of peptides in EHF (Table 18) and showed that
there are still some peptides (> 4 AA residues) that first needs to be digested. Though we may
have been incorrect in saying that EHF does not require digestion, its peptide fraction is

nevertheless composed of relatively small peptides that may be hydrolysed quickly.
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Furthermore, at least 82% of its total AA is still in free form. Both of these mean that its
absorption will still be very quick, as we’ve also seen in our experiments.

Another interesting venture is the characterisation of these peptides. This step is currently
ongoing. However, it remains to be seen if the process of production of EHF consistently
produces the same peptides. The information will help in trying to understand why it seems to
have functional properties in aquatic species. It is currently being used in aquaculture feeds as
a palatability booster, which has been repeatedly proven for different species (i.e., shrimp, sea
bass, and tilapia). This is not the case in pigs. Furthermore, the partner company has also found
evidences that it can improve growth performance and lower the stress response of shrimps.
These responses may very well be because of bioactive peptides in EHF, which we will only
know after its characterisation. It may even perhaps be extended to monogastric animals, and

be used as a model for peptide research.
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Abstract

For terrestrial farm animals, intact protein sources like soybean meal have been the main ingredients providing the required
amino acids (AA) to sustain life. However, in recent years, the availability of hydrolysed protein sources and free AA hasled
to the use of other forms of AA to feed farm animals. The advent of using these new forms is especially important to reduce
the negative environmental impacts of animal production because these new forms allow reducing the dietary crude protein
content and provide more digestible materials. However, the form in which dietary AA are provided can have an effect on
the dynamics of nutrient availability for protein deposition and tissue growth including the efficiency of nutrient utilization.
In this literature review, the use of different forms of AA in animal diets is explored, and their differences in digestion and
absorption rates are focused on. These differences affect the postprandial plasma appearance of AA, which can have metabolic
consequences, like greater insulin response when free AA or hydrolysates instead of intact proteins are fed, which can havea
profound effect on metabolism and growth performance. Nevertheless, the use and application of the different AA forms in
animal diets are important to achieve a more sustainable and efficient animal production system in the future, as they allow
for a more precise diet formulation and reduced negative environmental impact. Itis, therefore, important to differentiate the

physiological and metabolic effects of different forms of AA to maximize their nutritional value in animal diets.

Keywords Intact protein - Free amino acid - Hydrolysate - Monogastric farm animal - Animal feeding

Introduction

To become more sustainable, the negative environmental
impact of farm animal production has to be reduced. This
had led to global adjustments in animal feeding, like the
reduction of the crude protein (CP) content in the diet and
the better adjustment of dietary supplies to the nutritional
requirements of the animal for maintenance and other physi-
ological needs (e.g., growth, reproduction). Soybean meal is
the most widely used protein source in diets of monogastric
farm animals such as pigs and poultry, due to its favourable
amino acid (AA) profile and high digestibility (Cromwell
2000). However, its use around the globe has been ques-
tioned because of the carbon and nitrogen footprint related
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to its production, which is mainly concentrated in the United
States and Brazil. These aspects have contributed to a
reduced use of soybean meal in non-producing countries and
the need to use alternative, locally sourced ingredients (Flo-
rou-Paneri et al. 2014; Garcia-Launay et al. 2014). Also, a
considerable part of the protein supply of monogastric farm
animals originates from cereals (e.g., corn, wheat, barley).
However, the AA composition of cereals and other plant
protein sources such as rapeseed meal is not as good as the
AA composition of soybean meal to fulfil the AA require-
ment. This, in combination with the reduction of CP, has led
to the use of free AA (e.g., Lys, Met, Thr, Trp, and Val) to
ensure a proper supply of AA while making the animal diet
cheaper and more convenient to formulate.

The production of animal-derived products (e.g., meat,
milk, and eggs) also results in the production of by-prod-
ucts that are not used for human consumption (e.g., feathers,
blood, and offals). These by-products have been used as pro-
tein sources in animal feed but the risk of pathogen transmis-
sion has reduced their use, especially in Europe. To reduce
this risk, animal proteins can be hydrolysed into peptides, a
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shorter chain of AA, which also improves the digestibility
of proteins that are resistant “by nature® such as feathers.
Hydrolysis of protein sources provides an opportunity to
valorise these by-products and turn them into viable alterna-
tive AA sources in animal diets (Bah et al. 2016: Dieterich
etal. 2014).

In monogastric farm animals, dietary AA can be supplied
as intact proteins, peptides, or as free AA. Free AA and
small peptides can be absorbed directly by the gut while
intact proteins and larger peptides have to be hydrolysed
through digestion in the gastrointestinal tract (Wu 1998;
Krchbiel and Matthews 2003). Consequently. different
dietary forms of AA are absorbed at different rates, which
can have consequences on the postprandial metabolism of
AA. This literature review explores the interests and per-
spectives of supplying dictary AA in free form. as peptides,
or as intact protein. focussing on their use in the diets of
monogastric farm animals like pigs and poultry. It may help
to understand AA metabolism in a context of using alterna-
tive forms and sources of AA in farm animal diets.

Digestion of dietary protein and absorption
of amino acids and small peptides

The provision of dietary AA is required for the production
of animal-derived products as they are the building blocks
of proteins constituting meat, milk, and cggs. Proteins play
diverse functions such as serving as structural components
(c.g., collagen, myosin, actin), as metabolic substrates, and
as catalysts to various chemical reactions like enzymes (Wu
2013a; Cox and Nelson 1942). Although there are about
700 naturally occurring AA, the focus of this review is on
the standard proteinogenic AA for animals, which are the
20 AA used for protein synthesis that are encoded for in
the standard genetic code (Wu, 2013a; Ambrogelly et al.
2007). Selenocysteine, a rare AA found in some animal
proteins (Clark et al. 2013), is not considered in this review.
Peptides can be categorized by the number of AA residues
they have, which ranges from di- and tri-peptides to longer
oligopeptides with up to 20 AA residues. Those with even
more AA residues (but less than 50 residues, corresponding
to < 10.000 Da molecular weight) are simply called polypep-
tides, while a common protein has more than 50 AA residues
and has a more complex three-dimensional structure (Munro
2012; Ten Have et al. 2007).

Digestion is the breakdown of large macromolecules into
absorbable nutrients (Kong and Singh 2008). Digestibility is
the coefficient of disappearance of a nutrient from the gas-
trointestinal tract after ingestion (Sauer and Ozimek 1986).
For monogastric farm animals, protein digestion involves the
breakdown of dietary proteins and large peptides through
hydrolysis in the stomach and small intestine. The resulting
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small peptides and free AA are the forms that can then be
absorbed by the small intestine. Digestibility of protein in
animal diets involves the measurement of what is lett of its
constituent AA after passing the whole, or a section, of the
gastrointestinal tract. Since there is virtually no absorption
of AA in the large intestine, experimental methods for esti-
mating “true” protein digestibility until the distal ileum. the
last section of the small intestine, have been putin place and
the ileal digestibility for many available ingredients used in
monogastric animal diets has been determined. The protein
and AA digestibility of ditferent intact protein sources var-
ies (Table 1}, which may be attributed to the complexity of
their protein structure or even their AA profile (Cox and Nel-
son 1942; Bhattarai et al. 2017). Pre-hydrolysis of proteins
increases their digestibility compared to the native (intact)
form (Heimburger et al. 1997).

Absorption of free AA and small peptides from the small
intestinal lumen into the systemic circulation involves nutri-
ent transporters located in the enterocyte membrane. Some
studies show that the distribution of AA and peptide trans-
porters in the gut is influenced by the form by which the AA
arc provided (Morales etal. 2017). In pigs, the expression of
genes coding for AA transporters is upregulated when AA
are provided in free form as opposed to their intact protein
counterparts (Morales et al. 2017; Zhang et al. 2013). Like-
wise, the expression of intestinal PepT1, the main dictary
peptide transporter in the small intestine, is upregulated in
pigs fed a diet with a high protein content, especially if the
protein is highly digestible (Gilbert et al. 2008).

Protein sources with similar digestibility values do
not necessarily have the same kinetics of digestion and
absorption. The kinetics of digestion and absorption is dif-
ficult to study in vitro as it involves different and complex
mechanisms and, in vivo, it requires multiple cannulation
along the gut. which can be complicated and raises ethi-
cal concerns that limit its use. The appearance of AA in
the systemic circulation after feeding may also be used to
study the dynamics of digestion and absorption. However,
the postprandial plasma concentration of AA reflects not
only the combined dynamics of digestion and absorption,
but also the metabolism by the splanchnic tissues and the
protein turnover and AA metabolism of the whole organ-
ism (Liao et al. 2018). After feeding. the concentrations
of AA in the peripheral blood steadily increase followed
by a gradual decline (Figs. 1 and 2). The magnitude of
this increase and decrease is more important when feeding
rapidly absorbed AA like free AA and hydrolysed proteins.
In rats (Fig. 1), gastric administration of intact proteins,
hydrolysates, or free AA with the same AA profile results
in a quicker appearance of AA in the plasma for free AA
and hydrolysates as opposed to intact proteins. Thus, the
plasma AA kinctics of free AA and hydrolysates results
in an asymmetric bell-shaped curve while it was rather
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Table 1 Protein and amino

acid digestibility (%) of Protein source CP LYS MET TAA References
differt plosan Eoaies e i Soybean meal 700 799 801 744  Cervantes-Pahm and Stein. (2010)¢
e Mo wosnel Fermented soy 70.1 72.7 83.7 76.5 Cervantes-Pahm and Stein. (2010)°
Wheat gluten 88.6 77.6 83.2 82.7 Chac ct al. (1999)°
Fish meal 70.8 329 86.0 75.2 Cervantes-Pahm and Stein. (2010)°
Whey protein 93.3 89.9 Gottlob et al. {2006)°
Meat and bone meal ~ 67.8 565 656 67.8 Wang et al. (201 8¢
Spray-dried plasma 81.8 81.2 824 823 Jeong etal. (2016)°
Skim milk 8.7 B38 858 83.6 Chae et al. (1999)"
Casein 81.3 926 95.1 84.7 Cervantes-Pahm and Stein. (2010)¢
Feather meal 578 620 665 Kerr et al. (2019) and Grazziotin et al. (2006)"
Faba beans 80.0 81.2 55.0 van der Peet-Schwering et al. {2006)d
Peas 919  Y0Y 66.8 van der Peet-Schwering et al. (2006)¢
Canola meal 72.3 66.4 70.3 van der Peet-Schwering et al. {2006)d

*Summary of the ilcal digestibility of some dictary protcin sources. Free amino acids arc not included in
the table as they are considered to be completely digestible

"Values are presented as percentage for crude protein (CP). lysine (LYS), methionine (MET). and total
amino acids (TAA)

“ Apparent ileal digestible values—measured by the proportion of ingested amino acids left in the distal
ileum

1Standardized ileal digestible values—apparent ileal digestibility correcied for endogenous losses

Fig.1 Plasma concentrations
of total proteinogenic amino

Total Amino Acids, umol/L

. 5 . 7,000
acids (umol/L) in the portal vein
of rats after gaswric infusion of 6,500
intact protein (H), hydrolysate
( A ), or free amino acids (@) 6,000
with the same amino acid pro-
file (Kodera et al. 2006) 5:500
5,000
4,500
4,000
3,500
3’0m - . . -
—&—Free amino acids  —#—Intact proteins  —&—Protein hydrolysate
2,500 . A ) . ) ) . A ) . A )
0 5 10 15 20 25 a0 35 40 45 50 55 80
Minutes

flat for intact proteins (Kodera et al. 2006), but this is not
the case for all intact protein sources. In young men, the
postprandial plasma Leu concentration reaches its maxi-
mum within one hour after ingestion of whey protein, with
a kinetic curve looking similar to that of feeding free AA
and hydrolysates (Fig. 2). However, feeding casein results
in a kinetic curve that remained flat throughout the experi-
ment (Dangin et al. 2001), like for intact soy proteins.
Though feeding free AA and hydrolysates results in a
faster appearance of AA inthe plasma, the rate of appear-
ance of AA after the ingestion of different intact proteins

may be variable, which allows to classify intact proteins
as so-called fast- and slow-proteins (Dangin et al. 2001).
Fast-proteins (e.g., whey) are proteins that are quickly
digested and absorbed, and the released AA appear quickly
in the blood. Conversely, slow-proteins (e.g., casein, soy-
bean meal) are digested slower and their constituent AA
appear with a more delayed increase in plasma postpran-
dial concentrations (Koopman et al. 2009). Therefore, the
postprandial AA kinetics of slow-proteins often look fat
compared to fast-proteins.
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Fig.2 Postprandial leucine
plasma concentration (umol/L)
of healthy young men given free
amino acids (A), whey protcin 1004+
(&), and casein (@) protein 3
sources with identical amino 350+
acid profile (Dangin et al. 2001) :

450+

300 +
504
200 --
1504
1004

50

Leucine, pmol/L

—&— Casein

—&— Amino Acids

—&— Whey

10 5 0

Consequences of feeding intact proteins,
hydrolysates, or free amino acids on animal
metabolism

The postprandial metabolic responses of animals after feed-
ing intact proteins and protein hydrolysates or free AA are
summarized in Fig. 3. The kinetics of digestion and absorp-
tion determine the metabolic fate of AA by non-digestive
tissues (Wang et al. 2021a). More specifically, this fate is
mainly due to the rate of AA appearance in the plasma. A
rapid increase and high concentrations of AA in the periph-
eral circulation induced by feeding free AA or hydrolysates
result in contrasting outcomes. It increases the rate of AA
deamination (catabolism) by the liver (Davis et al. 2002:
De Feo et al. 1992) while also enhancing protein synthesis
of tissues like the muscle (Dangin et al. 2001). The increase
in muscle protein synthesis is also induced by the insulin
response after a meal by favouring the utilisation of AA
for protein synthesis while decreasing protein breakdown
(O'Connor et al. 2003; Paddon-Jones et al. 2004). Although
insulin and AA act independently on protein synthesis
(O'Connor et al. 2003), they synergistically stimulate muscle
protein synthesis after meal ingestion. Feeding free AA or
hydrolysates induces a higher postprandial peak of insulin
compared to feeding intact proteins (Calbet and Holst 2004)
with certain AA like Arg, Leu, Phe, and GIn being known to
stimulate insulin secretion (van Loon et al. 2000; O'Connor
et al. 2003). Particularly, Leu has been shown to increase the
sensitivity of muscle to insulin and stimulates muscle protein
synthesis (Anthony et al. 2002). Compared to feeding hydro-
lysates or free AA, the postprandial insulin secretion and
plasma A A concentrations are lower for intact proteins (van
Loon etal. 2000), which can lead to lower protein synthesis
and retention (Koopman et al. 2009).

Feeding animals diets with free AA and peptides can also
increase AA catabolism and therefore result in inefficient
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use of AA (Davis et al. 2002; Hou et al. 2017). Some studies
found that feeding free AA instead of intact proteins resulted
in inefficient use of AA for protein retention (Batterham and
Bayley 198Y; Batterham and Murison 1981). With a sudden
and quick appearance of AA in the plasma after ingestion
of free AA, the sites of protein synthesis are assumed to be
saturated, which can reduce the uptake and use of AA by tis-
sues (Batterham and Bayley 1989). Since A A are not stored
in the body, free AA remain in the plasma and are subject
to catabolism (Boirie et al. 1997; Guillet et al. 2004). Con-
versely, the delayed plasma appearance of AA released by
the digestion of intact proteins results in lower catabolism
of AA and, even though it results in a lower rate of protein
synthesis, may result in a better nitrogen balance after the
meal (Boirie et al. 1997).

In practical conditions, farm animals are fed with a mix-
ture of the different forms of AA (i.e., protein-bound and
free AA). In pigs, the absorption of total Lys and Thr was
lower when pigs were fed a low CP diet supplemented with
free Lys and Thr than when these AA were provided in the
same amount as intact proteins (Yen et al. 2004). This occurs
despite a faster absorption of these two AA when supplied as
free form as indicated by the maximum plasma concentra-
tions of Lys and Thr in the portal vein that were observed
two hours earlier than for pigs fed intact protein. A more
gradual appearance of dietary AA in the systemic circula-
tion as observed after ingestion of intact proteins may lead
to greater protein utilization and muscle protein accretion
(Reidy et al. 2013; Wang et al. 2021a).

In the lumen of the gut, proteins of non-dietary origin are
commonly referred to as “endogenous proteins®. Feeding
intact proteins results in greater endogenous protein produc-
tion than with feeding free AA (Nyachoti et al. 1997). The
endogenous proteins are nitrogen-containing compounds
like digestive enzymes, products of the mucosal membrane
(e.g., mucins), and sloughed off epithelial cells (Awati et al.
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Fig.3 Model of the different metabolic and physiological effects of
feeding monogastric farm animals with different forms of dietary
amino acid that is given as intact protein or as hydrolysed protein or
free amino acids. In the intestinal level, because intact proteins still
needs to be digested, more proteolytic enzymes are released after its
ingestion contributing to more endogenous protein losses (a) while
feeding hydrolysates or free amino acids lessens the need for these
enzymes as hydrolysates are more easily digested and free amino
acids are immediately available for absorption (b). Furthermore, due
to the greater availability of hydrolysates and free amino acids. there
arc more amino acid and peptide transporters found in the proximal
part of the small intestine (¢) although with this increased substrate
availability, amino acids may be directed to the liver for deamination/
catabolism (d). Since protein digestion takes time. the appearance
of its products in the plasma is more constant resulting in a charac-

2009). A significant part of these endogenous proteins (e.g.,
gastric and pancreatic secretions and enzymes) is produced
in responsc to digesta present in the gastro-intestinal tract
(Lobley 2003). Feeding free AA instead of intact proteins,

teristically flat kinetics of amino acids after feeding intact proteins
(e). Feeding hydrolysates and free amino acids induces a quicker
appearance of plasma amino acids and an asymmetric distribution
of postprandial plasma amino acids kinetics that is skewed towards
the beginning (f). Plasma amino acids induces the release of insulin
that increases the uptake of amino acids by the muscle and increase
protein synthesis. However, in this postprandial state, due to the
rapid appearance of amino acids in the plasma after feeding hydro-
lysates or free amino acids, there is a period of temporary imbalance
of amino acid uptake of sites of protein synthesis, like the muscle,
that causes morc amino acids to be catabolized compared to feeding
intact proteins (g). As a consequence to this increased rate of amino
acid catabolism, more urea is produced by the liver which can also be
interpreted as a lower efficiency of use of dietary nitrogen (h)

diminishes the secretion of proteolytic enzymes and could
therefore affect the “apparent* protein digestion (Adeola
ct al. 2016; Butts et al. 1993). In addition, endogenous secre-
tions can be partially re-absorbed and are not necessarily lost
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for the animal (Souffrant et al. 1986). Endogenous secre-
tions thus have both a direct (i.e.. providing the digestive
enzymes) and an indirect effect (i.e., by contributing to pro-
tein secretion and absorption in the gut) on digestion and,
eventually on plasma AA appearance.

The gut itself also uses dietary AA, thereby affecting the
overall bioavailability of these AA. The portal-drained vis-
cera, which include the stomach, intestines, pancreas, and
spleen, are estimated to use 30-60% of AA like Thr, Lys,
and Phe (Stoll and Burin 2006), while they only account for
less than 10% of the body weight in monogasiric animals.
Some of these dietary AA are metabolized by the gut to pro-
duce other molecules. For example, the gut tissue has been
shown convert dietary Met to Cys that is one of the three
AA constituting glutathione, a major antioxidant in the gut
(Li et al. 2014; Riedijk et al. 2007). Apart from the gut tis-
sue, the microbiota found in the small intestinal lumen also
use dietary AA (Apajalahti and Vienola 2016). In broilers,
the AA requirement of lactic acid producing bacteria (i.e.,
Lactobacillus spp., Streptococcus spp., and Enterococcus
spp.), which is the dominant microbiota population in the
small intestine, is very close to the AA requirement of birds
(Apajalahti and Viencla 2016; Dai et al. 2013a). This may
mean that the gut microbiota can potentially compete with
the animal for dietary AA, which might be more critical for
essential AA (EAA). Proteins that are not digested in the
small intestine are fermented in the large intestine, affect-
ing the microbial ecosystem and favour the proliferation of
harmful bacteria (Apajalahti and Vienola 2016). Conversely,
feeding free AA or hydrolysed proteins that are absorbed
very quickly in the small intestine prevents the proliferation
of harmful bacteria (Wang et al. 201 6; Zhang and Piao 2021)
and may contribute to maintain the absorptive and digestive
capacities of the small intestine.

Feeding free amino acids and hydrolyzed
proteins to complement intact proteins
in animal diets

In terrestrial farm animal nutrition, dietary AA are mostly
provided as intact proteins from soybean meal and cereal
grains. Other protein sources include cereal by-products,
legumes, oil seed meals, and animal-by product meals
(Florou-Paneri et al. 2014) and the use of these sources dif-
fers between countries and geographic areas. During the
last decades, there has been an increased use of free AA,
which are often added to supplement and complement low-
protein diets to ensure the proper supply of AA and allows
formulating diets with a composition close to the require-
ments of the animal. Dietary AA are commonly classified
as nutritionally essential or non-essential AA. The EAA are
those that should be provided by the diet because of the
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inability of the animal to synthesize the carbon backbone
and those that are insufficiently synthesized. Non-essential
AA (NEAA) can be synthesized de novo using metabolic
intermediates (D’Mello 2003). However, there is a differ-
ence between the biochemical and the biological capacity
to synthesize NEAA. In young pigs, reducing the dietary
supply of NEAA has been shown to limit protein synthesis
and growth (Deng et al. 2009). Thus, even though animals
may have the capacity to synthesize NEAA, they may have a
dietary requirement for these AA (Wu et al. 2013) at certain
production stages. For example, during pregnancy, lactation,
and weaning Arg, Glu, Gln, Gly, and Pro may become limit-
ing for pigs and require a dietary supply (Wu et al. 2014).
Therefore, it is difficult to define the “essentiality of AA
because all AA are conditionally essential (Table 2).

Ideal protein is a concept used in animal nutrition to
express the AA requirements of the animal. It refers to the
balance of dietary AA that is needed to exactly cover the
productive potential of farm animals. It concerns all the
EAA and some conditionally EAA. The capacity to synthe-
size the other NEAA is assumed to be sufficient to cover the
requirements (Baker 2000). The AA profile of ideal protein

Table 2 Nutritional classification of proteinogenic amino acids in the
diets of monogastric farm animals®

Mammals” Poultry*
EAA CEAA NEAA EAA CEAA NEAA
Cys Gln Ala Arg Gin Ala
His Glu Asn Cys Glu Asn
Ile Gly Asp Gly Cys® Asp
Leu Pro Ser His T)n‘t- Ser
Lys Arg‘j Ile
Met Cys® Leu
Phe Tyrf Lys
Thr Met
Tip Phe
Tyr Pro
Val Thr

Trp

Tyr

Val

“Table derived from Wu et al. (2014). Amino acids are listed in their
three-letter IUPAC abbreviation. EAA essential amine acids, CEAA
conditionally essential amino acids; NEAA non-essential amine acids
hl:’igs and ruminants, also applicable for rodents

“Chickens, ducks, quails. and geese

dArgimnc is classified as a conditionally essential amino acid for pig
byNRC (2012)

“Can be synthesized in the liver by conversion of methionine and ser-

ine, but methionine needs to be in sufficient amount

fCan be synthesized in the liver by conversion of phenylalanine as
long as it is in sufficient amounts
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is expressed as a ratio relative to of Lys, which is the first
limiting AA in typical diets. However, it ignores possible
interactions among AA (e.g., among the branched-chain AA;
Kim et al. 2001; van Milgen and Dourmad, 2015). Also,
the ideal protein requirement depends on the physiological
state of the animal (e.g., weaned piglets, growing pigs, ges-
tating and lactating sows, laying hens) and on the capacity
to synthesize certain AA (e.g.. Pro and Gly in poultry), and
therefore, different ideal protein ratios have been proposed.
The concept of ideal protein is simple and has been widely
used in formulating diets for monogastric animals.

Use of free amino acids in farm animal nutrition

The concept of ideal protein largely contributed to the use
of free AA in animal diets. Furthermore, it is believed that
the CP of the diet can be reduced without affecting perfor-
mance as long as the supply of EAA and NEAA is ensured
(Gloaguen et al. 2014; Heo et al. 2009). Thus, the provi-
sion of synthetic EAA to complement intact proteins in the
diet allows that farm animals can perform according to their
genetic potential, as dictated by the ideal protein concept.
The highest efficiency of nitrogen utilization is achieved
when the supply of all AA exactly matches the requirement.
This means that more nitrogen will be used for protein reten-
tion and production of animal derived-products and less
nitrogen is excreted (Garcia-Launay et al. 2014). Providing
protein sources that are not easily digested results in a lower
efficiency of nitrogen utilization. Likewise, provision of AA
in excess lowers nitrogen efficiency.

Free AA in pure, crystalline form like L-lysine, pL-
methionine, L-threonine, L-tryptophan, and L-valine are com-
monly added to commereial animal diets. The L-enantiomers
are produced by fermentation and subsequent purification,
whereas pL-methionine is produced through chemical syn-
thesis. Other commercially available AA include L-methio-
nine and hydroxy analogues of methionine. The reduction of
the CP content of the diet accompanied by supplementation
of free AA has been called the “protein-sparing effect of free
AA™ (Baker 2009; Han and Lee 2000). However, there are
practical limitations to the extent of this effect. Providing a
very low CP diet to broilers (4.5% lower CP than the control
diet) reduced their growth performance even though the diet
was supplemented by all limiting EAA according to the ideal
protein concept (Wang et al. 202 1b). Similarly, finishing pigs
fed with diets with very low levels of CP (11 vs 14%) sup-
plemented with EAA had lower growth performance than
those fed a control diet (Tuitoek etal. 1997). Recent studies
suggest that the synthesis of NEAA in pigs depends on the
availability of EAA and glucose (Hou et al. 2017), both of
which are primarily sourced from the diet. Also, direct sup-
plementation of NEAA in free form may alleviate the need

for their de novo synthesis when AA nitrogen is limiting
(Gloaguen et al. 2014).

The provision of Lys, Met, and Thr in synthetic form in
broiler diets resulted in higher plasma concentrations of
these AA than when they were provided as intact proteins
(Chrystal et al. 2020). In pigs, the Lys and Thr plasma con-
centrations remained higher for a longer period when these
AA were provided in free form instead of intact proteins
(Morales et al. 2020). High plasma concentrations after
ingestion of free AA for an extended period may indicate
that these AA are not used for protein synthesis, which
may be a signal of inefficiency in AA utilization. This may
be caused by an AA imbalance in plasma due to the rapid
appearance of AA (Yen et al. 2004). Batterham and Bay-
ley (1989) suggested that this imbalance may also result in
increased AA catabolism and therefore in a lower AA effi-
ciency of feeding diets with free AA. To summarize, the bio-
availability of AA provided in free form by the diet may not
be the same as that coming from intact proteins. It remains
unknown if there is a ratio between AA coming from intact
proteins and free AA that optimizes AA utilisation for pro-
tein retention.

There is a growing interest in the targeted utilisation of
free AA for roles other than being constituents of body pro-
teins and peptides. These AA are usually provided as free
AA instead of intact proteins as their dietary amounts can
only be precisely adjusted using free AA. Certain AA (e.g.,
Asn, Thr, Ser, and Val) have effects on the modulation of
metabolic pathways (Wu 2013b, 2010), the regulation of
protein synthesis and turnover, carbohydrate, and AA metab-
olism (Dai et al. 2013b; Wu 2010), and feed intake (Tre-
visi et al. 2018), while others (e.g.. Arg, Gln, Glu, Gly, and
Trp) are involved in signalling, immunity, and antioxidative
responses (Wu et al. 2009; Wu 2010). The supplementation
of Gln in the diet of young broiler chickens has been shown
to improve intestinal health with longer villi length, greater
intestinal 1gG and IgA concentrations, and improved growth
performance compared to birds fed a control diet (Chalvon-
Demersay et al. 2021 ; Bartell and Batal 2007). Stress hor-
mones and stress-related behaviour were also reduced in
young chicks when given diets that were supplemented with
Ala, Ser, and Pro (Kurauchi et al. 2009). Otherwise, AA
like Trp, Gln, Leu, and Ala can support health and can be
adjusted based on age and the health status of animals (Le
Floc’h et al. 2018).

Hydrolysed proteins or peptides in farm animal
nutrition

The hydrolysis of intact protein sources opens up the possi-
bility ot using inedible, waste, or by-products in animal diets
and therefore reduce competition with the food supply for
humans, while also increasing the nutrient value of common
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ingredients by making their protein fragment more digest-
ible (Hou et al. 2017). These ingredients are collectively
called hydrolysed proteins or hydrolysates, which essentially
means that they provide AA as peptides instead of intact
proteins. Hydrolysis of intact protein sources improves their
nutritional value and also reduces anti-nutritional factors
that may be present (Martinez-Alvarez et al. 2015; Pasu-
puleti and Braun 2008). For soybean meal and other highly
digestible materials, the improvement may be marginal,
but pre-hydrolysis of materials that are not easily digested
improves their nutritional value substantially. Hydrolysis
of non-edible materials like feathers (with a protein digest-
ibility of less than 10%) results in a five-fold increase of
its protein digestibility while a more intensive hydrolysis
process renders the feathers almost completely digestible
(Grazziotin et al. 2006). Hydrolysis techniques by chemi-
cal (i.e., acidic or basic) or physical means (i.e., steam and
pressure) are used for both animal-derived proteins (e.g.,
casein, whey, blood, meat, mucosa) and plant-based pro-
teins (e.g., soybean, wheat, barley; Pasupuleti et al. 2008;
Dieterich et al. 2014). Keratin-based materials (e.g., feath-
ers, wool, and hair) can be processed through these means
and can also be treated by controlled bacterial breakdown
(Pasupuleti and Braun 2008). Other protein sources can be
processed through microbial fermentation techniques that
not only improves digestibility but also modifies the AA
profile of the material (Cervantes-Pahm and Stein 2010;
Jones et al. 2010). Extensive hydrolysis results in a greater
proportion of small peptides and free AA compared to those
that were only partially or briefly hydrolysed (Bouhamed
and Kechaou 2017), but it may also result in the degrada-
tion of the AA (Bellagamba et al. 2015; Papadopoulos et al.
1986). Certain hydrolysis conditions induce crosslinking of
AA or racemization with a negative impact on digestibility
(Bouhamed and Kechaou 2017; Friedman 1999).

Like certain free AA, peptide-rich ingredients can have
properties other than being a highly digestible AA source.
Peptides with less than 20 AA residues and abundant in
Arg, Lys, and Pro residues induce beneficial effects like
immune modulation and antimicrobial activities (Lépez-
Barrios et al. 2014). Hydrolysed protein products have
been tested for their immunomodulation and anti-oxidant
properties (Ngrgaard et al. 2012; Hou et al. 2017) and as
alternatives to antimicrobial to support health and growth
performance of animals (Hou et al. 2017). However. the
benefits on growth performance of hydrolysed proteins in
animal feeds is inconsistent and their functional properties
are not fully understood (Ngrgaard et al. 2012; Martinez-
Alvarez et al. 2015). These functional properties have been
attributed to bioactive peptides such as opioid peptides
(4-8 AA residues) that alter feeding behaviour by binding
to certain receptors in the brain (Hou et al. 2017). In addi-
tion, some bioactive peptides exert antimicrobial etfects
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by damaging the membrane of harmful bacteria or directly
affecting their metabolism (Hou et al. 2017; Lépez-Barrios
etal. 2014). Protein hydrolysates are usually fed to young
animals with high AA requirements and with a less mature
immune and digestive system like weaned piglets and
chicks (Min et al. 2004; Hou et al. 2017). Young broiler
chickens fed a diet supplemented with hydrolysed pig
mucosa had greater performance compared to those fed the
control diet (Frikha et al. 2014), but no effect was observed
in older chickens. This might be because younger animals
are more susceptible to the functional properties of hydro-
lysates as they are still developing their immune and diges-
tive systems. Poudel et al. (2020) reported changes in the
faecal microbiota of young pigs fed a peptide-based feed
additive and hypothesised that such changes may favour
the maturity of the digestive tract.

Chemical and physical hydrolysis techniques involve
processes that indiscriminately cut the protein into smaller
fragments. As a result, the resulting product may have dif-
ferent peptides in terms of size and AA composition, which
may explain the inconsistencies on the observed effects on
the animal. Thus, animal performance may vary substan-
tially and enhanced performance cannot be pinpointed to
a particular peptide in the hydrolysate. There is a general
understanding regarding the positive effects of hydrolysis
of protein sources, but further characterisation of the result-
ing peptides is still needed. This information is important
because it may provide “additional value® to these ingre-
dients over and above to the value of a highly digestible
source of AA.

Conclusion

Although farm animal diets contain intact proteins, there has
been an increasing trend to substitute and complete the diet
with free AA or hydrolysates. Though feeding these new
tforms has advantages, there is still much to be learned. A
better characterization of the peptides from currently avail-
able sources is needed to identify the nutritional and func-
tional properties of peptides. Future research should identify
and quantify how the dietary form of AA affects metabolism.
For example, it is unknown if the animal can metabolically
differentiate between free and protein-bound dietary AA.
Most of the recent studies regarding dietary form of AA deal
with their short-term effects, but there is limited information
on the long-term effects on metabolism and physiology. For
nutritionists, the challenge will be to determine the ideal
proportion of AA provided as intact proteins or in free form
for optimizing animal performance and health in a sustain-
able way.
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Changes in the postprandial nutrient concentration in the plasma are the result of the combined
effects of intake, digestion, absorption, and metabolism. The concentration typically follows an asym-
metrical bell-shaped curve as a function of the time after the meal. Although differences between
dietary treatments can be analysed using a pairwise comparison of the observed nutrient concentra-
tions, this provides little insight in the possible underlying hiological mechanisms. These mechanisms
may be represented in a model that can be used in a regression analysis to summarise the observed
data in a limited number of parameters. The objective of this study was to propose equations that
can be used in the statistical analysis of postprandial nutrient concentrations. The equations were
derived from the compartmental representation of the Erlang function in which the last of a series
of compartments was assumed to represent the nutrient concentration in the plasma The preceding
compartments were used to represent the postprandial response provoked by ingestion of the meal.
A homepstatic control mechanism was included based on a target nutrient concentration that the
animal seeks to maintain. This target concentration may differ between the lasting state and alter
ingestion of a meal. The models were developed as differential equations, which were integrated
analytically providing equations that can be used for data analysis. The fit of the equations was
tested using the postprandial histidine concentration of a pig that received a diet that was either bal-
anced or unbalanced in the amino acid supply. The unbalanced diet was also deficient in histidine.
The observed data could be summarised in three or four parameters that describe the target histidine
concentration alter an overnight fast, the possible change in the target concentration due to ingestion
of a meal, the area under curve of the postprandial response (i.e., the “metabolic exposure”), and a
rate constant describing the dynamics of the response. The biological interpretation of these and
derived parameters is discussed, including the potential pitfalls of interpreting nutrient concentra-
tions as nutrient flows. In conclusion, the models developed here are based on biological concepts
and allow to summarise time series of nutrient concentrations in a limited number of parameters.
The concepts can be modified depending on how the biological mechanisms involved are perceived

and on the type of available data.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open
access article under the CCBY license (htip://creativecommons.org/licenses/by/4.0/).

Implications plasma. A pairwise comparison of observations between treat-
ments ignores the relationship that exists between successive

There are different ways to analyse the effect of an experimen- observations. Analysis of the data by a regression model requires
tal treatment on the postprandial nutrient concentration in the to define the (supposed) underlying biological mechanisms and
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summarises the data as a set of parameters. Differences between
experimental treatments can then be summarised in parameters
and analysed in relation to the biological representation in the
model and the experimental treatments.
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Specification table

Subject Nutrition

Type of data

Maple V (release 5.1) code and output,
data used as example, R code (version
4.1.2) of the non-linear regression
models and output.

How data were
acquired

Data were obtained from a study in
which growing pigs were given, after an
overnight fast, a meal with either a
balanced or unbalanced supply of amino
acids. Pigs had jugular catheters from
which blood samples were taken at
regular intervals. Plasma was obtained
by centrifugation of the blood, and
plasma amino acids were analysed by
Ultra Performance Liquid
Chromatography (UPLC).

Raw data, analysed data (i.e., estimated
model parameters), and output from
Maple with the analytical solutions
obrtained after integrating the differential
equations.

Data format

Data are recorded as the histidine
concentration in the plasma as a function
of time after ingestion of a meal.

Parameters for
data collection

The data were collected from a growing
pig that was given a meal with a
balanced or unbalanced supply of amino
acids. The unbalanced diet was deficient
in histidine. The meal was given after an
overnight fast.

Description of
data collection

Data accessibility ~ Repository name; Portail Data INRAE
Data identification number: https://doL.

org/10.15454/GKFOEH

Introduction

The postprandial nutrient concentration in the plasma is the
result of the combined effects of intake, digestion, absorption,
and metabolism of the nutrient. After an overnight fast and inges-
tion of a meal, the concentration typically follows an asymmetrical
bell-shaped curve, characterised by a rapid increase from the base-
line, to reach a maximum and gradually decline to the baseline
again. Differences between experimental treatments can be
reported as the time points at which the concentration of one
treatment differs from another treatment, using a repeated-
measures model (Bos et al, 2003), Also, the area under the curve
(AUC) can be calculated, which is typically done by dividing the
response curve in trapezoids between two successive observations.
The AUC is then the sum of the areas of each trapezoid. The trape-
zoid method is frequently used in pharmacokinetics to study the
fate of an administered drug, because the plasma concentration
of the drug starts at zero (before the administration of the drug)
and ends at zero (once the drug is fully metabolised ). The interpre-
tation of the AUC is more difficult for nutrients, which are not only
digested, absorbed, and catabolised but may also be synthesised
from other nutrients, and stored in and mobilised from body
reserves. Alternatively, regression models can be used to describe
the change in the nutrient concentration in the plasma as a
function of time. McKnight et al. (2013} developed a framework

animal - open space 1 (2022) 100007

of conceptual models to analyse the change in nutrient concentra-
tion after ingestion of a meal or provision of a marked nutrient. The
nutrients in these models were represented as compartments with
different inflows (e.g., through nutrient absorption, de novo synthe-
sis, or marker supply) and outflows (e.g., through uptake of the
nutrient by tissues or catabolism). Cloaguen et al. (2012) used an
Erlang function to describe the change in amino acid concentration
in the plasma. The model was mainly used to express the plasma
kinetics using a limited number of parameters but without a bio-
logical interpretation of the model parameters. The goal of this
paper was to further develop the Erlang function to make the
underlying biological assumptions more explicit.

Material and methods
The Erlang function

The Erlang function can be seen as a series of n compartments in
which each compartment receives input from the previous com-
partment and where the cutput is described by first-order kinetics
(Matis et al.. 1989):;

X,
at

=W —AX

where X, is the size of compartment n (pmol/L), #X,./ot thechange in
size of the compartment (pmol/L per h), t the time (h), and X the
fractional outflow rate (1/h). For this study, it was assumed that
n = 3, but this has no consequence for the rationale developed fur-
ther. The last compartment (i.e., X;) may be seen as the nutrient
concentration in the plasma (C, pmol/L; top panel of Fig. 1). The dif-
ferential equations describing the system are as follows:

ax

e
at

X3

aXs  aC

a o Xemhk

with initial conditions when time = 0: X;(0) = Q, X5(0) = 0, and
X5(0) = C(0) = 0. The Q (umol/L) is the apparent quantity of the diet-
ary nutrient arriving in the plasma provoking the change in the
nutrient concentration. The AUC for each of the three compartments
equals Q/\ Integrating the system of differential equations with
Maple (version 5.1, Waterloo Maple Inc., Waterloo, Canada) results
in the following equation for the last compartument C(t):

1
2
where AUC ymolh/L is the area under the curve, i the fractional
outflow rate from C (1/h), and t the time (h).

Cit) == AUC 33 t2 exp[—i 1) (1)

The modified Erlang function

In the model depicted in the top panel of Fig. 1 and Eq. (1), the
concentration ((t) will initially be zero, but will gradually increase
and decrease again to zero due to the flow of ¢ (i.e., the initial value
of X, ) through X, and C. This may be sufficient to describe the fate
of a drug, but is not appropriate to describe the metabolism of a
nutrient because it is unlikely that the nutrient concentration will
equal zero, even during fasting. To include the concept of a basal
nutrient concentration in the model, the Erlang function was mod-
ified as depicted in the bottom panel of Fig. 1, where a target nutri-
ent concentration is included that the animal seeks to maintain
(Gargers nmol/L). The control of C is bidirectional and a nutrient
concentration greater than . results in a net outflow from C,
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Fig. 1. Top panel: Forester diagram of the Erlang function described as a series of n sequential compartments (i = 3). The last compartment (C} is assumed to represent the
nutrient concentration in the plasma{pmol/L). Ingestion of a meal provokes a change in C via two compartments (X; and Xz). The 2. {1/h) is the fractional outflow rate. Bottom
panel: Modified Erlang function where the nutrient concentration in the plasma is controlled by a targel concentration {Cpuger; pmol{L) that the animal seeks to maintain.

whereas a lower concentration results in a net inflow into C. The
differential equation describing the change in C is as follows:

aC 2

E =X Xg — h(c — Ctarg:t}

Integrating this equation with C{0) = Garger results in:

1
2

Eq. (2) equals Eq. (1) with a constant term (i.e., Ci;rge) added to
it. The AUC is the area under the curve of ((t) over and above Cirger.
and can be considered as the “metabolic exposure” due to inges-
tion of the meal. The top panel of Fig. 2 illustrates the nutrient con-
centration as described by Eq. (2. The maximum of C(t) occurs at
tmax = 2/% and equals Cuax = Carger + 2 AUC % exp(—2).

There are experimental situations in which the postprandial
nutrient concentration does not return to the target concentration,
at least not during the period of measurements. This can be repre-
sented by assuming that the target concentration changes due to
ingestion of a meal to become Ci,rg¢ + C;, so that:

ac
at

C(t) == AUC PE e exp(—i t) + CLdl'gEl (2)

=k Xy = 1€ — (Cuarger + G))

Integrating the system of equations with €(0) = Cge results in:

C(t) _% AUC 33 £ exp(—h t) + Crarget + Ci(1 — exp(—A £)) (3)

Eq. (3) equals Eq. (2) with an extra term (i.e., C; (1 — exp(-A))
that describes the dynamics of the change in the target concentra-
tion from G ger £0 Ciarger + G- An example of Eq. [3) is given in the
bottom panel of Fig. 2, illustrating that the observed nutrient con-
centration in the plasma is the result of two modes of action pro-
voked by the ingestion of a meal: a change in the nutrient
concentration related to the supply and further metabolism of
the nutrient from the meal, and a change in the target concentra-
tion during the measurement period. The dynamics of both modes
of action are determined by %.

Fitting the model to experimental data

The use of the equations isillustrated by fitting these to the his-
tidine concentration in the plasma of a growing pig that received,
after an overnight fast, a diet with a balanced or unbalanced supply
of amino acids. The supply of some amino acids, including his-
tidine, was deficient in the unbalanced diet. Fitting the model to
the data was done using the nls procedure of R (version 4.1.2).

The example data and the R code are available from https://doi.
org/10.15454/GKFOEH.,

Results

Fig, 3 illustrates the fit of Eq. (2} to the histidine concentration
in the plasma of a pig that received diet balanced in the amino acid
supply. The estimated parameter values were Cuyger = 44.4 pmol/L,
AUC =116 pmol-h/L, and 2 = 1.83/h, with a residual standard devi-
ation of 6.4 pmol/L. The maximum concentration (C,.) of
102 pmol/L was attained at 1.09 h.

Fig. 3 also gives the fit of Eq. (3| to the experimental data in
which the same pig was given a diet unbalanced in different amino
acids and deficient in histidine. The estimated parameter values
were Cpyye = 48.3 umol/L, C; = —17.7 ymol/L, AUC = 34.1 umol-h/
L, and & = 2.47/h, with a residual standard deviation of 2.7 pmol/
L. The G; differed significantly from zero (P < 0.001).

The histidine concentrations were very different when the pig
was given a diet balanced or unbalanced in amino acids, which is
reflected by the estimated parameters. The Cg, ... after an over-
night fast was similar in both situations, but the deficient histidine
supply in the unbalanced diet resulted in a lower target histidine
concentration (i.e. Cuarger + C; = 30.6 umol/L) compared to the bal-
anced diet (C ,rye = 44.4 pmol /L). Also, the maximum histidine con-
centration was achieved earlier and attained a lower maximum
value when the pig received the unbalanced diet compared to
the balanced diet. The histidine concentration in the unbalanced
diet was approximately 70% lower than in the balanced diet
(1.00 vs 3.43 gfkg diet), which also resulted in a 70% reduction in
the AUC (i.e., 34.1 vs 116 umol-h/L).

Authors’ points of view
The models and parameters

The models used here allow to summarise a serics of observed
nutrient concentrations in three or four model parameters. The
parameters Ceage. AUC %, and C; were chosen to parameterise
the models, because of their biological interpretation and because
initial values are easy to obtain “visually” from the observed data
(Le., & = 2[tmax and AUC = (tmax (Cmax — Crarzer))/(4 exp(—2) for the
3-parameter model), ensuring rapid convergence in the non-
linear parameter estimation procedure.

The models were derived from the Erlang function, to which
several modifications were made in relation to the control of C.
However, the same fractional rate (%) was used to determine the
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Fig. 2. Top panel: Postprandial nutrient concentration in the plasma of the modified Erlang function in which concentration is controlled by a constant target concentration
{Eq. (2)). Bottom panel: Postprandial nutrient concentration in the plasma of the modified Erlang function in which the concentration is controlled by a changing target
concentration due to the ingestion of a meal. The salid red line represents the change in the nutrient concentration provoked by ingestion of a meal (i.e., the first term of Eq.

(3)) and the dashed red line the change in the target concentration from C,,. to G

taiget

+ (e, the last two terms of Eq (3)). The blue line is the sum of the two red lines and

describes the nutrient concentration in the plasma. The Cpe = 0.1 pmolfL, €, = 015 pmolfL, AUC = 1 pmol-h|L, and j = 0.75 per hour (see text for details).

inflow into C from the diet (through X; and X;) and to control C
(through Ci. e 2nd C;). An alternative approach would be todiffer-
entiate these fractional flow rates, but such an approach would
require an additional parameter to be estimated.

Nutrient concentrations and nutrient flows
Changes in nutrient concentration are related to changes in

nutrient flows but should not be interpreted as absolute values
of flows. In steady-state conditions, the net nutrient flow through

C equals zero but this does not mean that the actual flow through
nutrient mobilisation and further metabolism is also zero. Like-
wise, Q is an "apparent” quantity and cannot be compared directly
with the histidine supply by the meal.

The assumption that the nutrient concentration is controlled by
nutrient homeostasis in the plasma is a rather strong assumption,
because nutrient homeostasis can also be the result of the
difference between inflow and outflow, each of which may be
controlled independently without an explicit control of C. This
has consequences on the interpretation of certain model concepts
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Fig. 3. Observed (dots) and estimated (line) histidine concentration in the plasma of a pig given either a diet balanced or unbalanced in the amino acid supply after an

overnight fast.

and derived model parameters. There are several instances where
the unknown nutrient inflow in C equals the unknown outflow
(i.e., at Guarger, Grarger + Cs, and Cpayx) , but they result from different
metabolic conditions. For example, the increase in concentration
from Carger t0 Cray likely resulted from an increased inflow of
nutrients provided by the meal, followed by an increased outflow,
to become equal again at tmax. With this sequence of events, the
nutrient flow is thus greater at Cy,, than at C,ue, and the ratio
between Cp,ay and G is indicative for the nutrient flow at ty,y
relative to that at &, (i.e., for the balanced amino acid supply data,
the histidine flow is 102/44.4 = 2.30 times greater at t,,,, than at
ty). However, such a reasoning must be used with caution, because
opposing attributions of cause and effect can result in the same
plasma concentration. For example, for the unbalanced amino acid
supply, ingestion of the meal resulted in a lower target nutrient
concentration (i.e., C; < 0). This could be the result of an increased
outflow followed by an increased inflow, but also from a decreased
inflow followed by a decreased outflow. The ratio between Cearger +
Cs and Ciarge Of (i€, (48.3 — 17.7)/48.3 = 0.63 may be indicative of
an increased postprandial histidine utilisation resulting in an
increased histidine mobilisation (compared to the situation during
fasting), because the histidine concentration in the meal was lim-
iting. However, the same response could also be the result of a
reduced postprandial histidine mobilisation, followed by reduced
histidine utilisation. Opposing mechanisms of cause and effect
may thus result in the same response in nutrient concentration.

Conclusion

Modelling approaches can be used to analyse and interpret the
postprandial kinetics of nutrients. These approaches allow to sum-
marise the observed data in a limited number of parameters. These
parameters can be interpreted biologically as target nutrient con-
centrations that the animal seeks to maintain (during fasting and
after ingestion of a meal), metabnlic exposure, and the dynamics
of the response of the animal due to ingestion of a meal. The ratios
between concentrations where the nutrient inflow equals the out-
flow (i.e., at minimum, maximum, and steady-state concentra-
tions) are indicative of ratios in nutrient flows. These changes

cannot be assigned to an explicit cause or effect, even though cer-
tain interpretations are more plausible than others.
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Résumé : L'aliment apporte aux porcs des nutriments
indispensables a leurs fonctions biologiques comme
les acides aminés (AA). Dans laliment, les AA
peuvent étre apportés sous forme de protéines, de
peptides ou bien sous forme libre directement
assimilables. Les réponses métabolique et
physiologique des porcs a l'apport en AA par I'aliment
peuvent étre influencées par I'équilibre des AA (profil)
ainsi que par la forme sous laquelle ces AA sont
apportés (protéines, peptides, libres). L'objectif de la
thése était d’évaluer les réponses métaboliques et
physiologiques des porcs nourris avec un profil
équilibré ou non en AA apportés sous forme de
protéines, de peptides, ou sous forme d’AA libres. La
réponse métabolique des porcs a été évaluée en
étudiant la cinétique plasmatique postprandiale des
AA et de différents métabolites. Nous avons comparé
les cinétiques postprandiales de porcs adultes et en
croissance pour étudier I'influence de I'équilibre des
AA alimentaires. Les effets métaboliques de la forme
de I'apport en AA a été étudié chez des porcs en
croissance. Chez ces mémes animaux, les
adaptations physiologiques au niveau de l'intestin ont
été

évaluées par la mesure de [I'expression des
transporteurs d'AA et de peptides et de la
morphologie de la muqueuse. Nous avons montré
que l'alimentation des porcs avec un régime avec un
profil équilibré en AA entraine une utilisation plus
rapide des AA alimentaires par rapport a un régime
avec un profil déséquilibré en AA. L'utilisation des
AA par les tissus périphériques des porcs adultes est
plus lente que celle des porcs en croissance. Par
contre, l'utilisztion des AA par le tube digestif et le
foie au “premier passage” est plus importante chez
les porcs adultes que chez les porcs en croissance.
La digestibilité des AA des protéines est plus faible
que celle des I'AA libres et des petits peptides, car
ces deux derniers sont immédiatement disponibles
sans avoir besoin d'étre digérés. Cela entraine une
différence dans leur biodisponibilité pour les tissus
périphériques et le statut métabolique des porcs. En
outre, la forme de I'AA alimentaire influence la
physiologie intestinale, comme le montrent la
morphologie et I'abondance de divers transporteurs
intestinaux d'AA et de peptides dans les différentes
sections de l'intestin gréle.

Balance and form of amino acid intake in the diet: physiological and metabolic consequences

in pigs

Keywords : free amino acid, proteins, plasma concentrations, transporters, digestibility, hydrolysed feathers

Abstract : Feeding animals is crucial for their life
because they need nutrients like amino acids (AA).
They use these AA for various biological processes
like the synthesis of proteins and other
biomolecules. Although, the metabolic and
physiological response of pigs to feeding AA
depends both on the dietary profile and form. The
metabolic response of pigs was assessed by
studying the dynamic changes in the postprandial
plasma concentrations of different metabolites.
Furthermore, as mature and growing animals have
different metabolic needs and use of dietary AA, we
used adult and growing pigs to study dietary AA
balance. Meanwhile, as the form of AA has a direct
impact on the rate of absorption of AA in the
intestinal lumen, physiological adaptations like
changes in morphology and gene expression of AA
and peptide transporters were measured.

We found that feeding pigs with a diet with a
balanced AA profile results in quicker utilization of
dietary AA compared to a diet with an unbalanced
AA profile. The use of AA in the peripheral tissues
of adult pigs is slower compared to growing pigs,
conversely, more AA are utilized in the first-pass
for adult pigs compared to growing pigs. There is
a big difference in the AA digestibility of intact
proteins compared to free AA and small peptides
as the latter two are immediately available without
the need for digestion. This causes a difference in
their bioavailability to peripheral tissues and the
metabolic status of pigs. Furthermore, the form of
dietary AA influences intestinal physiology as seen
in the morphology and the abundance of various
intestinal AA and peptide transporters in the
different sections of the small intestine of pigs.
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