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Les_.modeles d’étude de la digestion :
de I'in vitro a I'in silico en passant par I'animal et
I"lhomme
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Pourquoi s’intéresser au processus digestif?

Pathologies liées a I'aliment
> Prévenir ces pathologies plutot que
de les traiter
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Tube digestif = interface entre I’'aliment et 'organisme
Digestion libere des constituants qui peuvent avoir un effet
bénéfiques ou déléteres sur la santé de I’lhomme

... mais les mécanismes de déconstruction de I'aliment dans le TD restent méconnus et le
tractus gastrointestinal a été souvent considéré comme une boite noire

En accroissant notre connaissance de la digestion, nous pourrons
étayer les relations entre les aliments et la santé de ’homme
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- Acides gras
- Minéraux...
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Tube Digestif

Systeme
immunitaire

Microbiote

% Comprendre les mécanismes de dégradation des produits laitiers et ovoproduits dans le tube

digestif et identifier les composés bénéfiques/délétéres libérés lors de la digestion

& Déterminer I'impact de la structure des produits laitiers et ovoproduits sur la biodisponibilité

des nutriments

% Modéliser ces phénomeénes pour concevoir des aliments adaptés aux besoins nutritionnels de

populations spécifiques par une démarche d’ingénierie reverse
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Models for simulating digestion

In vitro
static
models

In vitro dynamic
In silico models

models

(Dlz = k12whey x (Vl - mcaswpdl X 0() + k:l.2aggr X mcaswpdl xao

i -_. _:..._j"..,.&,.h.'..l.,‘t;'.':T,c, °

Animal models
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Static in vitro digestion models: pro’s & con’s

Main Reasons :

Ethical - Technical — Financial

Advantages:

Standardisation of the experimental conditions
Good reproducibility and repeatability
Easy sampling, possibility to follow kinetics

Disadvantages:
Impossible to mimic the complexity of the Gl

tract in a test tubel!!
Needs harmonization
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In vitro gastro-intestinal digestion Dupont et al. 2018

Crit Rev Food Sci Nutr
Consensus INFOGEST protocol S B TG

Oral phase
Mix 1:1 with Simulated Salivary Fluid (SSF)
salivary amylase (75 U/mL)

2 min, pH 7

Gastric Phase

Mix 1:1 with Simulated Gastric Fluid (SGF)
Pepsin (2000 U/mL)

2h, pH 3 M\

Intestinal Phase
Mix 1:1 with Simulated Intestinal Fluid (SIF)
Enzymes
Pancreatin (based on trypsin 100 U/mL) or
Pure enzymes
Bile (10mM)

oh, pH 7 . Minekus et al. 2014
Food Funct. 5, 1113-24
Highly Cited Paper (1%)




The consensus model can be learned with videos on YouTube

Fichier Edition Affichage Historique Marque-pages Outils 2 =
=E Intranet UMR STLO - Accueil x | " GRR (Gestion et Réservatio., | 2 YaZiba: 30,3 - 3/4 x I3 In vitro food digestion - C.. % W
(- B ' & hitps://www.youtube.com/channel/UCdc-NP@KTDGyH_kZCgpQWy @ | COyoutube 2B 4+ A& 0 =

Yn“ =- cost infogest Q Mettre en ligne B

1 Vidéos aregarder

LE MEILLEUR DE YOUTUBE

Populaire sur YouTube

m

Musique

Sport

_,l. InFOGEST

] Food Digestion Article S+

Jeuxvidéo et autres

. P. s Method
Fims In vitro food digestion - COST action INFOGEST "'""'""-."' =

Emissions TV

El N E X = E

Accueil Vidéos Playlists Chaines Discussion A propos
Actualité L
. Toutes les activites ~ i i
© Parcourir les chaines Chaines populaires sur
YouTube
Connectez-vous maintenant sj In vitro food digestion - COST action INFOGEST a mis en ligne une vidéo. A  Seb la Frite
pour consulter vos chaines et . S AN savonner
o )

les recommandations.

Se connecter [Gairc Prase

Alpha Amylase Activity Assay for In Vitro Food Digestion
de Invitro food digestion - COST action INFOGEST e MissCreatives
ilya 10 mois » 846 vues g

A step-by-step description of a static a-amylase activity assay for an in vitro digestion

S'abonner

W method presented suitable for food; recently published and available online (open access... ) LanguedePub / M...
irtenstnad Phune
S'abonner
. JunkFoodTasterD.
sj In vitro food digestion - COST action INFOGEST a mis en ligne une vidéo. JFT S'abonner
2
Static In Vitro Digestion Method for Food #fl Madame Patachou
de In vitro food digestion - COST action INFOGEST S'abonner

ilya 10 mois » 723 vues
A step-by-step description of a static in vitro digestion method presented suitable for food m halawiyat khadija...

(international consensus), recently published and available online (open access), see S'abonner

https://www.youtube.com ) ] ) ) ) ) » -

B =INA @ sTLo
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Mono-compartmental dynamic systems
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Multi-compartmental dynamic model

SHIME (Simulated Human Intestinal Microbial
Ecosystem)

SIMGI® (CSIC)

ESIN (Univ Clermont) Digestor (AINIA)



Development of a simple and robust dynamic model (DiDGi®):
application to infant formula digestion

Digestion model system

JE—

StoRM® software

Ingestion
10 mi/min -10 min

- 100 ml, 37° C

Gastric fluids

-pepsine (260 U/mL)
-lipase (18,4 U/mL)
-simulated gastric fluid
(NaCl, CaCL,, pH=6.5)
-HCI for pH regulation

Intestinal fluids
) - pancreatin
in ¥ - bile
| -NaHCO,
€ (pH=6.5)

Elashoff



CN immunoreactivity (%)

40 -

35 1

30 1

25 1

20 1

15 1

10 1

Validation of the dynamic in vitro digestion system

In vitro

ﬁ=
Stomach Intestine
Binvitro
Hinvivo

s = IO S

G30 G90 G210 130 190 1210
time after ingestion (min)

Caseins

Infant
Formula _
A In vivo
4 18 piglets
80 1€ « - >
0 Stomach Intestine
60 -
Hin vitro
Hinvivo

B-lg immunoreactivity(%)

G30 G90 G210 130 190 1210
Time after ingestion (min)

B-lactoglobulin

IN?A Ménard et al. 2014 .ICNASRIII\ITé{ 012
@ STLO Food Chem « M o
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Limits of the in vitro models — The oral phase

e Destroys food structure and allows
saliva to penetrate into the bolus

e Good knowledge, « easy » to study, to model

* Less known: consequences of oral processing on @; ; m |

the whole digestive process and the on nutrient
bioavailability

Pennings et al, 2013 Comparison between
minced beef and beef steak in elderly people

= .58

==
=

% of N ingested

/1 Amino Acids peripheral bioavailability

Anabolic utilisation

Healthy  prothesi
Beef steak 49 + 3% teeth rOTesIs

Minced beef 61+ 3% (p <0,01) Chewing efficiency in elderly
Rémond et al, 2007



Limits of the in vitro models — The J-shape of the stomach

275
261
247
234
220

206
1.92
179
1.65
1.51
137
124
1.10
9.62

e
6.87
550

412
275

1.37
0.00

Ferrua and Singh, 2010

% Ongoing experiments at the Riddet institute (NZ) to design a 3D-printed stomach

& TIMagc developed by Triskelion

==INRA @ STLO
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Limits of the in vitro models — Small intestine

What is the role of the enzymes of the brush border?

Adhesion ECM Tratficking
485, ~1% 365, ~1% 209, =1%
Membrane Unknown

634, ~1%

?E“““'&E Immunological
(A) UNKNOWN (5)_ R 59,3 61, <1%
0
4% \ TRANSPORTERS (1)
IMMUNOLOGIC (4) ; 8% BRUSH BORDER
3% DIGESTIVE ENZYMES (1)
4%
KNOWN RESIDENTS OF
PROTEIN SYNTHESIS TIGHT JU?;“ON ™
ASSEMBY,
MITOCHONDRION,
NUCLEUS AND OTHERS CYTOSKELETON (1)
(3.,) 12% Cytoskeleton
1 20772, dd%
STRESS-RELATED BASOLATERAL  innels &
PROTEINS (2) —— —— MEMBRANE PROTEINS (1ysparters
3% 2% 71, 09
DEGRADATIVE PROTEINS ENDOSOMAL/MEMBRANE
2 TRAFFICKING (2)
3% 5%
Mitochandrial
METABOLIC (2) 4262, 9%

SIGNALING (2)
18%

17%

Hydrolase
7766, 16%

Can we use brush border membrane
vesicles to improve our models?
How can we make it physiologically-
relevant?



Limits of the in vitro models — Absorption

1 Where does it occur and what are the mechanisms???

% Mouth? Yes (small molecules): important for drugs sensitive to pH or rapidly
metabolized by the liver, allergy

& Stomach? Yes (alcool)

% Small intestine? YES major site of absorption

2 What are the mechanisms of transport?

Diffusion

Facilitated diffusion

Passive transport

Facilitated diffusion

Pinocytosis

Active transport

Copyright © Pearson Education, Inc., publishing as Benjamin Cummings.

Absorption is usually poorly mimicked in our models. But how can we do that?
Caco?2 cell monolayers, co-cultures with HT29-MTX, Ussing chambers...?



Limits of the in vitro models — Role of mucus

Table 1 Tissue distribution of mucins

Mucin Distribution References
Porcine Intestinal Mucus Secreted gel forming
MUC2Z2 Small intestine, colon, respiratory 231-235

tract, eye, middle ear epithelium

MUC5AC Respiratory tract, stomach, cervix, 235-239
eye, middle ear epithelium

o)
>95 A) Water MUCSB Respiratory tract, salivary glands, 235,236,
. cervix, gallbladder, seminal fluid, 240-244
>5% m uCI ns middle ear epithelium
MUCE Stomach, duodenum, gallbladder, 235,243,
pancreas, seminal fluid, cervix, 245247
+ cholesterol Fidalie oar epithaliurm

MUC19 Sublingual gland, submandibular 16,235,248

+ Other protelns gland, respiratory tract, eye,
middle ear epithelium
+ DNA

Secreted non-gel forming (monomeric)

MUCT Salivary glands, respiratory tract, 235,249,250
middle ear epithelium

9004
Colon
Cell surface
o MUCAH Stomach, breast, gallbladder, 235,251—
cervix, pancreas, respiratory tract, 256
700! duodenum, colon, kidney, eye,
B cells, T cells, dendritic cells,
middle ear epithelium
E 600] MUC3A/B Small intestine, colon, gall 235,243,
= bladder, duodenum, middle ear 257,258
§ epithelium
g L MUC4 Respiratory tract, colon, stomach, 235,255,
._;.‘. cervix, eye, middle ear epithelium 259-261
z 400 MUC12 Colon, small intestine, stomach, 32,262
b pancreas, lung, kidney, prostate,
2 uterus
= 300 ) )
MUC13 Colon, small intestine, trachea, 35,235,262
kidney, appendix, stomach,
200 middle ear epithelium
Jejunum MUC15 spleen, thymus, prostate, testis, 235,263
= ovary, small intestine, colon,
100 peripheral blood leukocyte, bone

marrow, lymph node, tonsil,
breast, fetal liver, lungs, middle

0 cooe AT e XT e N e e NERE NEEdY . NGRS EEY S, L. P S ear epithelium
. . . Gastricmucosa . . J{. . ..... N i - N . . . . . Mucosa - - . .
V5 7\ i MUC16 Peritoneal mesothelium, 235,264
reproductive tract, respiratory 267
+ + + +
'g Total 189 £11 274+ 41 170+ 38 123+4 480 +47 830 £110 tract, eye, middle ear epithelium

3 5 Firmly MUC7 Small intestine, colon, duocdenum, 235,268
E‘é’ Adherent 805 15416 16+3 15+2 2948 116 + 51 stomach, middle ear epithelium
=E Loosely MUC20 Kidney, placenta, colon, lung, 235,269
§< Adherent 109+£12 120+ 38 154 +39 108+5 447 + 47 714 £ 109 prostate, liver, middle ear
== epithelium

n 6 6 7 6 5 (8 firm) 11 Mucosallmmunology




Colon and intestinal microbiota

’ ’

Hot topic!!!

Connections between microbiota, diet and
health status...

Common bacteria Abundance Function and pH

cfu/ml ” Qo] 4 e 57 Plasma cells
Lactobacillus . HCl secretion N—— s Peyer's Patch
Streptococcus Stomach 1- 102 Maaomolecule
Helicobacter Digestion
Peptostreptococcus pH2

Doudenum 10'to 10°

/ S But little information on the impact of specific

Absc-prt'ion of

monosaccharides, fOOdS On intestinal micrObiOta

Streptococcus amino acids, fatty
Lactobacillus Jejunum  10%to 10*  .cid and water
H4 to pHSa. . . . . .
e Are there periods in life when the intestinal
e 10710 10° microbiota is more able to be modulated by
- food?
Bacteroides
Clostridium
Streptococcus
Actinomycinaea . . .
Need for colonic models connected to in vitro
Prg:'::‘al Bile acids m Od e I S
e 10" to 10" vt&12and
Bifidobacterium absorption

Rectum

Enterobacteriaceae ; pH7 BINSTITUT
Eubacteria ko CARNOT . O 18
' ‘ [ QUALIMENT |




What you cannot simulate in vitro!

Role of Gl hormones highly complex!!! Ex: the lleal break

When undigested nutrients

Ghrelin (triglycerides) reach the
ileum
Decreased flow L feed-back mechanism

through 2 GLP-1 and PYY
& Slow-down gut motility

BUISAY|

Other receptors all along the Gl tract?
Mechanisms of action?
Which nutrients can regulate motility?

-INRA @ STLO
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In vivo (animal) models
Rodents

Probably not the best model to mimic the upper part of the human Gl tract
Gnotobiotic animals (« humanized » mice) are of interest to study the effect of food on the
microbiota

Piglets Mini-pigs‘ Multi-canulated and

Pretty good model of the upper Gl tract catheterized pigs

Canulas and catheters allow to collect effluent and plasma throughout digestion (kinetics)



The composition of Infant Formula affects the maturation of the
immune system and the shape of the microbiota

M Veg
M Veg + PL +
M Dairy Fat + _ _ Mother-fed piglets
PL Automatic meal delivery (10 meals/ day) (MF = + control)
\ R
Rehydration at 20% _
\ Slaughtering
\ | after

Mesenteric Lymph Nodes Collect of effluents and

Effluents: (MLN) tI’SSU’eS 7 days
\ -SDS-PAGE 28 days
-Elisa
(90 min
Tissues: '
-Morphometry

-Enzyme Activities
-Intestinal Permeability
-Local immune response
-Microbiota

=INRA @ STLO

\ <)/ postprandial)
I lleum

Proximal Median
Jejunum Jejunum

——  SCIENCE & IMPACT



Interferon-y (Th1 pro-inflammatory)

Interleuklne 10 (Th2 anti- mflammatory)

200

150 ~

AGRO
CAMPUS

Secretory activity of Mesenteric Lymph Nodes

M Veg

M Veg + PL

i Dairy Fat + PL
mPorcelets SM

esefiteric Iymvp i
nodes (MLN)

YK

7] 28] 7] 28j 7] 28] i J

Milk lipids =» maturation of the
[ piglet’'s immune system more

| \ similar than with sow’s milk

7 28 7] 7i 28]

28] 7] 28j

Bourlieu et al. 2015
Eur J Lipid Sci Technol

=INRA @ STLO

—= SCIENCE & IMPACT



Microbiota by DHPLC

. D7 & D28 D28 =

The composition/structure of the
infant formula « orientates » the

microbiota _
More Proteobacteria with milk fat /

More Firmicutes with plant oill

Le Huérou-Luron et

AGRO === al. 2016
== INRA @ STLO Eur J Nutr
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Human Models

Patients with ileostomy

Naso-gastric or naso-jejunal probes

==INRA @ STLO

SCIENCE & IMPACT



Identification of bioactive peptides in the human Gl tract
* 16 volunteers fed 30 g of:

eCaseins
*Whey Proteins Gty %
*50/50 Mix £ @-QQV;

* Collect of effluents during 6h and analysis by MS-MS

4704 milk peptides identifified = a unique database!

. B-CN (60-66)
59-66 VYPFPGPI .
59-68 VYPFPGPIPN Anti- N
60-66 YPFPGPI hypertensive . .,

108-113 EMPFPK
114-119 YPVEPF

2 15
/
0.5 §
Bioactive peptides concentrations are ° oo s e

Time (h)
high enough in the lumen to generate
a biological effect

4

Boutrou et al.
Am J Clin Nutr
2013

@ =\ @sTo 026
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Digestion gastrique du lait maternel chez le nouveau-né
prématuré

W = Enfants prématurés hospitalisés = nourris par sonde nasogastrique
ChinicalTrinls gov EFFET PASTEURISATION (n = 12) EFFET HOMOGENEISATION (n=8)

NCT02112331
2014 - 2016 Lait de la propre mere Pool de lait pasteurisé de donneuse
anonyme
¢ty LaitCru X% Lait Pasteurisé €' Lait Pasteurisé T2 Lait Homogénéisé

Lactarium
Pasteurisation Homogénéisation
de Holder indirecte par
T 1 ultrasons

=]

0 ‘.‘ 1
E :3 30min, A\,
0§ 625°C
£ 10 |

2> 595 W

N

Time (min)

1 ’-[ _ﬂ

Protocole expérimental
* Essaicroisé : 2 repas tests par jour, pendant 6 jours
* 2 prélevements gastriques par repas :
e Avant administration du repas
e 35, 60 ou 90 minutes apres le début du repas, en duplicat

&) =INRA @ sTLO
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T Homogénéisation et lipolyse gastrique

Lipolyse instantanée Bilan postprandial

- facilite I'adsorption de la lipase gastrique
(Bourlieu et al., Food Chem, 2015)

v

—#— Homogénéisé 10
r—— ** ——

20 - £ 8 -
o v
16 - E 6 -
217 - - 2
5 o 2 44 T
2 g - ?’ - ‘? s
—_— - -
) n -
o) 4 _ \ Y ) g 2
N Repas: **; Temps: *** =
e]0] 0 Repas * Temps: NS O
Q T T T
(]

HM 35 60 90
Temps (min) De Oliveira et al. 2017

Clin Nutr

“*Homogénéisation - surface spécifique agmentée

Pasteurisé

Homogénéisé

*»*Plus de surface disponible pour l'adsorption et I'action de la lipase gastrique = lipolyse accélérée

“*Moyen de favoriser la croissance des prématurés???

<2 Z=INRA @ sTLO
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unheated milk - IMlathematical model of transit and absorption

Le Feunteun et al. 2014

- N w S (5] o ~

Food Bioprocess Tech

100 200 300 400 7

OO

] TS0} . e Secretions (mL/min)
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Improving health properties of food by sharing our
knowledge on the digestive process

International Network

Dr. Didier DUPONT, Senior Scientist, INRA, France
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Industry involvement

% ~ 40 European companies are involved in INFOGEST
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The International Conference on Food Digestion

International Conference on Food Digestion
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i Granada, Spain
[ April 2019

We are pleased to announce the next
6™ International Conference on Food Digestion
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in Granada, Spain, 2-4 April 2019



