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Dr Didier DUPONT

INRA, STLO, Rennes, France

Les modèles d’étude de la digestion : 
de l’in vitro à l’in silico en passant par l’animal et 

l’homme



En accroissant notre connaissance de la digestion, nous pourrons
étayer les relations entre les aliments et la santé de l’homme

Pourquoi s’intéresser au processus digestif?

Tube digestif = interface entre l’aliment et l’organisme
Digestion libère des constituants qui peuvent avoir un effet
bénéfiques ou délétères sur la santé de l’homme

Pathologies liées à l’aliment↑
 Prévenir ces pathologies plutôt que 

de les traiter

?

… mais les mécanismes de déconstruction de l’aliment dans le TD restent méconnus et le 
tractus gastrointestinal a été souvent considéré comme une boîte noire
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Modélisation mathématique

Ingénierie Réverse

 Modéliser ces phénomènes pour concevoir des aliments adaptés aux besoins nutritionnels de 

populations spécifiques par une démarche d’ingénierie reverse

Nos objectifs
Bioactifs

- Peptides

- Acides aminés

- Acides gras

- Minéraux…

Tube Digestif

Système

immunitaire

Microbiote

IléonBouche Estomac Duodénum Jéjunum

Absorption
? ?

Recepteurs Récepteurs

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

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

 Déterminer l’impact de la structure des produits laitiers et ovoproduits sur la biodisponibilité 

des nutriments

Produit Laitier

Ovoproduit

Lait, Oeuf

Process

Nos Cibles: Nouveau-né / Sénior
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In vitro 
static

models

Models for simulating digestion

In vitro dynamic
modelsIn silico 

models

 12 12 1 1 12 1whey caswpd aggr caswpdk V m k m           

Animal models

Human
models

http://e.m.c.2.free.fr/becher.gif
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Les modèles in vitro



In 

vitro

In 

vivo

Main Reasons :

Ethical - Technical – Financial

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

Advantages:

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

Disadvantages:

Impossible to mimic the complexity of the GI 
tract in a test tube!!!
Needs harmonization

http://fr.wrs.yahoo.com/_ylt=AiEquE8BjGOIhbmRHSREEhdlAQx.;_ylu=X3oDMTA2bTQ0OXZjBHNlYwNzcg--/SIG=1hmej21rb/EXP=1135771200/**http:/fr.search.yahoo.com/search/images/view?back=http://fr.search.yahoo.com/search/images?p=da+vinci&ei=UTF-8&fr=fp-tab-web-t-1&fl=0&x=wrt&w=160&h=136&imgurl=www.shareware4u.com/img/small/Art-of-Leonardo-Da-Vinci-small.jpg&rurl=http://www.shareware4u.com/Desktoper-Enhancements/ScreenSavers/Art-of-Leonardo-Da-Vinci.htm&size=4.8kB&name=Art-of-Leonardo-Da-Vinci-small.jpg&p=da+vinci&type=jpeg&no=16&tt=64 725&ei=UTF-8
http://fr.wrs.yahoo.com/_ylt=AiEquE8BjGOIhbmRHSREEhdlAQx.;_ylu=X3oDMTA2bTQ0OXZjBHNlYwNzcg--/SIG=1hmej21rb/EXP=1135771200/**http:/fr.search.yahoo.com/search/images/view?back=http://fr.search.yahoo.com/search/images?p=da+vinci&ei=UTF-8&fr=fp-tab-web-t-1&fl=0&x=wrt&w=160&h=136&imgurl=www.shareware4u.com/img/small/Art-of-Leonardo-Da-Vinci-small.jpg&rurl=http://www.shareware4u.com/Desktoper-Enhancements/ScreenSavers/Art-of-Leonardo-Da-Vinci.htm&size=4.8kB&name=Art-of-Leonardo-Da-Vinci-small.jpg&p=da+vinci&type=jpeg&no=16&tt=64 725&ei=UTF-8
http://images.google.fr/imgres?imgurl=http://jackb.blog.lemonde.fr/files/2008/01/porc.1201512919.jpg&imgrefurl=http://jackb.blog.lemonde.fr/2008/01/&usg=__ocFBSrXsz8r4l7EYztpl98NYC14=&h=485&w=335&sz=33&hl=fr&start=4&tbnid=tm5iW_uSK8QFYM:&tbnh=129&tbnw=89&prev=/images?q=porc&gbv=2&ndsp=21&hl=fr&sa=N
http://images.google.fr/imgres?imgurl=http://jackb.blog.lemonde.fr/files/2008/01/porc.1201512919.jpg&imgrefurl=http://jackb.blog.lemonde.fr/2008/01/&usg=__ocFBSrXsz8r4l7EYztpl98NYC14=&h=485&w=335&sz=33&hl=fr&start=4&tbnid=tm5iW_uSK8QFYM:&tbnh=129&tbnw=89&prev=/images?q=porc&gbv=2&ndsp=21&hl=fr&sa=N
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In vitro gastro-intestinal digestion 
Consensus INFOGEST protocol

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

Dupont et al. 2018 
Crit Rev Food Sci Nutr
Corrélation vitro/vivo
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Youtube chanel

Training schools

The consensus model can be learned with videos on YouTube



Mono-compartmental dynamic systems

Human Gastric Simulator

(Univ California Davis, USA)

Artificial colon 

(Univ Clermont)

Dynamic gastric 

model

(IFR/Bioneer)

Small intestinal Model

(SIM, Birmingham) Dynamic Duodenal Model 

(Dduo, Birmingham)

Gastric Digestion Simulator (GDS, Japan) 



Multi-compartmental dynamic model

SHIME (Simulated Human Intestinal Microbial
Ecosystem)TIM (TNO Intestinal Model) 

Digestor (AINIA) 

Tiny-TIM 

ESIN (Univ Clermont)
SIMGI® (CSIC) 



Digestion model system

StoRM software

Gastric fluids

-pepsine (260 U/mL)

-lipase (18,4 U/mL)

-simulated gastric fluid 

(NaCl, CaCL2, pH=6.5)

-HCl for pH regulation

Stomach Intestine

Elashoff

Elashoff

Intestinal fluids

- pancreatin

- bile

-NaHCO3 

(pH = 6.5)

HM/IF

Ingestion

10 ml/min -10 min 

 100 ml, 37° C

Development of a simple and robust dynamic model (DiDGi®): 
application to infant formula digestion
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Validation of the dynamic in vitro digestion system

Infant 

Formula
In vivo

18 piglets

In vitro

N=3

Ménard et al. 2014 
Food Chem



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

Limits of the in vitro models – The oral phase

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

 Amino Acids peripheral bioavailability

Beef steak 49 ± 3%

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

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

• Less known: consequences of oral processing on 
the whole digestive process and the on nutrient
bioavailability
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Limits of the in vitro models – The J-shape of the stomach

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

 TIMagc developed by Triskelion



Limits of the in vitro models – Small intestine

Donowitz M. et al (2007).  Journal of Proteome 

Research, 6: 4068-4079.

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

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



2 What are the mechanisms of transport?

Active transport

Facilitated diffusion

Pinocytosis

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

Limits of the in vitro models – Absorption

Absorption is usually poorly mimicked in our models. But how can we do that?
Caco2 cell monolayers, co-cultures with HT29-MTX, Ussing chambers…?



>95% water
>5% mucins
+ cholesterol
+ other proteins
+ DNA

Limits of the in vitro models – Role of mucus



.018

Colon and intestinal microbiota

Hot topic!!!

Connections between microbiota, diet and 
health status…

But little information on the impact of specific
foods on intestinal microbiota

Are there periods in life when the intestinal 
microbiota is more able to be modulated by 
food?

Quite stable and highly specific

Need for colonic models connected to in vitro 
models
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What you cannot simulate in vitro!

Role of GI hormones highly complex!!! Ex: the Ileal break

When undigested nutrients
(triglycerides) reach the 
ileum

 feed-back mechanism
through GLP-1 and PYY

 Slow-down gut motility

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



Les modèles in vivo



In vivo (animal) models
Rodents

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

Pigs

Piglets Mini-pigs Multi-canulated and 
catheterized pigs

Pretty good model of the upper GI tract
Canulas and catheters allow to collect effluent and plasma throughout digestion (kinetics)
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Automatic meal delivery (10 meals/ day)

28 days

Effluents: 

-SDS-PAGE

-Elisa 

Proximal 

Jejunum

Median

Jejunum

Ileum

7 days

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

(90 min 

postprandial)

Rehydration at 20% 

T3

T2
T1

Collect of effluents and 

tissues

Mesenteric Lymph Nodes

(MLN) 

Slaughtering

after

+ 

Mother-fed piglets

(MF = + control)

Tissues: 

-Morphometry

-Enzyme Activities

-Intestinal Permeability

-Local immune response

-Microbiota

Veg + PL

Dairy Fat + 

PL

Veg
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Interferon-g (Th1 pro-inflammatory)

Secretory activity of Mesenteric Lymph Nodes

Milk lipids  maturation of the 

piglet’s immune system more 

similar than with sow’s milk

7j 28j

7j 28j

Mesenteric lymph 

nodes (MLN)

Porcelets SM
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Interleukine-10 (Th2 anti-inflammatory)

Bourlieu et al. 2015 
Eur J Lipid Sci Technol
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Microbiota by DHPLC 

D7 & D28 D28

mf

plant

milk
The composition/structure of the 

infant formula « orientates » the 

microbiota
More Proteobacteria with milk fat / 

More Firmicutes with plant oil

Le Huêrou-Luron et 
al. 2016 

Eur J Nutr
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Human Models

Patients with ileostomy

Naso-gastric or naso-jejunal probes
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Identification of bioactive peptides in the human GI tract
• 16 volunteers fed 30 g of:

•Caseins

•Whey Proteins

•50/50 Mix /
• Collect of effluents during 6h and analysis by MS-MS

4704 milk peptides identifified = a unique database!

59-66     VYPFPGPI   

59-68     VYPFPGPIPN  

60-66        YPFPGPI    

108-113     EMPFPK 

114-119    YPVEPF  

Anti-
hypertensive

Bioactive peptides concentrations are 
high enough in the lumen to generate

a biological effect
Boutrou et al. 
Am J Clin Nutr

2013
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EFFET PASTEURISATION (n = 12)

Lait de la propre mère Pool de lait pasteurisé de donneuse
anonyme

EFFET HOMOGENEISATION (n = 8)

Lait Pasteurisé Lait Homogénéisé
Lait Cru Lait Pasteurisé

Homogénéisation
indirecte par 

ultrasons

 595 W

Pasteurisation
de Holder

Lactarium

Digestion gastrique du lait maternel chez le nouveau-né 
prématuré

Enfants prématurés hospitalisés nourris par sonde nasogastrique

NCT02112331 

2014 - 2016

Protocole expérimental 
• Essai croisé : 2 repas tests par jour, pendant 6 jours
• 2 prélèvements gastriques par repas : 

• Avant administration du repas
• 35, 60 ou 90 minutes après le début du repas, en duplicat

A B
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Homogénéisation et lipolyse gastrique

0
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Lipolyse instantanée

Homogénéisation → surface spécifique agmentée

Plus de surface disponible pour l’adsorption et l’action de la lipase gastrique → lipolyse accélérée

Moyen de favoriser la croissance des prématurés???

 facilite l’adsorption de la lipase gastrique

(Bourlieu et al., Food Chem, 2015)

Bilan postprandial

(n = 5)

60 min

90 min

35 min

Pasteurisé Homogénéisé

10 µm

35 min

60 min

90 min

De Oliveira et al. 2017 
Clin Nutr



Les modèles in silico



Mathematical model of transit and absorption

[amino acids]

[Cr2+]% dry matter

unheated milk

acid gel

rennet gel

stirred gel

19 parameters including 3 to 6 describing the 

food matrix structure

Le Feunteun et al. 2014 
Food Bioprocess Tech
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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

http://www.geo.fr/var/geo/storage/images/media/images/rubrique-geo-infos/dossier-special/tout-sur-les-produits-bio/fruits/471913-1-fre-FR/fruits_940x705.jpg
http://www.geo.fr/var/geo/storage/images/media/images/rubrique-geo-infos/dossier-special/tout-sur-les-produits-bio/fruits/471913-1-fre-FR/fruits_940x705.jpg


Riddett Inst

New Zealand

Canada

Laval Univ
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FEM
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Chalmers Univ Tech

Lund Univ
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Univ Manchester
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Riga Stradin Univ

NGO

Agric Univ Tirana
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Univ

California
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China
Soochow Univ
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Industry involvement

  40 European companies are involved in INFOGEST

http://blogs.ionis-group.com/iseg/ecoles-lille/media/Unilever.jpg
http://blogs.ionis-group.com/iseg/ecoles-lille/media/Unilever.jpg
http://www.bcfjobs.nl/vac_logos/6928.jpg
http://www.bcfjobs.nl/vac_logos/6928.jpg


INFOGEST

Chair
Didier Dupont - France

Vice-chair
Alan Mackie - UK

www.cost-infogest.eu

In vitro/in vivo 
correlations

WG1

Didier Dupont

In vitro semi-
dynamic 
model of 
digestion

WG2

Alan Mackie

Models for 
specific 

populations

WG3

Uri Lesmes

Digestive 
lipases and 

lipid digestion

WG4

Myriam Grundy

Frederic Carriere

Choi-Hong Lai

In silico 
models of 
digestion

WG6

Steven Le Feunteun

The “Mind-
the-Gap” 

group

Guy Vergeres

Digestive 
amylases and 

starch 
digestion

WG5

Nadja Siegert

Fred Warren



The International Conference on Food Digestion

The Conference has been 

created by Infogest and is 

now an event regularly 

followed by 200 scientists



We are pleased to announce the next

6th International Conference on Food Digestion

Granada, Spain
April 2019

in Granada, Spain, 2-4 April 2019


