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RESUME

Ce projet s’inscrit dans une problématique globale qui concerne la caractérisation du potentiel
nutrition-santé des produits agro-alimentaires issus de la biodiversité naturelle de la chicorée
ainsi que des variétés améliorées de celle-ci. L’enjeu consiste a valoriser les produits
conventionnels et surtout ceux a valeur d’aliment fonctionnel, qui procurent, au-dela des
fonctions nutritionnelles de base, des bienfaits physiologiques et qui réduisent le risque de

maladies chroniques.

L’objectif de ce projet de thése a été de tester différents produits issus de la chicorée industrielle
(Cichorium intybus var. sativum), notamment des farines produites a partir des racines, ainsi
que différentes classes de molécules qui entrent dans la composition de la plante, pour analyser
leurs effets sur la santé animale et humaine. Ce projet a inclus trois étapes de développement:
i) la caractérisation du potentiel fonctionnel des produits alimentaires (farines de chicorée et
inuline) au travers d’analyses nutrigénomiques, physiologiques et métagéenomiques chez la
souris; ii) I’identification, in vivo et in vitro, des différentes classes de molécules responsables
des effets santé observés (fructose, acides chlorogéniques et lactones sesquiterpéniques), et iii)
I’évaluation de I’impact de la digestion gastro-intestinale simulée in vitro sur le statut
fonctionnel des farines et de leurs composés. Les résultats obtenus ont mis en évidence les effets
antitumoraux, anti-inflammatoires, antimicrobiens, antioxydants, sur le microbiote intestinal
murin et I’activité potentiellement régulatrice de 1’homéostasie énergétique, de la farine de

chicorée et de ses composés bioactifs (Pouille et al., 2020; Pouille et al., 2022).



ABSTRACT

This project is part of a broad issue concerning the characterization of the health and nutrition
potential of agri-food products derived from the natural biodiversity of chicory as well as its
improved varieties. This issue aims to promote conventional products and especially those with
functional food value, which therefore provide, beyond basic nutritional functions,

physiological benefits and reduce the risk of chronic diseases.

The objective of this thesis work was to test different products from industrial chicory
(Cichorium intybus var. sativum), in particular flours produced from the roots, as well as
different classes of molecules that enter the composition of the plant, to analyze their effects on
animal and human health. This project included three stages of development: i) the
characterization of the functional potential of food products (chicory flours and inulin) through
nutrigenomic, physiological and metagenomic analyses in mice; ii) an in vivo and in vitro
identification of the different classes of molecules responsible for the health effects observed
(fructose, chlorogenic acids and sesquiterpene lactones), and iii) the evaluation of the impact of
the in vitro simulated gastrointestinal digestion on the functional status of the flours and their
compounds. The results obtained highlighted the antitumoral, anti-inflammatory, antimicrobial,
antioxidant, on mice gut microbiota and the potential regulatory activity of energy homeostasis,
of chicory flour and its bioactive compounds (Pouille et al., 2020; Pouille et al., 2022).
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ABREVIATIONS

1-FEH Fructane 1-exohydrolase

1-FFT Fructane:fructane 1-fructosyl transférase
1-SST Sucrose:sucrose 1-fructosyl transférase
3,5-CGA Acide 3,5-O-di-caféoylquinique
3CLpro Protéase 3C-like

3-CGA Acide 3-O-mono-caféoylquinique
4CL 4-coumaroyl CoA ligase

A2780 Human ovarian carcinoma cell line
ACHN Human renal adenocarcinoma cell line
ADN Acide désoxyribonucléique

AP-1 Activator protein-1

ARN Acide ribonucléique

ARNr ARN ribosomique

BCRP Breast cancer resistance proteins
C3'H Para-coumaroyl ester 3’-hydroxylase
C32 Human amelanotic melanoma cell line
C4H Cinnamate 4-hydroxylase

CCK-8 Cell Counting kit-8

CD14 Cluster of differenciation 14

CGA Acides chlorogéniques

COS Costunolide synthase

COX Cyclooxygénase

CSE Cafeoyl shikimate estérase

Dexa Déxaméthasone

DHLc 11,13B-dihydrolactucine

DHLp 11,13B-dihydrolactucopicrine

dLc 8-déoxylactucine

dLp 8-déoxylactucopicrine

DMEM Dulbecco's modified Eagle's Medium
DP Degré de polymérisation

FBS Feetal Bovine Serum

FDA Food and Drug Administration

FOS Fructooligosaccharide

FPP Farnésyl diphosphate

G[FFF] 1-kestotriose

G-1-P Glucose-1-phosphate

G-6-P Glucose-6-phosphate

GAO Germacréne A oxydase

GAS Germacréne A synthase

GFF 1-kestose

GRAS Généralement reconnu comme sans danger



HbAlc
HBV
HCT
HDL-c
HelLa
HK
HL-60
HQT
IL

I0S

Lc

LC
LDL-c
LNCaP
Lp
LPS
MCF-7
MRP
MS
NF«B
p65
PAL
PBS
PC-3
PCR
PLpro
PMA
RKO
RMN
ROS
RPMI
RT
SCFA
SKBR3
SPP
SPS
STL
T47D
TG
TNF-a
uv
VIH

Hémoglobine glyquée

Virus de I'hépatite B
Hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl transférase
Lipoprotéine de haute densité

Human cervix adenocarcinoma cell line
Hexokinase

Human acute promyelocytic leukemia cell line
Hydroxycinnamoyl-CoA quinate hydroxycinnamoyl transférase
Interleukine

Inulooligosaccharide

Lactucine

Chromatographie liquide

Lipoprotéine de faible densité

Human prostate carcinoma cell line
Lactucopicrine

Lipopolysaccharide

Human breast carcinoma cell line
Multidrug resistance-associated proteins
Spectrométrie de masse

Nuclear factor-kappa B

Transcription factor p65

Phénylalanine ammonia lyase

Phosphate buffered saline

Human grade IV prostate adenocarcinoma cell line
Polymerase Chain Reaction

Protéase de type papaine

Phorbol 12-myristate 13-acétate

Human colon carcinoma cell line
Raisonnance Magnétique Nucléaire
Espece réactive de I'oxygéne

Roswell Park Memorial Institute
Rétrotranscription

Acides gras a chaines courtes

Human breast adenocarcinoma cell line
Sucrose phosphate phosphatase

Sucrose phosphate synthetase

Lactones sesquiterpéniques

Human breast ductal carcinoma cell line
Triglycéride

Tumor necrosis factor-alpha
Ultraviolets

Virus de I'immunodéficience humaine
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INTRODUCTION GENERALE



CONTEXTE DE LA THESE

Appartenant a la famille des Astéracées, la chicorée sauvage (Cichorium intybus L.) est une
plante originaire du bassin méditerranéen qui s’est largement répandue en Eurasie et certains
pays d’Afrique. Les premieres utilisations de cette plante remontent a 1’ Antiquité ou anciens
Egyptiens, puis Romains et Grecs I’utilisaient pour ses propriétés médicinales. La médecine
traditionnelle en fait par la suite un remede de choix contre les troubles digestifs, urinaires ou
du foie, mais aussi contre certaines infections. Cette utilisation se perd peu a peu au fil du temps,
etce n’est qu’a la fin du 16° siécle que les premiers usages de la racine torréfiée sont retranscrits.
Au début, uniquement valorisée en tant que substitut au café, elle devient populaire pour son
goQt unique. Les feuilles sont également utilisées et peuvent étre données comme complément
d’alimentation au bétail avec I’avantage de leur apporter un effet vermifuge. Depuis, de
nouvelles applications pour la racine de chicorée ont vu le jour. L’inuline en est extraite et est
utilisée dans I’industrie agroalimentaire pour ses propriétés physicochimiques ou pour
substituer le sucre et le gras. Le trés faible indice glycémique de I’inuline en fait un ingrédient
bioactif de choix pour les personnes diabétiques. Considérée également comme une fibre
prébiotique elle promeut le développement des bifidobactéries et lactobacilles au détriment de
celui des pathogenes. Son impact sur la santé humaine et sur les maladies chroniques en
particulier font d’elle un aliment qu’on qualifie de fonctionnel. Elle apporte ainsi des bienfaits
qui vont bien au-dela de ses qualités nutritives. D’autres composés de la racine de chicorée sont
qualifiés de bioactifs. Les oligofructoses et le fructose sont associés a des bienfaits sur la
digestion. Aux effets hypoglycémiants, antioxydants et antibactériens de cette plante a été
associée sa composition en acides chlorogéniques (CGA). On lie également aux lactones
sesquiterpéniques (STL) ses propriétés antiparasitaires et antiprolifératives sur des lignees
cellulaires cancéreuses. Malgré cela, les mécanismes d’action de ces composé€s sont assez mal

connus et la chicorée commence a peine a étre reconnue comme un aliment fonctionnel.

Nous avons ainsi choisi de travailler sur un produit caractéristique de la région Hauts-de-France,
la chicorée, d’en analyser les effets sur la santé, et d’identifier les composés responsables de
ces effets que nous appellerons effecteurs. La chicorée nous a été fournie par I’entreprise
Florimond Desprez Veuve et Fils, sélectionneur et semencier basé a Cappelle-en-Pévele dans
les Hauts-de-France. Ce travail de thése a été réalisé dans le cadre du projet d’équipe mixte
Chic41H avec I’Institut Charles Viollette dont une partie des laboratoires se situe a I’Université

de Lille ou j’ai travaillé durant ces trois derni¢res années. Une formation a I’expérimentation
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animale diplomante que j’ai suivie au cours de mon doctorat m’a permis de travailler sur le

modeéle murin.

Une premicre étude exploratoire concernant I’effet de la racine de chicorée torréfiée sur le
microbiote intestinal des souris avait été réalisée au laboratoire avant mon arrivée (Fouré et al.,
2018). Cette étude m’a beaucoup enseigné sur les possibilités de tester un produit alimentaire
in vivo et m’a orientée vers d’autres perspectives d’analyse. Je me suis intéressée non pas a la
chicorée torréfiée mais a la farine de chicorée, produit alimentaire avantageux pour la
panification car trés riche en goQt, pouvant remplacer le sel et complémenter d’autres farines.
Obtenue directement de la racine de chicorée par broyage, la farine respecte la composition
chimique de la plante sans subir beaucoup de transformations. Parmi les génotypes de chicorée
qui étaient obtenus par I’entreprise Florimond Desprez et disponibles pour I’analyse, j’ai utilisé
initialement deux génotypes notés G12 et G35, qui étaient les plus contrastés en ce qui concerne
la composition en inuline, CGA et STL. En plus des dosages hormonaux et analyses du
microbiote in vivo, j’ai initié des analyses nutrigénomiques, pour observer les modifications des
profils d’expression des génes durant I’alimentation avec ces produits. Passer du modéle murin
au modeéle humain in vivo n’était pas possible durant ces trois années a cause de la situation
sanitaire particuliere. J’ai pu, par contre, aborder 1’analyse des effets sur des cellules humaines
in vitro et avancer dans I’identification des réponses fonctionnelles de la farine de chicorée et
des molécules responsables de ces activités specifiques. In vivo, les activités fonctionnelles d’un
produit alimentaire ne peuvent étre observées qu’apreés son ingestion et ses transformations
subséquentes dans le tractus gastro-intestinal. Par conséquent, je me suis également intéressée
a ’impact de la digestion sur la fonctionnalité de la chicorée et pour cela j’ai utilisé un systeme

statique de digestion in vitro ainsi que des analyses métabolomiques.

Les résultats obtenus ont été partiellement publiés dans deux articles scientifiques (Pouille et
al., 2020 ; Pouille et al., 2022) qui font I’objet des deux premiers chapitres. Un troisieme article
est en cours de finalisation et fait 1’objet du troisiéme chapitre. Ces trois chapitres sont précédés
d’une introduction bibliographique. Le manuscrit se termine par une conclusion générale dans

laguelle sont repris les résultats les plus marquants de ce travail et les perspectives exposees.
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INTRODUCTION BIBLIOGRAPHIQUE

1. Taxonomie & utilisations industrielles de la chicorée

La famille des Astéracées ou Asteraceae est I’une des plus grandes du régne végétal. Parmi les
plus de 1600 genres représentés sont retrouves un nombre conséquent de plantes ornementales
(chrysanthemes, marguerites, achillées...) mais aussi de plantes d’intérét médical ou
agroalimentaire telles que I’armoise (Artemisia annua L.), le tournesol (Helianthus annues L.),
I’artichaut (Cynara scolymus L.), la laitue (Lactuca sativa L.), ou la chicorée (Cichorium
intybus L.) (Rolnik et al., 2021).

Le genre Cichorium regroupe six espéces différentes parmi lesquelles on retrouve C. intybus
L., C.endivia L., C. spinosum L., C. calvum Sch. Bip. ex Asch., C. bottae Deflers. et C. pumilum
Jacq.. Les especes C. intybus, C. endivia, C. spinosum, C. pumilum sont toutes quatre retrouvées
en Europe, tandis que C. calvum n’est retrouvée qu’a I’état sauvage dans certains pays
asiatiques (Irak, Israél, Pakistan) et C. bottae au Yemen et en Arabie Saoudite. C. spinosum est
une plante originaire de la Gréce ou elle est particulierement appréciée. Parmi ces six espéeces,
seules C. endivia et C. intybus sont cultivées. (Kiers et al., 2000, www.npgsweb.ars-grin.gov
consulté le 29.07.2022)

L’espéce Cichorium endivia compte deux variétés obtenues par sélection ou cultivars, C.
endivia var. latifolia ou ‘chicorées scaroles’ représentée par des individus a feuilles larges et C.
endivia var. crispa ou ‘chicorées frisées’ par des plantes a feuilles étroites. Les deux sont
principalement commercialisées en zone méditerranéenne et seules leurs feuilles sont

consommeées.

Les variétés de I’espece Cichorium intybus L. peuvent étre classées selon leur utilisation. La
chicorée industrielle ou a racine (Cichorium intybus L. var. sativum) est surtout utilisée sous
forme torréfiée comme substitut au café. Elle est aussi cultivée pour produire de I’inuline ou
des oligofructoses a 1’échelle industrielle. Les autres variétés de Cichorium intybus dites
‘chicorées a feuilles’ sont, elles, consommeées en salade (C. intybus L. var. foliosum ou issues

d’un croisement C. intybus L. var. foliosum x C. endivia L. var. latifolium).
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1.1. Les chicorées a feuilles de I’espéce Cichorium intybus L.

Ces chicorées peuvent étre séparées en 4 groupes différents: ‘Radicchio’, “Witloof,

‘Catalogne’ et ‘Pain de sucre’ (Figure i.1).

Les chicorées ‘Radicchio’ sont trés diverses et I’Ttaliec en est encore le principal producteur.
Elles se différencient par la couleur et la forme de leurs feuilles. Il en existe a feuilles rouges
(‘Chioggia’, ‘Treviso’, ‘Verona’, ‘Goriziana’, ‘Veneto’, ‘Isontina’...), vertes (‘Grumolo’,

‘Spadona Da Taglio’...), ou encore panachées (‘Castelfranco’, ‘Lusia’...) (Figure i.1).

Figure i.1. Différentes variétés de chicorées consommées exclusivement pour leurs feuilles
(Toutes les photos proviennent du site internet www.graines-baumaux.fr)
En haut les chicorées du groupe ‘Radicchio’ (Cichorium intybus var. foliosum) avec de gauche a droite : ‘Rossa di

Chioggia’, ‘Grumolo’, ‘Variegato di castelfranco’, ‘Variegato di Lusia’
En bas, de gauche a droit : ‘Catalogne’ (Cichorium intybus var. sylvestre), ‘Pain de sucre’ (Cichorium intybus var.

porphyreum), ‘Witloof” (Cichorium intybus var. foliosum)

Elles peuvent étre consommées crues ou cuites pour apporter une note amere et acidulée a
certains plats. La classification de ces chicorées est généralement confuse et mal renseignée. Le
sous-groupe des chicorées ‘Radicchio’ sera nommé C. intybus var. sylvestre (Znidaréic et al.,

2004), C. intybus var. latifolium (Barcaccia et al., 2016) ou C. intybus var. foliosum (Lucchin
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et al., 2008) selon les auteurs. Cette confusion pourrait trouver sa cause dans 1’origine des
chicorées ‘Radicchio’. Les chicorées a feuilles rouges dériveraient d’individus Cichorium
intybus var. foliosum tandis que les types ‘panachés’ proviendraient de croisements controlés

avec I’espece Cichorium endivia var. latifolium (Barcaccia et al., 2003).

Aussi appelée chicon ou endive belge (Figure i.1), la chicorée ‘Witloof” trouverait son origine
en Belgique a Schaerbeek, d’un fermier voulant protéger ses chicorées durant la révolution
belge de 1830. Cachées sous une couche de terre, les racines developpérent des feuilles blanches
imbriquées. Officiellement, cependant, ¢’est Franz Brazier, un employé du Jardin botanique de
Bruxelles qui serait a 1’origine de la création de ce nouveau légume dans les années 1850. Ce
n’est que dans les années 1870 que le chicon arrive sur le marché frangais ou il devint
rapidement populaire (Lecoq, 1879). Provenant directement des plantations de ‘chicorée
sauvage a grosse racine de Bruxelles’ ou ‘chicorée de Magdebourg’ qui se sont établies au cours
des 18° et 19° siccles, la “Witloof” devrait appartenir a la variété Cichorium intybus var. sativum

mais la majorité des auteurs se référe a elle comme appartenant a la variété foliosum.

Le groupe des ‘Catalogne’ inclut plusieurs variétés dont la partie foliaire consiste en de
nombreuses pousses, d’ou son surnom de ‘chicorée asperge’ (Figure i.1). Cette plante est native
de I’Asie et est aujourd’hui surtout cultivée et consommée dans la région des Pouilles et le
Latium (Elia & Santamaria, 2013). Le groupe des chicorées ‘Pain de sucre’ comprend des
cultivars a feuilles vertes (Figure i.1) surtout cultivés au Nord-Ouest de 1’Europe. Les types
dits ‘Catalogne’ et ‘Pain de sucre’ appartiennent respectivement aux variétés C. intybus var.

sylvestre, et C. intybus var. porphyreum.

1.2. Les chicorées a racine de I’espéce Cichorium intybus L.

Cette categorie regroupe les chicorées dont la racine est utilisée sous forme torréfiee dans des
boissons chaudes ainsi que celles dont on extrait inuline et oligofructoses. Les racines peuvent
aussi étre séchées et broyées pour fabriquer une farine pouvant étre incluse dans des recettes
boulangéres, patissieres ou des en-cas enrichis en chicorée (Boki¢ et al., 2022). Les Néerlandais
J. Kops et P.M.E Gevers Deijnoot sont d’ailleurs les premiers a rapporter 1’utilisation d’une

farine de racine de chicorée dans la fabrication du pain (Kops & Gevers Deijnoot, 1853).

Le plus gros producteur actuel de racines de chicorée reste la Belgique avec une production

annuelle s’élevant a plus de 300 000 tonnes en 2017 (donnees officielles www.fao.org consulté
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le 18.08.2022). En seconde position viennent les Pays-Bas (54 000 t), suivis de pres par la
France (50 000 t).

Figure i.2. Comparaison de la chicorée industrielle et de la chicorée sauvage

(A) Chicorée sauvage déracinée (Cichorium intybus L.)

(B) Racines de chicorées industrielles (Cichorium intybus var. sativum)

(C) Planche illustrant la chicorée sauvage en fleur (Cichorium intybus L.) issue de 1’ouvrage La Botanique (1805)
de Jean-Jacques Rousseau et aquarellée par Pierre-Joseph Redouté. Les chicorées industrielles sont récoltées avant

la floraison mais présenteraient les mémes fleurs bleues.

La chicorée a racine est utilisée depuis le 16° siecle pour son godt particulier. Depuis, elle a été
améliorée de fagcon & promouvoir un développement plus important de la partie racinaire au
détriment des tissus lignifiés. Son cycle naturellement annuel a ainsi été modifié pour passer a
un cycle bisannuel (Leroux, 1987). Ces modifications ont permis d’obtenir des plantes
industrielles (Cichorium intybus var. sativum) a racines plus volumineuses (Figure i.2). Celles-
ci sont lavées puis découpées en cossettes. Une fois grillées a 150 °C, elles sont alors concassées
en plus fines particules pour former la chicorée torréfiée en grains que 1’on connait aujourd’hui.
Autrefois uniquement commercialisée sous cette forme, la gamme de produits a base de

chicorée s’est depuis diversifiée. On la retrouve notamment sous forme de poudre a solubiliser
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dans de I’eau chaude, avec ou sans café, ou sous forme de sirop a incorporer dans diverses

préparations (Figure i.3).

Figure i.3. Gamme de produits a base de chicorée proposée par la marque Leroux® (images issues
du site internet www.leroux.fr)

De gauche a droite: Chicorée torréfiée en grains, Chicorée soluble Nature, Chicorée soluble Bio composée a 40 %
de Café, Chicorée soluble Bio composée a 41,1 % de Céréales torréfiées (orge, malt d’orge, seigle), Chicorée

soluble aux ardmes naturels de Caramel, Chicorée liquide Nature.

2. Utilisations traditionnelles de la chicorée

La chicorée (Cichorium intybus L.) est utilisée depuis des millénaires pour ses qualités
gustatives comme pour ses propriétés pharmacologiques. Dans 1’ Antiquité, la plante entiére
sauvage est consommeée en tant que légume ou en salade pour ses bienfaits sur la digestion et
I’appétit. Dés le 1° siécle aprés J.-C., I’écrivain Pline ’ancien et le médecin et botaniste
Pedanius Dioscoride vantent ses bénéfices sur le foie, les reins et I’estomac dans Naturalis
historia (Ajasson de Grandsagne, 1832) et De Materia medica (Osbaldesdon & Wood, 2000).
A I’époque, les Romains et les Grecs, mais aussi les Arabes la consomment en salade pour ses
propriétés gustatives mais aussi pour apaiser maux de téte, probléemes urinaires et digestifs.
Certains lui attribuent également des vertus magiques (Kiers, 2000). Au 8° siecle, Charlemagne
rédige le Capitulare de Villis qui délivre des recommandations et ordres a 1’ensemble de ses
gouverneurs. Il ordonne ainsi la culture de prés d’une centaine de plantes au sein des domaines
royaux parmi lesquels on retrouve des Astéracees, notamment 1’artichaut ‘Cardones’, la laitue

‘Lactuca’ ou la chicorée ‘Intubas’ (Guérard, 1853).

Lors de la Renaissance, 1’utilisation de la chicorée se popularise et différentes parties de la
plante sont incluses dans les préparations traditionnelles, particulierement en Eurasie et dans

certains pays d’Afrique. Les médecines traditionnelles ayurvédique, perse, africaine et
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européenne, 1’utilisent comme tonique pour ses effets hépatoprotecteurs, mais aussi pour
purifier le sang, réduire les troubles digestifs, augmenter ’appétit et comme remede contre la
jaunisse (Memariani et al., 2020). On lui reconnait aussi des propriétés cicatrisantes, effet qui
a pu étre verifie in vivo chez le rat (Suntar et al., 2012). En Afghanistan, la décoction de racine
de chicorée est reconnue comme traitement antipaludéen (Bischoff et al., 2004). Des effets plus
anecdotiques tels que I’amélioration d’une mauvaise vision et 1’atténuation des douleurs

menstruelles sont aussi rapportés (Bakhru, 1992).

Au fil des siécles, I’utilisation médicinale de la chicorée se perd. La premiére mention de
chicorée torréfiée remonterait & 1592 lorsque le médecin et botaniste italien Prospero Alpini
compare I’infusion de chicorée au café récemment disponible. A la fin du 17° siecle, les
hollandais utilisent déja la chicorée pour remplacer le café (Leroux, 1987). La chicorée flt par
la suite le premier substitut de café utilisé a grande échelle. Au cours du 18° siecle, Frédéric le
Grand tente de restreindre la consommation de café au bénéfice de la biére en Prusse. En
réponse a la diminution drastique de I’importation de café, des cultures substitutives telles que
la chicorée, 1’0orge ou le seigle, se développent rapidement. De facon similaire, le blocus
continental mis en place par Napoléon 1° quelques décennies plus tard, provogque un
développement considérable de I’industrie de la chicorée en France pour pallier au manque de
café (Davies, 2008). Cette habitude de consommation se propage aux colonies francaises ou
I’utilisation de la chicorée comme substitut était a 1’époque critiquée, particuliérement par les
planteurs de café, tandis que d’autres louaient sa capacité a améliorer un café de basse qualité
(Wilkinson, 1849). En réponse aux plaintes des diverses parties, la taxation sur les plantes
importées augmente ce qui ne fait, au final, qu’accélérer le développement d’exploitations en
Europe (Law, 1850). La culture de la chicorée se développe ainsi surtout en France, Belgique,
Allemagne, Autriche et aux Pays-Bas. L’entre-deux guerres voit une nouvelle explosion de la
consommation de ce type de boisson, avec une production allemande de 250 000 tonnes de
substituts au café en 1938, chiffre diviseé par dix moins de 30 ans plus tard lorsque le café devint
prédominant (Maier, 1987).

La chicorée a aujourd’hui gagné une nouvelle popularité grace a ses propriétés, son golt amer
et son absence de caféine. Elle est aussi bien utilisée pour la consommation humaine que comme
complément d’alimentation pour le bétail et ceci depuis le siecle dernier (Rumball, 1986). La
chicorée ne demande que peu d’entretien, est assez résistante aux sols acides et a une sécheresse
modéreée, et est surtout une tres bonne source de nutriments et minéraux. En complément de

I’alimentation de base, accompagnée ou non de trefles et/ou plantain, elle promeut notamment
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une croissance importante et une prise de poids rapide des animaux, une qualité supérieure de
la viande ou des ceufs et une production plus élevée de lait (Cranston et al., 2015, Rodriguez et
al., 2020, Somasiri et al., 2015, Zheng et al., 2019, Zammerini et al., 2012).

Les effets pharmacologiques, reconnus depuis de nombreux siécles, peuvent désormais étre liés
a la composition métabolomique de la chicorée. Sa racine séchée est composée a plus de 80 %
de polysaccharides, dont la large majorité est représentée par I’inuline (~70 % de la masse
totale), mais aussi de protéines (~6 %) et lipides (entre 0,1 et 0,6 %), 5 % de cellulose, 4 % de
cendres et 3 % d’autres métabolites (Nwafor et al., 2017). Parmi ces 3 % de phytocomposés
sont retrouvés des molécules organiques volatiles, des polyphénols de type acides phénoliques,
flavonoides et tannins, et pour principaux terpénoides des lactones sesquiterpéniques (Janda et
al., 2021, Perovi¢ et al., 2021). Le tableau i.1 indique la composition non exhaustive des

racines de chicorée.

Parmi les molécules ou les classes de molécules contenues dans la plante de chicorée et qui ont
montré des effets sur la santé animale et humaine, les plus connues sont I’inuline, le fructose,
les acides chlorogéniques (CGA) et les lactones sesquiterpéniques (STL). Les voies de
biosynthese, les rdles chez la plante, et les effets santé de ces quatre classes de molécules seront

abordées dans la suite de ce manuscrit.
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Tableau i.1. Composition métabolique de la racine de Cichorium intybus L. (complété de Leclercq, 1992)

Classification

Exemples de composés

Quantité (g/100 g de
matiére séche)

Références

Milala ef al. , 2009; Vandoorne ef al , 2014;

Inuline 60-915 Willeman, 2016
Carbohydrates de stockage Saccharose 23342
. Shad ef al. 2013; Willeman, 2016
monosaccharides 0.67-0.95
Cellulose 4.5
Carbohydrates de structure Hémicellulose NP Pazola, 1987; Hageman, 1983; Leroux, 1987
Pectine 6-10
.. . o © e C . . C etal ,2010; Pazola, 1987;S i
Lipides Acides palmitique, linoléique. linolénique, n-pentadécanoique, oléique 0.1-0.2 ampagnac wtal 1 emmue ? amat
Acides aminés et protéines NP 69 Pazola, 1987; Leroux, 1987; Kim e# al. , 1978
Acide citrique 0.96-1.38
. . Acide malique 0,24-0,956 Gaber & Maier, 1989; Pazola, 1987; Willeman,
Acides organiques - - - — - - —
Acides formique, fumarique, acctique, quinique, lactique, hydroxyacetique, NP 2016
phosphorique. pyroglutamique
Composés volatiles Octane, n-nanodecane, Pentadecanone, Hexadecane, Pentylsalicylate, - NP JudZentiend & Budiené, 2008
Elemene. (E)-Caryophyllene. f-Ylangene. Geranyl acetone
Cendres 3,8-6 Jurgonski ef al. 2011; Pazola, 1987; Kim ef al ,
Minéraux Potassium, Sodium, Calcium, Magnésium, Phosphore, Fer, Zinc, Cuivre NP 1978
flavonoides NP 0,02-0,08
. . monoCGA, diCGA, wiCGA, caféique, protocatéchique, coumarique, Nandagopal & Ranjitha Kumari, 2007; Shad
acides phénoliques : jol 0.4-0.54 e
Polyphénols P 1 isovanillique etal ,2013; Willeman, 2016
tannins NP 1,48-1.54
coumarines Cichoriine NP Pazola, 1987; Rees & Harborne, 1985
- - Lc Lp. dLc. DHLc, DHLp, DHdLc, Crépidiaside B, Cichorioside B,
guaianolides L Seto ef al. , 1988; Pyrek, 1985; Van Beek ef al. ,
Lactones Ixerisoside D
. . . - - - L 0,11-0.81 1990; Kisiel & Zieliiska, 2001; Schmidt, 1940;
sesquiterpéniques germacranolides Costunolide, Sonchuside A, Cichorioside C Willeman. 2016
eudesmanolides Sonchuside C, Cichoriolide A, Magnolialide

CGA : acides chlorogéniques, L¢ : Lactucine, Lp : Lactucopicrine, dLc : 8-déoxylactucine, DHLc : 113-13-dihydrolactucine, DHLp :

NP : non précisé par les auteurs

11p-13-dihydrolactucopicrine
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3. Composition de la racine de chicorée

3.1. L’inuline

3.1.1. Réle chez la plante et biosynthese

L’inuline est constituée d’une répétition d’unités de fructose liées entre elles par liaisons B(2-
1) et se terminant par une molécule de glucose. Ce polymére hydrosoluble est généralement
stocké comme réserve d’énergie dans des organes spécialisés de la plante, comme a titre
d’exemples, le capitule de I’artichaut, la racine pivotante de la chicorée ou encore le bulbe de
dahlia (Branca et al., 2022). Accumulée dans la vacuole des cellules végétales, 1’inuline joue
un réle important dans le maintien du potentiel osmotique et la stabilisation de la membrane
cellulaire. Ces caractéristiques permettent a la plante de gagner une meilleure tolérance au froid

ou a la sécheresse (Livingston et al., 2009, Rao et al., 2011).
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Figure i.4. Structure chimique des sucres impliqués dans la voie de biosynthése de I’inuline
(d’aprés Van Laere & Van den Ende, 2002).

Le fructose (A) et le glucose (B) forment le saccharose (C) par réaction de condensation dans le cytosol. La 1-SST
transfére un monomere de fructose provenant d’une molécule de saccharose sur une autre molécule de saccharose

pour former le 1-kestose (D). La 1-FFT continue la polymérisation pour former des oligofructoses ou I’inuline (E).

Elle pourrait aussi étre impliquée dans la repousse post-defoliation et la floraison au début du

printemps (Morvan-Bertrand et al., 2001, Vergauwen et al., 2000). Plusieurs facteurs endo- et
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exogenes impactent 1’accumulation des fructanes: pourcentage de CO2, conditions
environnementales, stade de développement de la plante (Oliveira et al., 2010, Valluru & Van
den Ende, 2008).

Au sein des plantes capables d’en produire, 1a synthese des oligofructoses et de I’inuline se fait
a partir du saccharose (Figure i.4) et implique deux enzymes, la sucrose:sucrose 1-fructosyl
transférase (1-SST) et la fructane:fructane 1-fructosyl transférase (1-FFT) (Van der Meer et al.,
1998). Cette voie de biosynthése est schématisée dans la Figure i.5, et les composants
principaux dans la Figure i.4. Brievement, le saccharose (GF) (Figure i.4C) apporté ou

synthétisé dans la vacuole est pris en charge par la 1-SST et la 1-FFT.
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Figure i.5. Modéle de voie de biosynthése des oligofructoses et de I’inuline (Van Laere & Van den
Ende, 2002).

Les enzymes impliquées sont encadrées. 1-SST: sucrose:sucrose 1-fructosyltransférase; 1-FFT :
fructane:fructane 1-fructosyltransférase ; HK : hexokinase ; SPS : sucrose phosphate synthétase ; SPP : sucrose

phosphate phosphatase. G-6-P : glucose-6-phosphate ; G-1-P : glucose-1-phosphate ; [G]F. : inuline.
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La 1-SST va produire du glucose (G) (Figure i.4B) et du 1-kestose (GFF) (Figure i.4D) a partir
de deux molécules de GF. La 1-FFT transfere ensuite une molécule de fructose (F) (Figure
i.4A) sur le GFF pour former le 1-kestotriose ([G]FFF). La polymérisation se poursuit de la
méme facon, par transferts successifs de F sur un nouvel accepteur jusqu’a atteindre un degré
de polymérisation suffisamment élevé (DP > 10) pour pouvoir parler d’inuline (Figure i.4E)
(Apolinario et al., 2014). Ce DP peut notamment étre modulé par certaines phytohormones
comme 1’éthyléne, I’auxine et I’acide abscissique (Mohammadi et al., 2021). La dégradation de
I’inuline est, elle, catalysée par des enzymes de type fructane exohydrolases comme la 1-FEH,

libérant a nouveau des fructoses libres dans la vacuole (Edelman et al., 1968).

Bien que ce polymere soit essentiellement linéaire chez les plantes, I’inuline contient toujours
un faible pourcentage (1-5 % selon 1’origine) de branchements en p(2-6) (De Leenheer &
Hoebregs, 1994). Seules les bactéries, capables de produire des polyméres de 10 000 a 100 000
monomeres, donnent des structures hautement branchées (> 15 %) (Franck & De Leenheer,
2004).

Il existe deux types d’inulines, celle constituée exclusivement de molécules de fructose appelée
inulooligosaccharide (I0S) et celle se terminant par une unité de glucose liée en a(1-2) que I’on

appelle fructooligosaccharide (FOS) (Ronkart et al., 2007)

3.1.2. Disponibilité, absorption et modifications post-digestion de I’inuline

Les liaisons B(2-1) liant les unités de fructose entre elles rendent 1’inuline indigestible par les
enzymes du tractus digestif humain spécifiques des liaisons a-glycosidiques. Cette
caractéristique est responsable de la faible valeur calorique de I’inuline ainsi que de son
comportement de fibre alimentaire (Roberfroid & Slavin, 2000). L’inuline est ainsi uniquement
dégradable par les microorganismes présents au sein du co6lon (Kleessen et al., 2001,
Roberfroid, 1997). Les bactéries et les champignons, dont les levures, produisent des inulinases
capables de rompre ces liaisons B(2-1). Les exoinulinases catalysent alors I’hydrolyse de la
derniére liaison, tandis que les endoinulinases coupent au centre de la chaine, produisant des
oligosaccharides plus ou moins longs (Chi et al., 2009). Les B-fructosidases présentent a la
surface membranaire de Lactobacillus paracasei sont capables d’hydrolyser 1’inuline en FOS
(Goh et al., 2007). Ces FOS sont alors immédiatement disponibles pour d’autres lactobacilles
et bifidobactéries producteurs d’acides gras a chaines courtes (SCFA) qui, au départ, sont

incapables de degrader des chaines a DP eleveé (Moens et al., 2016). L’inuline peut ainsi étre
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partiellement ou totalement métabolisée par les enzymes du microbiote intestinal en acétate,
propionate, butyrate, mais aussi en acide lactique et dioxyde de carbone (Hartzell et al., 2013,
Riviere et al., 2016).

3.1.3. Effets santé de ’inuline

L’inuline de chicorée est reconnue pour ses effets bénéfiques sur le métabolisme et le transit
intestinal. De nombreuses études ont a ce jour été publiées sur I’impact des fibres alimentaires
sur la santé humaine et animale (Carlson et al., 2018, Cui et al., 2019) et I’effet néfaste de leur
insuffisance alimentaire (Kaye et al., 2020, O’Keefe, 2019). L’inuline pourrait ainsi freiner le
développement de certaines maladies gastro-intestinales et métaboliques tout en changeant les
propriétés organoleptiques d’un aliment, tout ceci a faible codt. Cette fibre alimentaire est alors
qualifiée d’aliment fonctionnel (Roberfroid, 2007), ¢’est-a-dire considérée comme aliment qui,
au-dela de ses qualités nutritionnelles caractéristiques, affecte une ou plusieurs fonctions de
I’organisme de manicre a améliorer 1’état de santé et le bien-étre et/ou réduire les risques de
développement de maladies chez le consommateur. Ces effets bénéfiques doivent, par ailleurs,

étre apportés par une consommation alimentaire normale du produit en question.

L’ensemble des activités de 1’inuline découle directement de son effet prébiotique. Sont
uniquement qualifies de prebiotiques les aliments dégradés par le microbiote intestinal et
capables d’induire des modifications spécifiques et bénéfiques dans sa composition et son
activité. Il a en effet été démontré que méme administrée en faible quantité, I’inuline gardait sa
capacité a stimuler la croissance des bactéries benefiques Bifidobacterium (Nagy et al., 2022).
Son effet bifidogénique est souvent accompagné de 1’augmentation de bien d’autres taxons
bactériens bénéfiques, en particulier Faecalibacterium (Healey et al., 2018), Anaerostipes
(Vandeputte et al., 2017) et Lactobacillus (Dewulf et al., 2012).

La fermentation intestinale d’aliments prébiotiques et de fibres alimentaires solubles est a
I’origine de la production de SCFA. Une quantité importante d’acétate, propionate et butyrate
dans le cblon a été corrélée avec une diminution du pH intraluminal qui a pour conséquence
d’empécher I’installation de pathogénes, en particulier de certains Clostridium (Wong et al.,
2006), et d’augmenter 1’absorption intestinale du calcium chez les adolescents comme chez les
adultes (Bakirhan & Karabudak, 2021). Les bienfaits des fibres prébiotiques ont aussi été
démontrés chez I’individu en surpoids. Un mélange d’inuline/fructose (50:50) administré

quotidiennement durant 3 mois a des femmes en surcharge pondérale, a permis de mettre en
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évidence une augmentation de la proportion des taxons bactériens Bifidobacterium,
Lactobacillus spp., Faecalibacterium prausnitzii. L’augmentation additionnelle de la
proportion du genre Collinsella a été positivement corrélée avec 1’augmentation de la quantité
d’hippurate dans les urines (Dewulf et al., 2012). Son dérivé, I’hippurate de méthénamine, est

reconnu pour son efficacité bactériostatique dans le cas d’infections urinaires (Lee et al., 2012).

Une autre étude consistant a déterminer 1’effet de deux fibres alimentaires, a permis de mettre
en évidence les bénéfices qu’apportait un prébiotique comme 1’inuline par rapport a la cellulose,
insoluble et faiblement fermentable. Ces effets sont suivis d’une diminution de I’expression de
génes impliqués dans le métabolisme des lipides (Weitkunat et al., 2015). Une diminution de
certains marqueurs lipidiques, tels que les triglycérides (TG) libres, le cholestérol et les
lipoprotéines de faible densité (LDL-c), ainsi qu’une élévation du taux de lipoprotéines de haute
densité (HDL-c) ont pu étre observées aprés 2 mois d’administration d’inuline a des patientes
en surpoids (Dehghan et al., 2013). Un ratio elevé TG/HDL-c a été fortement corrélé avec une
résistance a ’insuline et un état diabétique (Lin et al., 2018), I’inversion de cette tendance
pourrait donc signifier un retour a la normale. Ceci est corroboré par une diminution
significative de la quantité d’hémoglobines glyquées HbAlc dans le sang de ces mémes
patientes (Dehghan et al., 2013).

Ces effets hypoglycémiant et hypolipémiant de I’inuline pourraient étre un frein au
développement du diabete de type 2 chez les personnes a risque. Le diabete est aujourd’hui un
probléme de santé publique majeur dont la prévalence augmente d’année en année (Ogurtsova
et al., 2017). En 2050, jusqu’a 1 milliard de personnes pourraient en étre atteint (projection
mondiale www.ined.fr). Cette maladie résulte en I’apparition de complications spécifiques
graves telles que le développement de cardiopathies, rétinopathies, néphropathies, neuropathies
(Harding et al., 2018) et peut notamment augmenter le risque de mortalité chez les patients
atteints d’un cancer (Vigneri et al., 2009, Stein et al., 2010). Beaucoup de traitements
antidiabétiques ont un colt élevé et provoquent une variété d’effets secondaires indésirables
(Purnell et al., 2014, Sterrett et al., 2016), d’ou I’intérét grandissant pour des traitements plus

naturels et économiques a base de plantes.

Comme évoqué précédemment, via la production de SCFA, I’inuline provoque une diminution
du pH au niveau de la lumiére du tube digestif. Ceci lui confere un réle particulierement
important dans I’homéostasie et le transport du calcium. Les mécanismes impliqués incluent

une augmentation de I’expression des transporteurs du calcium au niveau de la barriére
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intestinale, la stimulation de la croissance de Lactobacillus et Bifidobacterium capables de
métaboliser des isoflavones en composés directement impliquées dans le maintien de la densité
osseuse, et une réduction de ’activité de la phosphatase alcaline notamment impliquée dans la
décalcification des os chez les femmes ménopausées (Bakirhan & Karabudak, 2021). L’inuline

pourrait ainsi diminuer les risques de développement d’ostéoporose.

D’autre part, ’inuline par son action prébiotique et par la production de SCFA qui en résulte,
joue un réle dans le processus de reégénération de la barriere épithéliale intestinale et la
modulation de I’inflammation. Elle apporte aussi un effet bénéfique sur le tractus digestif global
en réduisant significativement les symptdmes de constipation (Micka et al., 2017).
L’administration de racines de chicorée séchées apporte des bienfaits similaires (Puhlmann et
al., 2022).

Chez la souris, Du et al., (2020) ont démontré que 1’inuline a haut degré de polymérisation (DP
> 23), suite a son effet prébiotique, réduisait les symptomes de stéatose hépatique et améliorait
la tolérance au glucose, par une baisse du taux de lipides circulants et une réduction de leur
accumulation dans les adipocytes, ainsi que par une modulation des phénomeénes de stress
oxydatif, d’inflammation et de résistance a I’insuline engendrés par un régime alimentaire riche
en graisses. L’inuline, par son action sur le microbiote intestinal, pourrait inhiber la production
d’endotoxines par les microorganismes pathogeénes et par conséquent réduire leur activité
délétére, ceci se traduirait dans 1’organisme par une diminution des marqueurs de
I’inflammation (Li et al., 2020). Le méme type d’observation a été faite chez 1’homme ou
I’inuline était capable de mitiger la production de cytokines et pourrait ainsi soulager les
symptomes de maladies inflammatoires de 1’intestin (Akram et al., 2019) ou d’inflammation

chronique chez des patients obeses (Girgiss Nicola et al., 2018).

3.1.4. Utilisations industrielles de ’inuline

L’inuline, composé majoritaire de la racine de chicorée, est produite dans un certain nombre
d’autres plantes telles que le blé, le soja, I’artichaut, I’oignon, 1’ail, le poireau ou encore
I’asperge (Van Loo et al., 1995). Seuls les racines de chicorée et les artichauts en contiennent
assez pour que son extraction soit économiquement rentable (15-20% de la masse humide). Des
cossettes de racines de chicorée propres et seches permettent de produire un sirop brut qui, par
des étapes de purification et de séchage, est transformé en une poudre blanche

commercialisable. L’inuline, les FOS mais aussi la farine de chicorée ont été etiquetés comme
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« généralement reconnus comme sans danger » (« Generally Recognized As Safe » GRAS) par
la Food and Drug Administration (FDA) (www.fda.gov). Aujourd’hui, 1’industrie
agroalimentaire utilise I’inuline pour ses propriétés texturantes et rhéologiques et sa capacité a
stabiliser des émulsions. Son faible indice glycémique en fait un ingrédient particulierement
intéressant pour remplacer le sucre et le gras dans des produits transformés tels que les
patisseries, les produits laitiers ou les desserts glacés (Ismail et al., 2013, Paseephol et al., 2008,
Tsatsaragkou et al., 2021). La dégradation controlée de I’inuline permet de fabriquer des
oligofructoses, des sirops de fructose purs a 95 % et de 1’éthanol (Chi et al., 2009). Outre son
utilisation agro-alimentaire, I’inuline est intégrée a des formulations cosmétiques (INUTEC®)
pour ses propriétés surfactantes ou utilisée pour mesurer la capacité des reins a filtrer le sang
(Tripodo & Mandracchia, 2019). D’autres applications ont vu le jour depuis. L’inuline pourrait,
par exemple, étre utilisée en temps qu’excipient pour obtenir une meilleure stabilité et un
relargage contrdlé de substances actives (Usman et al., 2021, Gupta et al., 2019). Elle pourrait
aussi étre employée dans la création de matériaux absorbants a moindre colt (Hernandez-
Martinez et al., 2017, Mohd Yusop et al., 2021).

3.2. Le fructose

Comme tous les hexoses (CH20)s, le fructose est produit lors de la photosynthése par I’apport
d’énergie lumineuse selon la réaction générale : 6H20 + 6CO2 - (CH20)e + 602 (Voet & Voet,

2016). La structure chimique du fructose est représentée dans la Figure i.4A.

Dans le cas de la chicorée, le fructose-6-phosphate ainsi produit est majoritairement utilisé dans
la syntheése d’inuline (Figure i.5) ou combiné a une molécule de glucose-1-phosphate pour
former le saccharose (Voet & Voet, 2016). De la méme fagon que I’inuline, le fructose est
impliqué dans la plante dans le maintien de 1’homéostasie cellulaire et la protection des tissus

contre le stress oxydatif induit par le froid (Bogdanovi¢ et al., 2008).

Chez ’Homme, lorsque le fructose est ingéré en tant qu’aliment en faible quantité (0,25-0,5
g/kg), celui-ci est majoritairement éliminé ou transformé en glucose, lactate et glycérate au
niveau de la partie supérieure de 1’intestin et en SCFA par le microbiote intestinal (Jang et al.,
2018). L’impact du relargage de faibles quantités de glycérate au niveau intestinal est encore
inconnu mais le L-lactate produit par les cellules de mammiferes induit une cicatrisation plus
rapide de la barriere intestinale et pourrait soulager les symptomes de colite chez la souris (Yu,

Y. etal.,, 2021). Il s’avere également que dans des quantités alimentaires, le fructose induit une
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augmentation de I’activité de la glucokinase (Watford, 2002, Shiota et al., 1998) mécanisme
qui augmente la synthése de glycogéne hépatique chez les personnes avec une glycémie
normale (Peterson et al., 2001), et réduit significativement la production endogéne de glucose
chez les personnes diabétiques en hyperglycémie (Hawkins et al., 2002). En faible quantite le
fructose pourrait donc permettre un meilleur contréle de la glycémie sans affecter le niveau de

triglycérides plasmatiques (Evans et al., 2017).

Dés lors que les systemes d’absorption et d’élimination du fructose commencent a saturer (prise
alimentaire > 1 g/kg), I’effet du fructose s’inverse et devient délétére pour le foie (Jang et al.,
2018) et I’organisme (Wang et al., 2020).

3.3. Les acides chlorogéniques

3.3.1. Réle chez la plante et biosynthese

Les CGA font partie de la classe des polyphénols qui regroupe plusieurs milliers de molécules
différentes. La définition d’un polyphénol est parfois difficile mais Quideau et al. (2011)
considerent qu’un composé de cette classe doit impérativement dériver de la voie des
phénylpropanoides, et étre ainsi caractérisé par la présence de plusieurs groupements
hydroxyles, et cycles aromatiques, et par I’absence de fonctions azotées méme dans les
composés dont ils dérivent (ex : acides aminés). Cette définition permet ainsi d’éliminer certains

terpénes et alcaloides (Quideau et al., 2011).

Les polyphénols peuvent étre séparés en sept classes différentes : les flavonoides, les acides
phénoliques, les tannins, les stilbenes, les lignanes, les coumarines et les curcuminoides (Figure
i.6). Les CGA font partie du groupe des acides phénoliques et plus particuliérement des acides
hydroxycinnamiques (Figure i.6). Chez les plantes, ces CGA sont principalement impliqués
dans des mécanismes de défense contre les agresseurs de types pathogeénes et herbivores
(Bollinaetal., 2011, Kundu & Vadassery, 2019) et auraient également un réle protecteur contre
divers stress abiotiques tels que les radiations UV, les métaux lourds, le froid, la chaleur ou la

sécheresse (Reine Judesse Soviguidi et al., 2022).

Les composés les plus répandus parmi les CGA sont les acides caféique, férulique, p-
coumarique et leurs formes plus complexes, les acides caféoyl-, dicaféoyl-, féruloyl- et
coumaroylquinique (Tajik et al., 2017). Les acides 3-O-mono-caféoylquinique (3-CGA) et 3,5-

O-di-cafféoylquinique (3,5-CGA), presents dans la racine de chicorée, sont des composeés issus
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de I’estérification d’une molécule d’acide quinique avec respectivement un ou deux acides
caféiques (Figure i.7)

- Flavones
- Flavonols
- Flavanones
~{ Flavonoides -
- Flavanols

- Isoflavones

- Anthocyanidines

Acides
hydroxybenzoiques
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Acides
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Tannins hydrolysables
H Tannins ~|:

Polyphénols alimentaires

Tannins non
hydrolysables

H Stilbénes

= Lignanes

= Coumarines

— Curcuminoides

Figure i.6. Classification des polyphénols alimentaires (d’aprés Tsao, 2010, Crozier et al., 2009,
Wojtunik-Kulesza et al., 2020). Les acides chlorogéniques de la chicorée font partie des acides

hydroxycinnamiques.

Ces molécules dérivent toutes deux de la phénylalanine (Figure i.7). La premiére réaction
amenant a la formation de ces composés est catalysée par les enzymes hydroxycinnamoyl-CoA
shikimate/quinate hydroxycinnamoyl transférase (HCT) et hydroxycinnamoyl-CoA quinate
hydroxycinnamoyl transférase (HQT). L’acide coumaroylquinique ainsi formé est hydroxylé
par la para-coumaroyl ester 3’-hydroxylase (C3’H) pour former le 3-CGA (acide
chlorogénique). L’enzyme amenant a la formation du 3,5-CGA (acide isochlorogénique) a

partir du 3-CGA n’a pas encore été identifiée chez la chicorée. Des essais réalisés chez la patate
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douce, la tomate et 1’artichaut, révélent que des enzymes de type GDSL-lipase like (Miguel et
al., 2020) ou HCT-HQT (Moglia et al., 2014, Moglia et al., 2016) pourraient étre impliquées.
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Figure i.7. Voie de biosynthése des acides chlorogéniques (Legrand et al., 2016).

Les intermédiaires de réactions sont écrits en bleu, les composés phénoliques retrouvés dans la racine de chicorée
sont encadrés. Les enzymes impliquées sont: PAL : phénylalanine ammonia lyase ; C4H : cinnamate 4-
hydroxylase ; 4CL: 4-coumaroyl CoA ligase; HCT : hydroxycinnamoyl-CoA  shikimate/quinate
hydroxycinnamoy| transférase; HQT : hydroxycinnamoyl-CoA quinate hydroxycinnamoyl transférase; C3'H : p-

coumaroyl ester 3'-hydroxylase; CSE, caféoyl shikimate estérase.
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En dehors des fruits et jus de fruits, les céréales, le chou, I’aubergine, I’artichaut, le cacao, le
café et le thé sont d’excellentes sources de polyphénols et en particulier d’acides chlorogéniques
(El-Seedi et al., 2012). Ces composés sont rarement retrouvés sous forme libre, et sont
généralement liés aux polysaccharides et aux protéines structurales de la paroi cellulaire ou a
d’autres acides organiques (De la Rosa et al., 2018, Buanafina, 2009, Mueller-Harvey et al.,
1986), ce qui les rend généralement faiblement disponibles dans 1’organisme.

3.3.2. Disponibilité, absorption et modifications post-digestion des CGA

La matrice alimentaire est dégradée tout au long de son trajet au sein du tractus gastro-intestinal
par les conditions mécaniques (mastication, péristaltisme de I’intestin) et physicochimiques
(enzymes hydrolysantes, variations de pH) de celui-ci. Les CGA piégés au sein de cette matrice
sont progressivement libérés mais ne sont pas ou peu modifiés par les conditions physiologiques
(Baeza et al., 2017). Entre 20 et 40 % de ce contenu passerait ainsi dans la circulation
systémique via la partie supérieure de 1’intestin (Farah & de Paula Lima, 2019). Les composés
non absorbés qui arrivent au niveau de ’intestin sont glucuronidés, sulfatés ou méthylés par les
enzymes présentes a la surface des entérocytes, ces modifications chimiques peuvent
grandement améliorer ou, au contraire, altérer leur activité biologique (Heleno et al., 2015). Les
CGA libres peuvent facilement passer a travers 1’épithélium, mais I’estérification de 1’acide
caféique en 3-CGA semble réduire drastiquement son absorption. Ces composés exerceraient
donc la majorité de leurs bienfaits au niveau de I’intestin. Les CGA moins complexes, comme
I’acide caféique, passeraient plus facilement la barriére intestinale. Selon une étude de Lépez-
Froilan et al., (2016), visant a étudier le taux d’absorption du contenu phénolique du café apres
une digestion in vitro et dialyse, 74 a 83 % de ces composés ne sont pas absorbés au niveau de
la barriere intestinale et pourraient atteindre le colon. Des résultats similaires ont été obtenus
chez I’'Homme, chez qui 67 % des CGA et 5 % des acides caféiques ingéres étaient excrétés
(Olthof et al., 2001). Quelle que soit la quantité de CGA présente dans le café consommé, 70 %
de ce contenu ne passe pas la barriere intestinale et est excrété. D’autre part, la proportion en
dérivés conjugués formés diminue avec I’augmentation de la dose administrée. La capacité de
transport et/ou ’activité enzymatique pourraient donc atteindre un seuil de saturation. La
matrice semble aussi avoir un impact sur le taux d’excrétion iléale des CGA. Selon la boisson
consommeée, cette proportion peut varier de 26 % (jus de pomme trouble) a 77 % (smoothie de

pommes). Ce résultat a éteé lié a une variation du pH intestinal et a la quantité de débris
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cellulaires contenus dans le jus de pomme trouble (Clifford et al., 2017). Les CGA qui n’ont
pas été absorbés, atteignent le cblon ou ils sont métabolisés par le microbiote (Gonthier et al.,
2006). Cette dégradation est particulierement impactée par la composition du microbiote
intestinal et peut donc varier d’un individu a I’autre (Tomas-Barberan et al., 2013). Malgré cela,
les CGA sont majoritairement catabolisés par le microbiote en acides dihydrocaféique,
dihydroférulique et phénylpropionique (Ludwig et al., 2013) qui seront réabsorbés et finiront
par atteindre le foie (Clifford et al., 2020). Une partie des molécules absorbées est excrétée dans
les féces et 1'urine (GOmez-Juaristi et al., 2018). Malgré la faible biodisponibilité des
polyphénols en général, la plupart atteignent des quantités pharmacologiquement actives dans
les organes périphériques (Luca et al., 2020).

3.3.3. Effet santé des CGA

Le stress oxydatif pourrait étre défini comme un état dans lequel la production d’especes
réactives de I’oxygene (ROS) excede la capacité du corps a se débarrasser de ces radicaux libres
et a réparer les tissus cellulaires qui sont par conséquent endommagés. Ces ROS (anion
superoxyde Oz, peroxyde d’hydrogene H202, radical hydroxyle HO-) peuvent causer des
dommages majeurs aux macromolécules et aux cellules elles-mémes (Juan et al., 2021). La
réponse inflammatoire cellulaire induite (Babior, 2000) provoque le mouvement de leucocytes,
plasma et fluides vers la zone lésée qui précede le relargage de molécules impliquées dans le
processus d’inflammation (Abdulkhaleq et al., 2018). Parmi ces médiateurs de I’inflammation,
les peptides et amines vasoactifs participent a 1’augmentation de la perméabilité vasculaire
(Headland & Norling, 2015), les cytokines, acteurs majeurs dans 1’inflammation, sont en
mesure d’activer et de promouvoir la prolifération de certaines cellules immunitaires tandis que
les chimiokines sont, elles, directement impliquées dans la migration et I’infiltration des
cellules de I’inflammation (Zhao et al., 2021). Au final, ces perturbations entrainent 1’apparition
de pathologies graves telles que des maladies cardiovasculaires (Pignatelli et al., 2018) et
neurodégénératives (Simpson & Oliver, 2020), cancers (Klaunig, 2019), diabéte de type 2
(Yaribeygi et al., 2020) et arthrite (Phull et al., 2018). Un déclin dans la sécrétion de certains
de ces médiateurs peut donc étre associé a une modulation de la réaction inflammatoire et une

diminution du risque de développement de maladies associées.

Les CGA ont été reconnus comme des molécules bioactives avec des effets antioxydants, anti-

inflammatoires, antimicrobiens et impliquées dans la régulation métabolique.
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Le 3-CGA est reconnu pour ses propriétés antioxydantes et anti-inflammatoires dans de
nombreux modéles (Ruiz-Crespo et al., 2012, Peres et al., 2013, Bonetti et al., 2016,
Chansriniyom et al., 2021, Wu et al., 2021). Il intervient aussi dans la neuroinflammation,
provoquant la désactivation de la tyrosine kinase c-Src, enzyme nécessaire a 1’activation des
microgliocytes (Socodato et al., 2014). Cet acide chlorogénique empéche ainsi la production
d’espéces réactives de 1’oxygene et de glutamate prévenant de ce fait des dommages
supplémentaires au niveau du systeme nerveux central (Socodato et al., 2015). Des effets
antidépresseurs, anti-épileptiques, et anti-apoptotiques ont aussi été rapporteés avec le 3-CGA et

ses métabolites (Szwajgier et al., 2017).

Hormis son effet neurodégénératif, une supplémentation alimentaire de type ‘high-fat diet’
engendre aussi 1’apparition d’un syndrome métabolique, avec 1’émergence d’une résistance a
I’insuline, d’hypertension, et d’une obésité. Ce syndrome atteint également les reins, le foie, le
pancréas et augmente de maniere drastique les risques de maladies cardiovasculaires et de
diabete de type 2 (Panchal et al., 2012). Les CGA dérivant de ’acide caféique (acides
cafféoylquiniques : 3-CGA, 3,5-CGA, 5-CGA, 4-CGA...) ont montré des effets prometteurs
sur I’ensemble de ces troubles métaboliques. Chez la souris, le rat, mais aussi I’étre humain, ils
réduisent I’accumulation de graisse viscérale, amoindrissent la stéatose hépatique, modulent les
niveaux d’hormones plasmatiques et I’accumulation de lipides, inhibent I’expression génique
d’enzymes impliquées dans la glycolyse, améliorent I’homéostasie, la tolérance au glucose, et

la fonction vasculaire générale (Di Lorenzo et al., 2021, Santana- Galvez et al., 2017).

Des facteurs environnementaux tels qu’un stress abiotique ou I’infection par des pathogénes
induisent un dysfonctionnement de la barriére intestinale, un changement dans la composition
du microbiote et & terme une inflammation chronique. In vitro, il a été demontré que le 3-CGA
était capable, dans une certaine mesure, de protéger la barriere intestinale des dommages causés
par les lipopolysaccharides (LPS) bactériens. Cet acide chlorogénique inhibe ainsi 1’activation
de la voie du NFkB par I’intermédiaire de CD14 et p65, ce qui a pour conséquences de réduire
le niveau et 1’expression de cytokines pro-inflammatoires de type TNFa, IL-1p et IL-6 et de
restaurer partiellement I’imperméabilité naturelle de I’épithélium intestinal (Yu, L. etal., 2021).
Les niveaux intracellulaire et extracellulaire d’espéces réactives de 1’oxygeéne sont aussi
retrouvés réduits (Palocz et al., 2016). Les modeles in vivo montrent des effets semblables.
L’administration des CGA a des poules ayant subi un stress thermique aigu permet de moduler
la réponse inflammatoire et oxydative au niveau intestinal, et d’augmenter la proportion de

bactéries productrices de SCFA ou avec une action immunomodulatrice (Chen et al., 2021).

43



Cette fonction protectrice des CGA est aussi retrouvée chez plusieurs modé¢les d’animaux
atteints d’inflammation, comme la souris atteinte d’hyperuricémie (Zhou et al., 2021) ou de
rectocolite hémorragique (Zhang et al., 2017), le rat obese (Xie et al., 2021) et le porc sevré
(Chen et al., 2018).

Des extraits de chicorée et les composes phénoliques qu’ils contiennent ont aussi montré des
effets inhibiteurs sur la prolifération de pathogenes de type Listeria monocytogenes, Salmonella
enteritidis, Salmonella typhii, Helicobacter pylori, Bacillus cereus, Bacillus subtilis,
Escherichia coli, Pseudomonas aeruginosa ou Staphylococcus aureus (Faiku et al., 2016, Wan
et al., 2020). Ces polyphénols pourraient notamment interférer dans la formation de biofilms et
I’adhérence des pathogenes aux cellules épithéliales (Bezerra et al., 2022). Ces extraits ont aussi
montré un effet synergique avec des antibiotiques couramment utilisés (Stefanovi¢ et al., 2012).
L’extrait de plante entiére pourrait d’autre part faire office de préservateur pour des produits

alimentaires comme le lait, la viande ou I’huile (EI-Mehy, 2018, Jeong et al., 2016).

Outre leurs effets antibactériens, les polyphénols de la chicorée ont montré une activité
antivirale non négligeable. L’acide chicorique extrait de la partie foliaire de la chicorée, en plus
d’inhiber significativement la réplication du virus de I’hépatite B (HBV), réduit aussi nettement
son taux d’antigenes (Zhang et al., 2014). Certains acides dicafféoylquiniques (3,5-CGA, 3,4-
CGA, 4,5-CGA) ainsi que I’acide chicorique et ses analogues présentent une activité anti-VIH
en inhibant la réplication et les intégrases du virus de I’'immunodéficience humaine (McDougall
et al., 1998, Crosby et al., 2010, Reinke et al., 2002).

3.4. Les lactones sesquiterpéniques

3.4.1. Role chez la plante et biosynthese

Les STL majoritaires de la chicorée sont des guaianolides qui dérivent tous de la germacrene
A. Les plus abondants sont la lactucine (Lc), la lactucopicrine (Lp), la 11B-13-dihydrolactucin
(DHLc) et la 11B-13-dihydrolactucopicrin (DHLp). Ces molécules sont retrouvees sous
d’autres formes hydroxyle (8-déoxy-Lc, Jacquilenine), oxalate (Lp-15-oxalate, Lc-15-oxalate,
8-déoxyLc-15-oxalate) ou glycosyle (Lp-15-glycoside, Picriside A, Crepidiaside A). La liste
non exhaustive des structures des dérivés de la Lc est représentée par la Figure i.8, la structure

de la Lp par la Figure i.9.
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Figure i.8. Structure de la lactucine et de ses dérivés (d’apres Sessa et al., 2000).

La lactucine existe sous différentes formes hydroxyle, oxalate et glycosyle. Sont entourés en rouge les
groupements modifiés par rapport a la Lactucine. La fonction active a-méthyléne-y-lactone a été encadrée. La
Jacquilenine peut également étre appelée 11p,13-Dihydro-8-déoxylactucine (DHLc), la Picriside A a pour autre
nom la Lactucine-15-glycoside et la Crepidiaside A est en réalité la 8-déoxylactucine-15-glycoside. La

Jacquilenine existe aussi sous forme glycosyle (non représentée ici).
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Figure i.9. Structure de la lactucopicrine
Tout comme la lactucine, la lactucopicrine existe sous d’autres formes hydroxyle, oxalate, glycosyle. Les fonctions
pouvant étre modifiées sont encadrées. Etant donnée la structure de la molécule, la forme 8-déoxy- ne peut pas

exister chez la lactucopicrine.
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La voie de biosynthese des lactones sesquiterpéniques de type guaianolides présentes dans la
chicorée a été en partie résolue. La germacréne A synthase (GAS) convertit la farnésyl
diphosphate (FPP) en germacrene A. La germacréene A oxydase (GAQ) oxyde ce sesquiterpéne
en son acide. La costunolide synthase (COS) convertit a son tour cet acide en costunolide. Les
réactions précédant la formation de la Lc, de la Lp et de leurs dérivés sont encore inconnues
(Figure i.10).

S
7 = # s
oPP GAS‘ShOI’t GAO COOH

GAS-long (CYP71AV4,

germacréne A CYP71AVg) acide
germacrene A

FPP

Ccos
(CYP71BL3)
. P E
Cyclisation EoL
spontanée
costunolide acide 6-hydroxy

germacréne A

lactucine 8-déoxylactucine lactucopicrine

Figure i.10. Voie de biosynthése des STL de type guaianolide de Cichorium intybus L. (Bogdanovié¢

et al., 2019).
FPP: farnésyl diphosphate; GAS: germacréne A synthase; GAO: germacréne A oxydase, COS: costunolide
synthase. La lactucine, la 8-déoxylactucine et la lactucopicrine subissent d’autres modifications pour prendre leur

forme dihydro-, oxalate ou glycosyle. Ces voies sont encore a 1’étude.

Hormis pour les formes dihydro- (DHLc, DHLp), les STL de la chicorée possedent toutes un
groupement a-méthyléne-y-lactone (Figure i.8) qui est souvent considére comme essentiel dans

leur fonction cytotoxique, tandis que les autres groupes en altérent 1’activité par un changement
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de conformation stérique ou par modification chimique (Chadwick et al., 2013). Responsables
de la saveur ameére de la chicorée (Van Beek et al., 1990, Price et al., 1990), ces lactones
sesquiterpéniques ont, chez la plante, un role dissuasif contre les herbivores et les plantes
compétitrices, ou au contraire un effet attractif pour les prédateurs de parasites. Elles agissent
en tant que composés antimicrobiens en perturbant la membrane cellulaire des microorganismes
pathogenes de la plante et possedent également un effet protecteur contre les dommages aux
UV et a I’ozone (Chadwick et al., 2013).

3.4.2. Disponibilité, absorption et modifications post-digestion des STL

Contrairement aux polyphénols, la pharmacocinétique des STL n’est qu’en partie élucidée.

Les STL libérées de la matrice alimentaire par les conditions physiologiques et mécaniques du
tractus gastro-intestinal sont sensibles a 1’hydrolyse acide et alcaline. Au cours de leur transit
dans I’estomac et I’intestin, ces molécules subissent donc un certain nombre de transformations.
Des composés comme 1’alantolactone ou le costunolide sont rapidement dégradés, d’autres
comme les ginkgolides nécessitent une hydrolyse pour prendre une forme plus soluble et stable
(Yuetal., 2020).

Les STL en général, dont celles possédant un cycle oa-méthyléne-y-lactone, sont souvent
oxydées en composeés plus polaires, mais toujours actifs, par les cytochromes P450 lors de la
1% phase du métabolisme. Lors de la 2¢ phase du métabolisme, les composés subissent des
modifications supplémentaires visant a les rendre plus polaires encore, donc plus facilement
excrétables dans les urines. Il est également a noter que malgré des similarités structurales
importantes et une fonction active commune (Figure i.11), des composés comme le costunolide
et le déhydrocostus lactone ne subissent pas les mémes phases du métabolisme (Peng et al.,
2014). Il en serait donc potentiellement de méme pour des composés comme la Lc, la Lp et tous
leurs dérivés. Ces transformations/inactivations se font dans les conditions de pH physiologique
de l’intestin ou par réaction enzymatique dans le foie qui est le premier organe de
métabolisation des STL (Yu et al., 2020).
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Costunolide Déhydrocostus lactone

Figure i.11. Différence structurale entre le costunolide et le déhydrocostus lactone.

Les deux molécules possedent une fonction a-méthyléne-y-lactone (encadrée). Le déhydrocostus lactone n’est pas
présent chez Cichorium intybus L. mais a été utilisé pour étudier la réduction de la double liaison C11-C13 chez ses
STL (De Kraker et al., 2002).

La majorité des composes liposolubles passent la barriere intestinale via diffusion passive, mais
sont aussi @ méme d’étre aussitot transportés en dehors des cellules par des transporteurs a
efflux, leur donnant une faible biodisponibilité. Les STL, elles-mémes lipophiles, sont en
grande partie éliminées grace a des transporteurs a efflux de type glycoprotéine P, breast cancer
resistance proteins (BCRP) ou multidrug resistance-associated proteins (MRP) (Yu et al.,
2020). Presque la moitié du contenu en STL de la chicorée witloof est au final excrétée dans
les urines et les feces (Weng et al., 2020). Dans trois modéles de prédiction in silico, dont I’'un
de passage a travers la barriere hémato-encéphalique, les Lc et DHLc semblent néanmoins faire
partie des STL de la chicorée les plus facilement absorbées et passeraient la barriére par voie

paracellulaire (Matos et al., 2020).

Les STL non absorbées atteignent le cdlon, ou elles sont transformées par la machinerie
enzymatique du microbiote intestinal. Deux modeles de fermentation fécale in vitro ont montré
que les lactones de la chicorée subiraient alors une gamme étendue de réactions cataboliques :
hydrolyses, déhydroxylations, réductions, déglycosylations (Garcia et al., 2020, Weng et al.,
2020). Ces composes pourraient alors subir des réactions de type glucuronidation, sulfatation
ou conjugaison qui les rendent inactifs et plus polaires encore pour leur excrétion dans les urines
(Garcia et al., 2020, Yu et al., 2020).
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3.4.3. Effets santé des STL

Plusieurs études ont montré les propriétés nématicides naturelles des feuilles de chicorée
utilisées comme fourrage pour le bétail. Aussi efficace ensilée que fraiche, la chicorée réduit
fortement et de fagon significative le niveau d’infection des bovins, agneaux et porcs (Pefia-
Espinoza et al., 2018). Cet effet a souvent €té rattaché a sa composition en tannins et STL.
Ceux-ci sont, par exemple, liés a une diminution de la motilité des larves des parasites
Distyocaulus viviparus et Dictyocaulus eckerti responsables de la bronchite vermineuse chez le
bovin et le cerf (Molan et al., 2003, Schreurs et al., 2002). Des extraits de cultivars de chicorée
enrichis en STL ont montré un effet inhibiteur conséquent sur 1’éclosion d’ceufs de Haemonchus

contortus (Foster et al., 2011), un pathogéne répandu chez les caprins et ovins.

La pulpe de racine de chicorée, co-produit de production de I’inuline, pourrait étre revalorisée
en tant qu’anthelminthique. Riche en STL, elle est particulierement efficace contre les
nématodes Caenorhabditis elegans et Ascaris suum avec peu d’effets cytotoxiques in vitro
(Pefia-Espinoza et al., 2020).

Les STL ont montré un effet antiparasitaires plus large encore et font partie des potentielles
pistes pour de nouvelles thérapies plus efficaces et moins lourdes contre certaines maladies
tropicales négligées. Plusieurs STL issues d’Astéracées ont montré une activité trypanocide,
leishmanicide, antipaludéenne parfois plus efficace que certains traitements actuels, par le
blocage de I’internalisation du parasite ou par I’inhibition de la croissance de chacun des stades
parasitaires in vitro et in vivo (Diovu et al., 2022, Pefia-Espinoza et al., 2022, Wulsten et al.,
2017, Chaniad et al., 2021).

L’effet spécifique des STL de chicorée sur les protozoaires parasites de I’Homme n’a été que
trés peu étudié. La décoction de racine de chicorée est connue pour son action antipaludéenne
en Afghanistan (Amini & Hamdam, 2017), mais peu de recherches ont permis de confirmer ou
infirmer cette activité et de déterminer ses effecteurs. Seule 1’étude de Bischoff et al., (2004) a
permis de lier I’inhibition de Plasmodium falciparum in vitro a la Lc et la Lp. Le potentiel
trypanocide d’extraits racinaires et foliaires de cultivars de chicorée n’a été testé que récemment
in vitro. Pefia-Espinoza et al., (2022) ont ainsi mis en évidence 1’effet dose-dépendant de la
chicorée contre plusieurs stades de développement de Trypanosoma cruzi, parasite responsable
de la maladie de Chagas. Les STL, en particulier la Lc, mais aussi quelques flavonoides
pourraient étre responsables. L’action préventive de la chicorée a aussi été démontrée contre

les vecteurs de maladies tropicales négligées. Parmi les extraits testés, les extraits
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méthanoliques de racines ont montré I’effet larvicide le plus puissant contre les insectes
porteurs de la dengue, de la malaria et de la filariose mais les composés en cause ne sont pas
encore déterminés (Ali et al., 2018). D’apres Rojas-Silva (2014), la Lp semble étre la seule STL

de la racine de chicorée efficace contre le stade infectieux de Leishmania tarentolae.

Outre cet effet antiparasitaire, plusieurs études ont laissé sous-entendre 1’effet antiviral des STL
de la chicorée, mais seule leur action contre le virus SARS-CoV-2 a pu étre récemment
confirmée. Les STL les plus abondantes de la chicorée affichent un effet indirect sur la
réplication du génome viral et la transcription du virus dans les cellules en inhibant I’activité

des protéases 3CLpro et PLpro (Avila-Galvez et al., 2022).

Tout comme les CGA, les STL sont reconnues pour leur effet immunomodulateur lors des
phases aigiie et chronique de I’inflammation. L activité anti-inflammatoire de la chicorée a été
testée sur des modeles animaux et cellulaires. Des tests a base d’extrait de racine de chicorée
ont montré que les STL, particulierement la DHLp et la 8-déoxylactucine (dLc), agiraient
directement sur 1’expression du gene de la cyclooxygénase (COX-2). Ces molécules ont aussi
un réle antioxydant en atténuant le niveau d’expression de 1’oxyde nitrique synthase et de deux
cytokines pro-inflammatoires (Ripoll et al., 2007). Une autre étude semble apporter un poids
supplémentaire au role majeur de la dLc dans I’effet immunomodulateur de la chicorée a partir
d’un modele cellulaire (Cavin et al., 2005). Une autre STL, la Lp, inhiberait I’importine 0.3
protéine nécessaire a la translocation de la forme active de NF«xB dans le noyau. Ainsi bloqué,
le systéme inhibe I’expression de protéines d’adhésion des monocytes a 1’épithélium vasculaire,
réduisant ainsi la réponse inflammatoire (Weng et al., 2021). En plus de moduler les voies de
I’inflammation, les STL de la chicorée réduisent drastiquement la formation d’cedéme (Ripoll

et al., 2007) et la sensation douloureuse chez la souris (Wesotowska et al., 2006).

L’activité pro-apoptotique de la chicorée a été largement étudiée, particulierement in vitro (Al-
Snafi, 2016). Les extraits de racines, feuilles ou graines de chicorée sont cytotoxiques pour de
trés nombreuses lignées cellulaires cancéreuses : sein (MCF-7, T47D, SKBR3), col de I’utérus
(HeLa), ovaire (A2780), prostate (LNCaP et PC-3), c6lon (RKO), rein (ACHN), leucémie
(Jurkat, HL-60), et peau (C32) (Kandil et al., 2019, Conforti et al., 2008, Nawab et al., 2011,
Mehrandish et al., 2016, Mohammad et al., 2014, Esmaeilbeig et al., 2015, Lee et al., 2000,
Zhou et al., 2012). Cette activité potentiellement antitumorale a été confirmee a quelques
reprises chez le rongeur (Hafez et al., 2014, Hazra et al., 2002, Hughes & Rowland, 2001, Pool-

Zobel, 2005). Les propriétés chimiothérapeutiques de ces extraits sont pour la plupart attribuées

50



a la composition de la chicorée en lactones sesquiterpéniques et en polyphénols (Imam et al.,
2019).

Chez la DHLc et DHLp, le cycle a-méthylene-y-lactone de la Lc et Lp est remplacé par un
groupement ester. Cette différence semble leur apporter une activité antiproliférative
supplémentaire contre des lignées cellulaires de cancer hépatique et nasopharyngique (Ren et
al., 2005). La Lc est capable d’induire 1’apoptose de cellules rénales cancéreuses via la cascade
oxydative qui induit 1’activation de la voie des caspases, protéines a cystéine indispensables a

I’amplification du signal de mort cellulaire (Jang et al., 2021).
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OBJECTIFS DE LA THESE

L’objectif principal de ce travail a été de déterminer le role fonctionnel de la chicorée pour sa
valorisation future au travers de nouvelles applications en alimentation humaine et animale.
L’ensemble des expérimentations a été réalisé avec la farine de chicorée, un produit non
conventionnel issu de la racine. Les effets sur la santé et les mécanismes d’action de la farine
de chicorée et de ses composés bioactifs ont été analysés en trois étapes qui ont constitué ce

travail de these.

La premiére partie du projet a été consacrée a 1’analyse in vivo du statut fonctionnel de la farine
de chicorée dans un modele murin. Pour cela, deux génotypes de chicorée ont éte utilisés, G12
et G35, sélectionnés comme étant les plus contrastés du point de vue de leur composition. Les
effets de la farine de chicorée ont été comparés en parallele avec ceux de I’inuline, composé de
la racine de chicorée reconnu pour son effet prébiotique, et avec ceux de la farine de blé. Les
études ont porté sur I’expression génique (analyses nutrigénomiques réalisees avec des
microarrays ADN), sur les modifications du microbiote intestinal (analyses métagénomiques
réalisées par séquencage 16S RNA) et sur la sécrétion d’hormones plasmatiques (dosages

réalisés en multiplex par le systéme Luminex) (Figure i.12).
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Figurei.12. Récapitulatif des analyses in vivo visant a déterminer les effets fonctionnels de la farine

de chicorée. L’expression des génes a été analysée avec des microarrays ADN, le dosage des hormones
circulantes réalisé par le systéme d’analyse multiplex Luminex et la composition du microbiote intestinal

caractérisée par metabarcoding avec séquengage du géne de I’ARNr 16S bactérien.
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La deuxieme partie du projet a consisté, grace a la mise en place d’une démarche expérimentale
originale, a déterminer quels étaient les composés, autres que I’inuline, responsables des effets
fonctionnels de la chicorée. Nous nous sommes ainsi focalisés sur trois classes de
molécules présentes dans la racine: le fructose, les CGA et les STL. Ces composés ont, de la
méme facon, été testés in vivo chez la souris. Les résultats obtenus ont été accompagnés d’essais
in vitro visant a valider les activités pro-apoptotiques, anti-inflammatoires et antioxydantes de

ces composes bioactifs (Figure i.13).
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Figure i.13. Récapitulatif des analyses visant a déterminer les effecteurs de la farine de chicorée.
L’expression des génes a été analysée avec des microarrays ADN, le dosage des hormones circulantes réalisé par
le systéme d’analyse multiplex Luminex et la composition du microbiote intestinal caractérisée par metabarcoding
avec séquencage du géne de I’ARNr 16S bactérien. L’effet apoptotique a été déterminé par cytométrie en flux,
I’activité antioxydante par mesure de I’inhibition des espéces réactives de I’oxygéne, et I’action anti-inflammatoire

par un dosage Luminex et ELISA de la production de cytokines par une lignée cellulaire de macrophages.

Dans un troisiéme temps, I’impact de la digestion gastro-intestinale sur le statut fonctionnel de
la chicorée a été determiné in vitro grace a I’utilisation du protocole consensuel de digestion in
vitro statique INFOGEST (Brodkorb et al., 2019). Cette méthode permet de mimer les trois
premiers compartiments du tractus gastro-intestinal humain (bouche, estomac, intestin) et leurs

conditions physiologiques. Les produits de digestion de la farine et des trois composés bioactifs
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caractérisés lors des expérimentations précédentes (fructose, CGA et STL) ont été testés de la
méme facon in vitro, afin de comparer les effets des produits de digestion avec ceux des produits

bruts (Figure i.14).
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Figure i.14. Récapitulatif des analyses visant a déterminer I’impact de la digestion sur le statut
fonctionnel de la farine de chicorée. L’effet sur la sécrétion de cholécystokinine a été déterminé par dosage
EIA, P’activité antioxydante par mesure de I’inhibition des espéces réactives de 1’oxygéne, et 1’action anti-
inflammatoire par un dosage multiplex Luminex et ELISA de la production de cytokines par une lignée cellulaire
de macrophages. En parallele, des analyses de la composition métabolique des digestats de décoction de farine de
chicorée ont été réalisées par H-RMN et UPLC-HRMS dans les différents compartiments digestifs.
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CHAPITRE 1 - ANALYSE DU STATUT

FONCTIONNEL DE LA FARINE DE CHICOREE



AVANT-PROPOS

Dans le but de déterminer le role fonctionnel de la farine de chicorée, nous nous sommes basés
sur des résultats obtenus dans un précédent travail concernant la chicorée torréfiée (Fouré et al.
2018). Les profils métaboliques de neuf génotypes de chicorée industrielle avaient été analyses
et leur comparaison avait permis de faire ressortir deux génotypes (G12 et G35) dont la
composition était contrastée. La chicorée G35 était significativement plus riche en inuline,
saccharose, fructose, 3-CGA et DHdLc que le génotype G12. Les deux génotypes avaient par
la suite été testés chez la souris pour déterminer les effets nutrition-santé de la racine torréfiée.

Les résultats de ce travail nous ont servi de base pour analyser la farine de chicorée.

Les racines de ces deux génotypes de chicorée contrastés G12 et G35 ont été transformées en
farines par séchage et broyage. Pour étre administrée aux souris par gavage, la farine a été
préparée sous forme de décoction aqueuse dont la composition a été analysée et comparée avec
celle de la farine d’origine pour s’assurer que tous les métabolites étaient présents suite a la
préparation. La dose journaliere administrée aux animaux a été calculée par rapport a une
consommation humaine modérée. En parallele de la farine de chicorée, 'inuline a été
administrée aux souris sous forme de solution, a une dose comparable a celle contenue dans la
farine G35. L’inuline a été utilisée comme controle positif & cause de son role prébiotique déja
avéré. Pour avoir comme contrdle un repére alimentaire connu, un autre lot de souris a été gavé
en parallele avec de la farine de blé préparée de la méme facon que la farine de chicorée. Un
dernier contrble négatif a été réalisé avec un groupe de souris gavé avec de 1’eau. Pour avoir
une liste plus complete des réponses, les tests ont été effectués pour chaque condition sur des

souris males et femelles.

Aprés 30 jours de gavage quotidien, le foie, les féces et le sang ont été préleveés chez les animaux
sacrifiés, suite a quoi plusieurs analyses a grande échelle ont été réalisées. Une analyse
nutrigénomique a vis¢ I'impact de I’ingestion des différents produits alimentaires sur
I’expression génique grace a des puces @ ADN. La composition de la communauté microbienne
intestinale a aussi été caractérisée de facon a déterminer si la farine de chicorée modifiait
I’abondance des taxons bactériens et si les modifications étaient nuancées en fonction de la
composition des deux génotypes de chicorée testés. Tester I’inuline en paralléle nous a
également permis de soustraire I’effet de cette fibre alimentaire a celui de la matrice compléte,

et d’évaluer si la farine apportait des effets supplémentaires. Certaines hormones impliquées
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dans I’homéostasie énergétique ont également été dosées dans le plasma des souris pour

compléter le tableau des effets metaboliques.

Ce travail effectué pour la premiere fois sur la farine de chicorée a permis de mettre en avant
un nombre conséquent de ses effets pour la santé (effet antitumoral, antimicrobien, anti-
inflammatoire, antioxydant, de régulation métabolique) et d’estimer les mécanismes d’action,
que ce soit au niveau de la régulation de 1’expression génique ou au niveau du microbiote
intestinal. Si la farine de chicorée s’avére un aliment fonctionnel dont I’effet peut étre
légerement modulé par sa composition chimique, I’inuline présente essentiellement un effet
prébiotique. D’autres composés chimiques, comme les CGA, STL ou le fructose, pourraient
alors étre considéres responsables des effets fonctionnels. Nous avons pu remarquer un effet
fonctionnel plus important de la farine de chicorée chez les animaux males que chez les femelles
et cette différence a été discutée par rapport aux particularités métaboliques et hormonales des
deux sexes. Les résultats obtenus sur la valeur fonctionnelle de la farine de chicorée et de
I’inuline ont été valorisés dans un article publié dans la revue Journal of Functional Foods en
ao(t 2020. La comparaison avec la farine de blé sera discutée dans les éléments

complémentaires présentés en fin de chapitre.
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ARTICLE INFO ABSTRACT

Industrial chicory roots (Cichorium intybus var. sativum) have been the subject of many different studies in-
vestigating their supposed nutritional and medicinal benefits. Although an impressive number of clinical evi-
dences has supported the health effects of this plant, the molecular mechanisms remain poorly understood. In
this work, we looked at chicory flour that is proposed as an ingredient for pastries and a water extract of chicory
root flour was tested. We experimented on the murine model and highlighted new mechanisms by which the
chicory roots brings health benefits. For this purpose, a nutrigenomic analysis was associated with a metabolic
hormone dosage and a metagenomic analysis. New potential mechanisms by which the chicory acts on cancer
prevention on antibacterial and antiviral defense, on hypoglycemic and hypolipidemic effect as well as on the
antioxidant effect were identified. Also, the prebiotic effect of the chicory root flour was discussed by com-
parison with inulin. In general, almost all effects were found to be more pronounced in male mice than in female

Keywords:

Cichorium intybus
Chicory root flour
Cancer protection
Antimicrobial protection
Metabolic regulation
Prebiotics

mice.

1. Introduction

Chicory (Cichorium intybus L.) is mostly known for its multiple uses
in the food industry and herbal medicine. This plant has long been
consumed as a vegetable by humans. Leaves and root have been used
for thousands of years for nutritional purposes (Puhlmann & De Vos,
2020) and since the end of the 16th century and the reign of Napoleon,
roasted roots have been used as a substitute to coffee beans (Lucchin,
Varotto, Barcaccia, & Parrini, 2008).

Chicory roots are rich in fiber and bioactive compounds. Inulin is
the main storage carbohydrate consisting of fructose molecules whose
linkage cannot be broken down by human intestinal enzymes and was
classified as dietary fiber. Nowadays, chicory inulin is used as food
ingredient for its gelling, texturing and stabilizing properties (Arkel
etal., 2012), acting as a fat (Keenan, Resconi, Kerry, & Hamill, 2014) or
sugar substitute (Gonzilez-Tomads et al., 2009). Chicory inulin was also
defined as a prebiotic because this substrate is selectively used by the
gut microorganisms and confers a health benefit (Gibson et al., 2017).
This benefit includes the stimulatory effect mainly on bifidobacteria
and the increase in short-chain fatty acids (SCFA) production (Le
Bastard et al., 2020).

Chicory was already cultivated as a medicinal plant by the ancient
Egyptians and is still used in traditional dishes in various parts of the
world (Puhlmann & De Vos, 2020). Liv-52 and Jigrine, two traditional
Indian formulations containing parts of this plant are largely used for
their hepatoprotective effects (Huseini, Alavian, Heshmat, Heydari, &
Abolmaali, 2005). In addition to being used as a tonic in the form of
syrup, chicory roots are conventionally taken to relieve different di-
gestive disorders (JudZentiené & Bidiene, 2008). The whole plant is
also known for its hypoglycemic (Roberfroid, Loo, & Gibson, 1998) and
hypolipidemic properties, hypothetically due to the chlorogenic acids
(CGA) content of chicory (Jackson, Rathinasabapathy, Esposito, &
Komarnytsky, 2017). Extracts of chicory roots have also been stated to
have antimicrobial (Liu, Wang, Liu, Chen, & Cui, 2013), im-
munomodulatory (Amirghofran, Azadbakht, & Karimi, 2000), anti-in-
flammatory (Lee et al., 2015), and anti-cancer properties (Behboodi,
Baghbani-Arani, Abdalan, & Shandiz, 2019). Historically used in Af-
ghanistan as a remedy for malarial fevers, chicory has proven to be a
promising antimalarial agent, due to its bitter compounds such as lac-
tucin, lactucopicrin, 8-deoxylactucin and their derivatives (Bischoff
et al., 2004). Due to its content in sesquiterpene lactones (STL), chicory
presents also anthelmintic activity in animals (Jensen et al., 2011).
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In recent years, functional foods have developed as part of health
and wellness programs because they are highly nutritious and asso-
ciated with several powerful health benefits at the same time. Inulin
was adopted as a functional ingredient and various studies evaluated its
efficacy as prebiotic, for promoting good digestive health, for influen-
cing lipid metabolism and for its beneficial roles in optimum plasmatic
levels of glucose and insulin maintaining (Ahmed & Rashid, 2017).

As chicory roots contain inulin but also many other bioactive
compounds, we considered the whole root as a potential functional food
and investigated the molecular mechanisms of its effects on health. To
distinguish the effect of the complete food matrix from that of inulin, a
murine model was used and a force-feeding was performed with chicory
root flour or inulin. The distinet effects in males and females were also
examined. We analyzed changes in gene expression profiles, in plas-
matic metabolism marker levels and also in gut microbiota composi-
tion, in order to correlate the different observations with respective
effects on health.

2. Materials and methods
2.1. Chicory flour production and composition

Two industrial chicory genotypes (Cichorium intybus var. sativum)
were used to produce fresh chicory roots. These genotypes named G12
and G35 were selected by Florimond-Desprez Veuve et Fils SAS
(Capelle-en-Pévéle, France). Roots were processed by Leroux SAS
(Orchies, France) to provide corresponding flour. Samples were freeze-
dried (48 h) and ground (ball mill, Retsch, Eragny sur Oise, France) for
30 min at room temperature using 50 mL wells and 25 mm balls to
obtain a fine powder. Flour composition of both G12 and G35 chicory
genotypes was identical with root composition and it is indicated in
lable 1 as previously quantified (Fouré et al., 2018). Mice were fed
with an aqueous decoction of the dried powders from the two selected
genotypes (G12 and G35). Hundred milliliters of warm water (85 °C)
were added to a 150 mL glass tube containing 3 g of powder. The
mixture was incubated for 20 min at 80 °C under weak agitation. The
solution was filtered through a coffee filter, filtrates were centrifuged at
30,000g for 10 min at 4 °C and the supernatants were store at —80 °C

Table 1
Major metabolites analysed by quantitative 'H NMR in chicory root flours.

Compounds (mg/g dry matter) G12 G35
Glucose 18.31a 15.11a
Fructose 15.43b 20.65a
Sucrose 17.91b 26.54a
Mannose 291a 211a
Inulin 105.80b 250.33a
Citrate 6.88a 4.37b
Fumarate 0.13a 0.08b
Malate 3.10a 2.70a
Lactate 0.80a 0.34b
Formate 0.47a 0.31b
Pyroglutamic acid 5.68a 4.41a
Acetate 0.23a 0.13b
Trigonelline 0.053a 0.070a
Cholin 0.47a 0.36a
Seyllitol 0.90a 0.71a
Inositol 3.06a 2.08b
3-cqa 0.293b 0.343a
3,5-dicga 0.066a 0.070a
DHdLc 0.011b 0.014a
dLe 0.004a 0.003a
Lp 0.003a 0.003a

Statistically significant differences measured by ANOVA (p-value < 0.05) ac-
cording to genotype are showed with different letters in the same column
(Tukey’s test).

3-cqa: 3-mono-O-caffeoylquinic acid; 3,5-dicqa: 3,5-di-O-caffeoylquinic acid;
DHdLc: 11,13-dihydro-8-deoxylactucin; dLc: 8-deoxylactucin; Lp: lactucopicrin.
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Table 2

Composition of aqueous decoctions of chicory root flours. Chlorogenic acids
and sesquiterpene lactones previously described in chicory roots were detected
in aqueous decoctions by LC-UV quantification.

Compounds mg/g Decoction G12 Decoction G35
dry matter

3-cqa 0.142 + 0.0076 0.148 + 0.0080
3,5-dicga 0.015 %= 0.0005 0.008 * 0.0003
DHdLe 0.167 = 0.0063 0.203 = 0.0077
dLe 0.035 = 0.0033 0.024 = 0.0022
Lp 0.084 = 0.0041 0107 = 0.0052

3-cqa: 3-mono-O-caffeoylquinic acid; 3,5-dicqa: 3,5-di-O-dicaffeoylquinic acid,;
DHdLe: 11,13-dihydro-8-deoxylactucin; dLe: 8-deoxylactucin; Lp: lactucopicrin.

until feeding. The concentration of the decoctions was normalized to
20 = 0.5 mg/ml and their composition was assessed for CGA and STL
levels by LC-UV analyses performed according to Willeman et al.
(2014). The composition of both decoctions was considered stable for
these compounds, which are fully or partially soluble in water
(Table 2). Nevertheless, nonpolar and hydrophobic compounds will not
be present in the resulting aqueous extract, and will remain in the se-
diment not diluted in water. Inulin water solution was prepared with 2
g inulin (Inulin from chicory, Sigma-Aldrich) for 150 mL warm water
(85 °C), incubated for 20 min at 80 °C under weak agitation and filtered
as flour decoctions.

2.2, Animal experiments and ethics statements

Male and female BALB/c BYj mice were used for experiments in
agreement with Directive 2010/63/ EEC for the protection of animals
used for fine scientists and in accordance with Law 2012-10 (2012) and
2013-118 (2013). The protocol was approved by the Ethics Committee
for the experiment on animals. The mice were randomly divided into
groups (n = 6/group) and housed in a controlled environment (with a
temperature of 22 °C, a 12 h/12 h light/dark cycle and ad libitum access
to standardized food and water). Mice were fed with an aqueous de-
coction of roots flour from two selected chicory genotypes (G12 and
G35) and with an inulin solution (12255 Sigma Aldrich, MO, USA). The
mice gavages consisted in a daily force-feeding of 500 pL of stemming
solution decoctions of chicory flour or inulin water solution besides the
standard chow (Diet AO4C-10, Scientific Animal Food and Engineering,
Augy, France). For the chicory flour, the decoction corresponded to
10 mg root powder/mouse/day that was considered to be the human
equivalent weight/body mass for a moderated alimentary dose (Fouré
et al., 2018). The administered dose of inulin was ealculated to corre-
spond to the concentration of inulin in the G35 aqueous extract of roots
for the daily consumption, and was estimated at 6.9 mg/mouse/day.
Controls underwent an equivalent force-feeding with water. As ex-
periments were conducted sequentially for two different periods of
time, two control sets were used: first control group (Ctrl) in parallel
with G12 and G13 diet and a second control group (Ctr2) in parallel
with the inulin diet. Six mice for each gender per condition were used
for 30 days followed by a week of resilience. Individual body weight
was regularly registered. Three mice for each condition were sacrificed
before the beginning of the treatment (D0), after 30 days of treatment
(D30) and after washout period (D36) and the central core of the liver
left lobe was cut into cubes and frozen as individual samples at —80 °C
for transcriptomics. The feces were individually harvested before the
beginning of the treatment (DO0) after 30 days of treatment (D30) and
after washout period (D36), and stored at —80 °C for microbiota ana-
lyses. For hormonal assays 100 pL of blood from the caudal vein was
sampled from each animal 30 min after gavage at D30. The blood from
each mouse was collected in tubes containing 20 pL EDTA 10% antic-
oagulant solution and 1 pL dipeptidyl peptidase-4 inhibitor (DPP4-010,
Marck, Milipore, Darmstadt, Germany), then centrifuged at 14,000 rpm
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for 10 min, the plasma containing supernatants collected and stored at
—80°C.

2.3. RNA isolation and microarrays analysis

Total RNA was extracted from hepatic tissues using RNAspin col-
umns (Macherey-Nagel). RNA quality was observed with Nanodrop and
absorbance ratios A260/280 and A260/230 were found between 2.0
and 2.2. RNA quality was also examined with Bioanalyzer 2100
(Agilent, Les Ulis, France) and a minimal RNA integrity number (RIN)
of 0.8 was required for all samples.

For the microarray analysis, groups of mice (n = 3) for both genders
were used: i) a group that received a decoction of chicory flour G12 for
30 days as previously described, ii) a group that received a decoction of
chicory flour G35 for 30 days, iii) a group that received a solution of
inulin for 30 days, and iv) two control groups with standard drinking
water as mentioned before.

Agilent Mus musculus Sure Print GE 4x44 v2 microarrays with oli-
gonucleotide 45,220 probes were used to study the gene expression
profile. RNA amplification, staining, hybridization and washing were
conducted according to the manufacturer’s specifications. Slides were
scanned at 5 um/pixel resolution using the GenePix 4000B scanner
(Molecular Devices Corporation, Sunnyvale, CA, USA). Images were
used for grid alignment and expression data digitization with GenePix
Pro 6.0 software. Expression data were normalized by Quantile algo-
rithm. The 3 control samples were filtered for p value < 0.05 and the
average was calculated for each gene. A fold change (FC) value was
calculated between individual treated samples and the mean of corre-
sponding controls. Differentially expressed genes (DEGs) were selected
for a threshold > 2.0 or < 0.5. Functional annotation of DEGs was
based on NCBI GenBank and related-genes physiological processes were
assigned with NCBI, AmiGO 2 Gene Ontology and UniProt. KEGG
pathway analysis was also used to identify relevant biological pathways
of selected genes. All microarray data have been submitted to the NCBI
GEO: archive for functional genomics data with the accession number
GSE150218.

2.4. In vivo hormone detection

Plasma concentrations of Glucagon-like peptide-1 (GLP-1), gut
hormone peptide YY (PYY) and leptin were assessed using antibody-
immobilized beads specific to each hormone in a Milliplex® Map Kit
(Millipore Corporation, Billerica, MA, USA) according to the manu-
facturer’s instructions. Kit sensitivity was 19 pg/mL for leptin, 23 pg/
mL for GLP-1, and 5 pg/mL for PYY. The quantification was carried out
using the Luminex® 100/200 (Luminex Corporation, Austin, USA)
system and the Luminex xPONENT® for LX100/200 software.

2.5. Microbiota analysis

DNA extraction was carried out on 200 mg of mouse feces according
to QlAamp stool DNA Kit (Qiagen, France). 16S targeted metagenomic
analysis, and bioinformatics analyses were achieved according to op-
timized and standardized protocol developed by the company
Genoscreen, Lille, France as deseribed previously (Foligné et al., 2019.
Microbial diversity and taxonomic composition of samples were de-
termined for each sample using the so-called metagenomic targeted
methodology. Briefly, a fragment of the 16S rRNA gene framing the V3
and V4 hypervariable regions was amplified from 5 ng of gDNA of the
samples according to an optimized and standardized amplicon library
preparation protocol Metabiote® (Genoscreen, France). The final am-
plification products (each containing a nucleotide index to differentiate
the samples as well as the adapters necessary for carrying out the se-
quencing) were purified on beads and then finally mixed in equal
concentrations. The sequencing was performed with the 2% 250 bp
chemistry on the Ilumina MiSeq platform (Illumina, San Diego) at
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Genoscreen. The resulting raw sequences were subjected to a cleaning
process comprising i) sorting the sequences according to the indexes
and according to the 168 primers ii) the “trimming” of the sequences by
truncating the bases from the 3 'end with a Phred threshold of 30 (iii)
assembly of the two paired sequences according to a minimum overlap
of 30 bases and at least 97% identity over the overlapping area.

The computer analysis was carried out on a fully automated
(Metabiote® OnLine) pipeline built around the QIIME v 1.9.1 software
(Breton et al., 2013). Following the steps of pre-processing, the full-
length 16S rRNA gene sequences go through a step in which chimera
sequences are detected and eliminated (in-house method based on the
use of Usearch 6.1). Then, a clustering step is performed in order to
group similar sequences with a nucleic identity defined threshold (97%
identity for an affiliation at the genus level on the V3-V4 regions of the
165 rRNA gene) with Uclust v1.2.22q (Cresci, Thangaraju, Mellinger,
Liu, & Ganapathy, 2010) through an open-reference OTU picking pro-
cess and complete-linkage method, finally creating groups of sequences
or “Operational Taxonomic Units” (OTUs). The most abundant se-
quence of each OTUs is therefore considered as the reference sequence
of its OTU and is then taxonomically compared to a reference database
(Greengenes database, release 13_8; www.greengenes.gov) by the RDP
classifier method v2.2 (Lahiri & Abraham, 2014). A final table listing all
the created OTUs was generated comprising the number of sequences
for each sample related to each OTU and their respective taxonomic
affiliation.

All analyses were performed by comparing experimental groups to
their respective controls. Normality was controlled with the Shapiro-
Wilk test and homogeneity of variances with Bartlett's test. Statistical
paired differences were assessed by ANOVA and Tukey’s test using
PRISM 7 (GraphPad Prism 6.0, California, USA) and differences were
considered significant for a p value of < 0.05. All the biosample raw
reads have been deposited at the National Center for Biotechnology
Information (NCBI) and are available under BioProject accession
number PRINA631462.

3. Results

Two chicory genotypes G12 and G35 were used here for the dif-
ferent analyses. These two genotypes were selected from a previous
study because they presented important differences in roots metabolite
composition. The G12 genotype had significantly more citrate, fuma-
rate, lactate, formate, acetate, and inositol than G35. Conversely, roots
of the G35 genotype were richer in inulin, sucrose, and fructose as well
as in 3-mono-O-caffeoylquinic acid and 11,13-dihydro-8-deoxylactucin
(Fouré et al., 2018). Aqueous extracts of root flours from chicory G12
and G35 were used to feed mice in order to detect the different health
effects and to compare with an inulin water solution. For this purpose,
many investigations were performed: a whole transcriptomic analysis
using Agilent DNA microarrays, a hormonal level measurement using
Luminex technology and a fecal microbiota metabarcoding analysis by
Mlumina 16S rDNA sequencing.

3.1. Chicory diet-driven profiles of gene expression

Diet-induced gene expression profiles were analyzed in the liver of
mice after 30 days of chicory flours or inulin ingestion. A total number
of 28 profiles were found differentially expressed during the chicory
diet, with an unbalanced pattern between male and female subjects for
39% of profiles (Fig. 1, Supplementary file 1). DEGs modified by the
chicory diet are involved in cell growth arrest and apoptosis, immunity
system, glucose and lipid homeostasis, xenobiotic metabolism and an-
tioxidant activity. As a trend, all effects except antibacterial ones were
more pronounced in male than in female mice. Despite quantitative
differences in flour composition, the G12 and G35 chicory flour
modulated similarly the gene expression. An obvious difference be-
tween chicory and inulin effects was observed as only 4 DEGs were
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Fig. 1. Gene expression profiles in hepatic tissue of mice after chicory and inulin diet. Log2 fold change of gene expression was represented individually for mice
(1-3) and gene-related physiological processes are represented on the right part of the graph.

found differentially expressed during inulin intake. These observations
suggest that bioactive constituents of chicory roots other than inulin
could be involved in the observed effects, alternatively the combined
effect of inulin and these different compounds. After 7 days of resi-
lience, all genes were found to be expressed at the same level as the
controls, regardless of diet (Supplementary file 1).

3.2. Plasma level of hormones

Despite that no significant differences were observed in plasmatic
hormone levels, several tendencies must be highlighted. Using the
MILLIPLEX® MAP Kit a multiple-fold increase of GLP-1 and PYY was
registered in plasma of male subjects after chicory uptake (Fig. 2 and
vy file 2). Inulin was found to induce an increase of PYY in
male mice only. As for gene expression level, the hormonal level seems
to be more impacted in male than in female mice. Leptin level was
found to be decreased between 1.3 and 2.1 times in plasma of all mice
fed with chicory flour either G12 or G35 but not during inulin diet.

Supplement

3.3. Microbial diversity

16S-rRNA gene-targeted metagenomic analysis was performed in
individual fecal samples of male and female mice (n = 6) for each
dietary requirement, allowing comparison of the overall bacterial
richness and phylogenetic composition of the microbiota. After se-
quence processing, a total of 29 different operational taxonomic units
(OTUs) were identified with an abundance > 0.1% (Supplementary file
3). The average number of OTUs per individual was 264 = 44 for
males and 362 + 43 for females and agrees with other studies in mice
fecal microbiota (Foligné et al., 2019). The alpha diversity Shannon
index indicated a stabilized diversity for all subject groups and no
disruptive modifications were found during the chicory or inulin diet
(Fig. 3A). Beta diversity among different conditions as a measure of
genera turnover was considered by Principal Coordinate Analysis for
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affected taxa during different diets. This revealed a common but also a
specific effect of chicory and inulin diet (Fig. 3B).

3.4. Microbial characteristics

The community composition representing the bacterial phyla and
genus level rankings for major OTU present in the subjects are shown in
Figs. 4 and 5 respectively. The most abundant phyla across all young
subjects were Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria,
TM7 and Tenericutes (Fig. 4A). The ratio Firmicutes/Bacteroidetes (F/B)
was found diminished after 30 days of G35 chicory diet only, due to a
significant inerease in Bacteroidetes abundance in male and decrease of
Firmicutes abundance in female mice (Fig. 4B and Supplementary file 4).

At the genus level, all changes observed in the relative abundance
after 30 days of chicory or inulin treatment are represented in Fig. 5. No
qualitative changes were observed but quantitative modifications ap-
peared in the abundance of several taxa after chicory or inulin diet
(Fig. 5A). These modifications were closely followed as fold change of
standardized abundance ratio (condition vs control) (Fiz. 5B). Three
taxa appeared to increase in abundance during both G12 and G35
treatments:  Butyricicoccus, Anaerostipes and Dorea.  Bacter-
oidales_unclassed was more abundant in G35 condition only, and Os-
cillospira in male mice only, during the administration of both chicory
diets. Conversely, abundance of Peptococcaceae, Coprococcus or Clos-
tridium was diminished when chicory was administered. Lactobacillus
increased specifically when inulin alone was consumed.

4. Discussion

Many studies have already been done on the health effects of inulin
(Le Bastard et al., 2020) or roasted roots of chicory (Fouré et al., 2018).
In this study we were interested in another known foodstuff obtained
from chicory roots: the flour. Known to provide nutritional and med-
icinal benefits for not only livestock (Nwafor, Shale, & Achilonu, 2017)
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Fig. 2. GLP-1, PYY, and leptin level in mice plasma, after 30 days of chicory (G12, G35) and inulin supplemented diet, and assayed after 30 min of oral administration
of the different diets at D30. Control values were pooled together (Ctr). Plasmatic hormone levels were expressed as % of the control level. Statistical analysis was

performed using one-way ANOVA and Sidak’s multiple comparisons test.

but also for humans (Puhlmann & De Vos, 2020), chicory flour was
proposed to complement other bread-making ingredients in consumer-
friendly products and in products adapted to coeliac patients
[Makovicky, Volek, Uhlirova, & Makovicky, 2018). To understand the
mechanisms by which the aqueous extract of chicory root flour impacts
health, we used the murine model and analyzed changes registered in
gene expression profiles, in metabolic hormones level and also in gut
microbiota composition during chicory diet. Our results revealed sev-
eral major molecular mechanisms by which the whole roots of chicory -
as opposed to inulin alone - could trigger an anticancer and anti-
microbial action, glucose and lipid regulatory influence as well as a
xenobiotic and antioxidant effect. A prebiotic but in part distinct effect
was detected for both flour and inulin diet. These results are discussed
below in support of previously published clinical results.

4.1. Activity on gene expression related with cell growth and apoptosis

Nine genes involved in cell growth arrest and apoptosis regulation
were found differentially expressed during chicory intake (Fig. 1) sug-
gesting the potential capacity of the aqueous extract of chicory roots
consumption to protect against cancer by increasing the expression of
pro-apoptosis factors and avoiding the proliferation of cancerous cells.

Gene coding for the growth arrest and DNA damage-inducible
protein GADD45 beta (Gadd45B) was found up-regulated in both male
and female mice after the chicory diet, instead of Gadd45G that was
found up-regulated in only male mice (Fig. 1, lines 1-2). GADD45
proteins serve as tumor suppressors and their pro-apoptotic activities
have positioned these proteins as essential players in oncogenesis
(Tamura et al., 2012). They belong to the universe of the p53 target
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genes that was described as the “guardian of the genome”, being in-
volved in response to DNA damage, apoptosis and cell cycle regulation
(Levine, Hu, & Feng, 2006). Another p53-related gene coding for the
protein phosphatase 1 regulatory subunit 15A (PppIrl5a or Gadd34)
was found up-regulated in male mice only, after chicory intake (Fig. 1,
line 3). This protein is involved in cell growth suppression and apop-
tosis of carcinoma (Lum et al., 2006). Still belonging to the p53 uni-
verse (Jackson et al., 2003), the Cd82 (cluster of differentiation 82) was
found up-regulated by the chicory diet in all mice (Fig. 1, line 4). It acts
as a metastasis suppressor (Tonoli & Barrett, 2005) and was described
as a solid biomarker for malignant tumors (Zoller, 2009). Similarly,
Dmbt1 (Deleted in malignant brain tumors 1 protein) (Fig. 1, line 5) that
codes for a tumor suppressor promoting apoptosis (Zhang, 2019). Gene
coding for the ribosome biogenesis factor NOP53 was also found up-
regulated (Fig. 1, line 6) and is known to be engaged in tumor re-
pression (Cho et al., 2016) and in the p53 stabilization in response to
stress (Lee et al., 2012). This was also the case of Hspa8 (Fig. 1, line 7)
that codes for a heat shock protein contributing to apoptosis, autop-
hagy, cell growth and differentiation (Mayer & Bukau, 2005). Its con-
firmed role in autophagy seems essential in cancer protection, cell se-
nescence and aging (Xilouri & Stefanis, 2016).

Two genes promoting tumor growth were found down-regulated in
all mice during chicory diet: the apoptosis-antagonizing transcription
factor (Aatf) and the leukemia inhibitory factor receptor (Lifr) (Fig. 1,
lines 8-9). AATF was described to repress apoptosis (Hopker et al.,
2012) and promote tumor progression (Welcker et al., 2018) by tar-
geting genes p53-related. Lifr was identified as a promoter of che-
moresistance in various types of carcinoma (Lv et al., 2018).

Summing up these aspects, we observed here for the first time
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evidence of the modulation by chicory root flour administration of gene
expression linked with an anti-proliferative effect. This strengthens the
findings of previous studies (Behboodi et al., 2019; Saleem et al., 2014;
Hazra et al., 2002) and could provide an answer related to the me-
chanism of this valuable effect. Unexpectedly, inulin intake did not
trigger similar effects. Only Gadd45B and Lifr were found down-regu-
lated in mice (Fig. 1 lines 1 and 9). It would appear that the anticancer
protective effect of the chicory is obviously not attributable to inulin
only but to other water-soluble chicory compounds present in the
aqueous extract.

4.2. Activity on expression of immune genes

Chicory was already found responsible for various antimicrobial
effects (Puhlmann & De Vos, 2020) and in our experiments we found
that the expression of several genes related to immunity and displaying
antibacterial and antiviral activity could be responsible for these ef-
fects. Thus, an important up-regulation of Lipocalin 2 (Lcn2) was de-
tected in male and female mice after chicory food intake (Fig. 1, line
10). This gene mediates an innate immune response to bacterial in-
fection. It codes for a secreted protein stimulated by Toll-like receptors
upon infection, which is able to sequestrate -catecholate-like
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siderophores and therefore renders bacteria unable to expand (Flo
et al., 2004). This role seems essential for antibacterial defense as the
lipocalin 2 deficiency was lethal in acute infections with Escherichia coli
H9049 (Flo et al., 2004). In addition to its antibacterial activity, LCN2
play an important role in inflammation reducing by regulating the re-
cruitment of immune cells to the site of inflammation
(Shashidharamurthy et al., 2013). Genes coding for serum amyloid Al
and A2 (Saal and Saa2) were also found to be strongly up-regulated
after chicory extract administration (Fig. 1, lines 11-12). SAA1 can bind
to the outer membrane protein A present on the surface of Gram-ne-
gative bacteria, enabling an increasing immunopathological response
against invasive bacteria (Shah, Hari-Dass, & Raynes, 2006). Both SAA1
and SAA2 were found to play an important role in immunity and reg-
ulation of inflammation (Sun et al., 2015).

The antiviral effect of the chicory was suggested by the up-regula-
tion of genes coding for interferon regulatory factor 1 (Irf1) and inter-
feron regulatory factor 2 binding protein 2 (Irf2bp2) and was observed
mainly in male mice (Fig. 1, lines 13-14). IRF1 was described as crucial
in innate immunity (Honda, Takaoka, & Taniguchi, 2006) and essential
for defense against viruses*”. The gene coding for interferon regulatory
factor 2 binding protein 2 (Irf2bp2) was reported to play a major role in
the transcriptional regulation of type I interferon genes in response to
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viral infection (Childs & Goodbourn, 2003) and also in anti-in-
flammatory responses (Chen et al., 2015).

In female mice only, the up-regulation of the gene coding for signal
peptide peptidase like 2A (Sppl2a) was observed after chicory food in-
take (Fig. 1, line 15). This gene plays a critical function in the regula-
tion of innate and adaptive immunity. It catalyzes the cleavage of tumor
necrosis factor alpha (TNFa) (Friedmann et al., 2006) and equally is
directly involved in B cell maturation and survival (Beisner et al.,
2013).

Any significant effect of inulin was registered otherwise slight
down-regulation of Lcn2 and Saal suggesting a light decrease of the
antibacterial defense on mice after inulin food intake (Fig. 1 lines
10-11).

4.3. Activity on gene expression related to glycemia and lipidemia regulation

Many clinical evidences supported the anti-hyperglycemic (Jackson
et al., 2017) or hypolipidemic effect of the chicory (Keshk & Noeman,
2015), but molecular mechanisms of these effects continue to remain
poorly understood. Our experiment provides a possible answer in this
way, as several genes involved in glycogen biosynthesis and lipidemia
regulation were deregulated after the chicory diet. Thus, protein
phosphatase 1, regulatory subunit 3G (PppIr3g), insulin-like growth
factor 1 (Igf1) and its regulatory binding protein Igf1bpl genes, were
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found up-regulated following sex-dependent pathway particularities
and suggesting a protective effect of chicory against hyperglycemia and
weight gain (Fig. 1, lines 16-18). PPP1R3G plays a significant role in
both postprandial glucose homeostasis and lipid metabolism. It stimu-
lates hepatic glycogen accumulation and decreasing hepatic trigly-
ceride level after a meal, and has the additional benefice of reducing fat
mass without changing metabolic rate (Zhang et al., 2014). IGF1 in-
duces similar metabolic effects to insulin (Monzavi & Cohen, 2002) and
is involved in glycogen synthesis (Dean & Rose, 2018). IGFBP1 can
either act as an autocrine and paracrine regulator of IGF1, being in-
volved in glucose metabolism modulation (Wheatcroft & Kearney,
2009), insulin resistance suppression, fat mass reducing as well as leptin
levels decreasing (Rajkumar, Modric, & Murphy, 1999). Indeed, the up-
regulation of Igfl and Igflbp genes could be linked to the decreasing
tendency observed in plasmatic leptin levels of G12 (p = 0.682) and
G35 (p = 0.132) male groups and G12 female group (p = 0.059)
(Fig. 2).

Apoa4 coding for the apolipoprotein A-IV was found up-regulated in
both male and female mice after G12 and G35 chicory diet (Fig. 1, line
19) and was described as an anti-atherogenic factor (Culnan, Cooney,
Stanley, & Lynch, 2009) protecting against atherosclerosis and diabetes
(Qu, Ko, Tso, & Bhargava, 2019). The LpinI and Lpin2 genes were found
up-regulated in male mice only by the chicory diet (Fig. 1, lines 20-21)
and are involved in lipid homeostasis regulation (Dwyer et al., 2012).
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Two other genes coding for apolipoprotein B (Apob) and apolipoprotein
C-IV (Apoc4) were found down-regulated in only male mice (Fig. 1,
lines 22-23). These genes were described to be involved in athero-
sclerosis (Borén & Williams, 2016) and liver steatosis (Kim et al., 2008)
and their down-regulation suggests a protective effect against these
chronic illnesses.

The level of different metabolic markers detected in mice plasma
indicated no statistical differences but noticeable variations suggesting
a beneficial metabolic effect of the chicory diet. Thus, GLP-1 which is
known to regulate the appetite and food intake (Holst, 2007), and PYY
which is a short-term food intake marker and thus an anorexigenic
hormone (Woods & D'Alessio, 2008) were increased in mainly male
mice during chicory diet (Fig. 2). Leptin, which is a long-term food
intake marker and an indicator of the body fat level (Erennan &
Mantzoros, 2006), was found to decrease in both male and female mice
after G12 or G35 chicory food intake. Both trends, the appetite reg-
ulation and the decrease of the body fat, could be associated with gene
expression to explain the worthwhile consequences of chicory con-
sumption. These effects must be rather protective than curative as in
our study no significant body weight modifications were observed
during different diets (Supplementary file 5).
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4.4. Effect on expression of genes related to xenobiotic and antioxidant
activity

An important antioxidant effect was already attributed to the
chicory root extract that showed a radical scavenging activity depen-
dent more like on its content of caffeoylquinic acids (Liu et al_, 2013). In
our study we found that consumption of chicory triggered the up-reg-
ulation of several genes coding for drug metabolizing enzymes such as
cytochrome P450 (Cyp4a31, Cyp8bl, Cyp27al) and flavin containing
monooxygenase (Fmo5), or for proteins involved in oxidative stress
protection as selenophosphate synthetase 2 (Sephs2) (Fig. 1, lines
24-28). Cytochrome P450 and Fmo5 are well known for their capacity
to monooxygenize a large panel of organic compounds (Chen, 2020).
SEPHS?2 is involved in synthesis of selenoproteins (Oudouhou, Casu,
Puemi, Sygusch, & Baron, 2017) that are typically involved in cellular
redox balance and include glutathione peroxidase and thioredoxin re-
ductase (Steinbrenner and Sies, 2009). As no effect of inulin was re-
gistered at this level, it is very likely that the caffeoylquinic acids and
probably other bioactive molecules present in chicory roots must be
responsible for this effect.
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4.5. Prebiotic effect on gut microbiota

The microbial community diversity remained stable in fecal mi-
crobiota among all samples (Fig. 3A). Only a few taxa registered
quantitative changes during chicory or inulin diet (Fig. 3B). Bacter-
oidetes and Firmicutes were the most prevalent phyla (Fig. 4A) but their
ratio changed during the chicory diet. A significant lower F/B ratio was
induced by the G35 chicory genotype in males and in female mice as
well (Fig. 4B) and this result is in accord with previous observations on
chicory roasted roots effects (Fouré et al., 2018). We observed here that
inulin alone administrated at the same concentration as in G35 flour did
not completely explain this change of F/B (Fig. 4B). Most likely other
compounds that are more represented in G35 must be responsible for
this disproportion, however, this remains to be demonstrated. All the
same, F/B is considered as an indicator of gut microbiota status (Ley,
Turnbaugh, Klein, & Gordon, 2006) as a reduced F/B is correlated to a
beneficial effect on obesity physiopathology (Turnbaugh, Bickhed,
Fulton, & Gordon, 2008; Barlow, Yu, & Mathur, 2015).

This beneficial effect of G35 flour was confirmed at the genera level
(Fig. 5). Bacteroidales_unclassed belonging to Bacteroidetes strongly in-
creased in abundance mainly in male mice after G35 flour intake. The
order Bacteroidales is the most abundant Gram-negative bacteria colo-
nizing the human gut (Zitomersky, Coyne, & Comstock, 2011) and
among the predominant genera are Bacteroides and Prevotella. Both of
them are well known as dietary fiber fermenters and SCFA producers
(Chen et al., 2017). Other taxa known as SCFA producers also increased
in abundance during both G12 and G35 treatments: Butyricicoccus,
Anaerostipes and Oscillospira (Fig. 5B). All these were found to generate
butyrate that has been reported to play an important role in cancer
prevention of the colon by promoting cell differentiation, cell-cycle
arrest and apoptosis of transformed colonocytes (Wong, Souza, Kendall,
Emam, & Jenkins, 2006). It was also reported that the butyrate is able
to induce the production of GLP-1 and thus reducing food intake (Lin
et al., 2012). These aspects are totally consistent with our results on
gene expression profiles and hormonal dosages.

On the other side, several Firmicutes taxa as Peptococcaceae and
Clostridium were drastically diminished when chicory was ingested.
These taxa are mainly Gram-positive obligate anaerobes and may fre-
quently include pathogens (Topiel & Simon, 1986; Gibbs, 2009). This
way we can then suggest that chicory food intake could induce several
protective changes against pathogens not only through changes in gene
expression but also in the intestinal microbiota.

Interestingly, consumption of inulin triggered the same stimulating
effects on butyrate-producing bacteria, but not on the limitation of
suspected pathogenic taxa. A particular action of inulin was reflected in
strongly increased in abundance of Lactobacillus. Inulin was already
depicted as a functional ingredient with a prebiotic effect, capable of
producing changes in lactobacilli and bifidobacteria abundance on
human gut microbiota (Slavin, 2013). The murine experimental model
does not offer the possibility to study bifidobacteria (Hugenholiz & Vos,
2018) but the observed changes in lactobacilli are entirely consistent
with previous studies on the effect of inulin. If inulin has the same
prebiotic effect for both genders, chicory flour appears to be more ef-
fective in males than in females.

5. Conclusions

To provide functional support to the many clinical studies that have
highlighted the effects of chicory on health, we looked at the me-
chanisms of action of this plant and more specifically those of the
chicory roots processed into flour. For this purpose, we experimented
on the murine model and performed a nutrigenomic analysis that was
associated with a metabolic hormone assay and a metagenomic ana-
lysis. A prominent effect of the chicory on cancer prevention was de-
monstrated by the deregulation of a large number of genes involved in
cell-cycle arrest and apoptosis (Gadd45B, Gadd45G, Gadd34, Cd82,
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Dmbt1, Nop53, HspaS, Aatf, Lifr). Genes involved in antibacterial and
antiviral defense, such as Len2, Saal, Saa2, Irfl and Irf2bp2, were
strongly up-regulated during chicory diet. The hypoglycemic and hy-
polipidemic effects of the chicory were associated with deregulation of
Ppp1r3g, Igf1, Igbpl, Apoa4, Lpinl, Lpin2, Apob, Apoc4, and also with
modifications of GLP-1, PYY and leptin release. Finally, the antioxidant
effect was revealed by the up-regulation of Cyp4a31, Cyp8bl, Cyp27al,
Fmo5 and Sephs2. The prebiotic effect of chicory roots was revealed for
butyrate producers like Butyricicoccus, Anaerostipes and Oscillospira
which increased in abundance. In contrast, taxa with putative patho-
genic potential like Peptococcaceae and Clostridium, drastically de-
creased in abundance. Except the prebiotic effect that is partially shared
with inulin, other effects were principally attributed to the chicory flour
intake. In general, almost all effects were found to be more pronounced
in male mice than in female mice. Together, the new mechanisms de-
tected by this study provide strong arguments for the health effects of
chicory. As these findings are based on an aqueous decoction of chicory
root flour, further experiments should evaluate the effect of the whole
chicory root flour to elucidate the potential of chicory as a functional
food.
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Supplementary file 1. Part 1. Gene expression profiles in mice liver tissue during chicory and inulin diet
Individual FC (mouse 1-3) for up- and down-regulated genes in male (M) and female (F) mice feed with chicory flour G12, G35 or inulin solution (Inu).

G12 diet G35 diet Inu diet
Bank name Gene name 1M 2M 3M 1IF 2F 3F M 2M 3M 1IF 2F 3F iMm 2M 3M 1F 2F 3F
Cell growth arrest/ apoptosis
NM_011817 Gadd45g 3,87 2,48 2,20 1,91 1,87 2,06 545 2,08 2,42 1,98 5,01 3,25 0,58 0,26 0,51 0,51 0,11 0,32
NM_008654 Gadd34 3,32 1,99 1,95 1,25 1,02 1,20 2,42 1,74 194 1,27 1,27 1,37 1,06 1,16 1,34 0,78 0,76 0,80
NM_008655 Gadd45b 3,13 3,08 2,05 0,86 1,32 1,24 3,42 1,94 19 0,55 0,59 0,57 0,71 0,9 1,10 0,77 0,84 0,90
NM_001271432 Cd82 1,98 1,95 2,00 2,52 2,01 1,98 2,98 1,90 2,34 190 1,98 1,84 1,04 063 1,02 0,78 0,63 0,79
NM_001347632 Dmbt1 3,42 1,96 3,03 4,00 6,87 6,46 1,99 195 1,85 1,96 1,72 1,84 092 1,12 1,04 086 1,03 1,00
NM_133831 Nop53 1,75 2,06 2,00 1,70 1,96 1,89 2,49 1,73 165 1,74 1,69 1,89 091 0,94 0,88 0,83 0,70 0,69
NM_031165 Hspa8 1,93 2,49 1,84 3,99 1,97 2,65 1,63 1,80 1,95 3,44 2,86 3,15 1,19 098 1,09 096 0,65 0,73
NM_019816 Aatf 049 0,73 0,70 0,63 0,37 0,59 0,61 052 0,59 0,57 0,66 0,62 092 0,85 1,26 082 0,77 0,77
NM_001113386 Lifr 0,53 0,61 0,39 0,61 0,45 0,66 061 057 046 0,63 0,49 0,66 0,49 0,31 066 0,53 0,28 0,34
Innate and adaptative immunity
NM_008491 Len2 434 3,12 2,01 3,69 4,66 4,17 3,65 4,98 575 873 4,98 9,85 0,47 0,49 0,16 048 0,50 0,32
NM_009117 Saal 4,26 2,66 2,68 11,47 12,13 12,02 15,72 17,70 17,33 15,52 17,77 18,15 0,53 0551 0,25 0,61 0,47 0,53
NM_011314 Saa2 4,01 2,53 2,65 12,41 10,30 13,07 21,60 18,26 23,94 16,51 11,83 13,67 0,92 0,93 1,35 1,20 0,68 0,80
NM_008390 Irfl 2,12 1,71 195 1,35 1,05 1,32 6,49 1,97 190 1,50 1,49 1,55 1,03 096 1,30 0,84 1,14 1,13
NM_001164598 Irf2bp2 463 1,88 1,74 089 0,70 0,84 4,23 2,35 2,40 1,53 0,97 1,12 0,69 0,77 1,12 0,97 1,28 1,18
NM_023220 Sppl2a 1,17 1,37 1,00 2,38 2,13 2,49 099 1,11 091 1,95 1,83 1,74 0,83 0,98 1,19 1,31 1,03 1,06
Glucose homeostasis
NM_029628 Ppplr3g 4,24 2,49 3,05 191 2,74 2,00 9,42 8,76 5,18 6,19 2,83 4,01 0,85 1,01 1,16 1,16 1,22 1,20
NM_001314010 1gf1 0,96 0,73 1,04 1,88 198 2,17 1,18 1,05 0,79 2,47 2,14 2,31 0,94 098 1,01 091 1,36 0,72
NM_008341 Igfbpl 2,26 1,89 2,18 1,53 1,37 1,72 4,65 2,13 2,32 1,09 1,05 1,07 0,89 061 0,78 1,13 1,33 0,72
Lipid metabolism
NM_007468 Apoad 1,91 2,07 1,86 4,03 190 2,26 2,08 1,95 2,08 1,93 2,40 2,00 1,05 0,76 0,80 0,81 1,21 1,32
NM_001130412 Lpinl 494 2,63 3,52 1,23 1,32 1,26 3,81 3,24 2,66 1,18 1,24 1,35 0,69 089 093 0,71 1,23 1,16
NM_001164885 Lpin2 2,23 1,91 1,93 1,13 1,15 0,96 2,17 1,98 1,97 1,15 1,24 1,34 0,73 0,76 1,04 1,05 1,35 1,29
NM_009693 Apob 0,52 0,61 049 1,04 0,83 1,26 040 0,552 067 1,21 0,96 0,93 0,83 1,03 1,01 0,78 1,23 1,08
NM_007385 Apoc4d 0,57 0,58 0,40 1,00 0,97 0,98 0,59 0,39 0,39 1,18 0,80 0,99 0,72 091 1,05 085 1,17 1,13
Xenobiotic metabolism and antioxidar
NM_001252539 Cyp4a3l 2,16 2,14 2,04 3,38 1,94 1,91 3,41 1,99 2,11 1,86 2,17 1,99 1,02 1,14 1,15 0,92 1,27 1,03
NM_010012 Cyp8b1l 1,97 1,85 2,06 2,17 2,39 2,89 3,07 1,92 2,23 1,91 1,79 1,82 1,14 1,04 1,16 091 1,15 1,25
NM_024264 Cyp27al 2,61 1,81 2,07 2,84 1,70 2,03 3,73 1,94 2,02 1,9 1,86 1,94 1,22 1,37 1,24 0,85 1,35 1,15
NM_001161765 Fmo5 2,04 1,82 2,47 2,80 2,21 2,67 2,24 195 1,82 2,30 1,87 2,28 0,69 1,32 1,15 0,76 1,26 1,23
NM_009266 Sephs2 2,12 1,97 2,24 2,12 2,54 2,09 2,24 2,40 2,41 1,94 2,14 2,04 1,01 1,05 1,08 1,00 0,66 0,78

Process/pathway

Cellular growth arrest/ Apoptosis

Cellular growth arrest/ Apoptosis

Cellular growth arrest/ DNA repair

Tumor supression

Tumor supression

Apoptotic proccess regulation

Apoptotic proccess regulation

Cell death signaling

Cellular differentiation, proliferation and survival

Antimicrobial peptide / Immunity system

Antimicrobial activity / Immunity system

Antimicrobial activity / Immunity system

Innate immunity

Negative regulator of inflammation

Innate and adaptative immunity/ Anti-inflammatory process

Glycogen biosynthesis
Glycogen biosynthesis
Glycogen biosynthesis

Cholesterol homeostasis
Triglyceride synthesis
Triglyceride synthesis
Cholesterol homeostasis
Lipid metabolism

Xenobiotic metabolism
Xenobiotic metabolism
Xenobiotic metabolism
Xenobiotic metabolism
Antioxidative activity
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Supplementary file 1. Part 2. Gene expression profiles in mice liver tissue during chicory and inulin diet
Individual FC (mouse 1-3) for up- and down-regulated genes in male (M) and female (F) mice feed with chicory flour G12, G35 or inulin solution (Inu).

Bank name Gene name Functional annotation

Cell growth arrest/ apoptosis

NM_011817 Gadd45g  growth arrest and DNA-damage-inducible 45 gamma

NM_008654 Gadd34 protein phosphatase 1, regulatory (inhibitor) subunit 15A (Ppp1rl5a)
NM_008655 Gadd45b  growth arrest and DNA-damage-inducible 45 beta

NM_001271432 Cd82 CD82 antigen

NM_001347632 Dmbt1 deleted in malignant brain tumors 1

NM_133831 Nop53 glioma tumor suppressor candidate region gene 2 (Gltscr2)
NM_031165 Hspa8 heat shock protein 8

NM_019816 Aatf apoptosis antagonizing transcription factor

NM_001113386 Lifr leukemia inhibitory factor receptor

Innate and adaptative immunity

NM_008491 Len2 lipocalin 2

NM_009117 Saal serum amyloid A 1

NM_011314 Saa2 serum amyloid A 2

NM_008390 Irfl interferon regulatory factor 1

NM_001164598 Irf2bp2 interferon regulatory factor 2 binding protein 2
NM_023220 Sppl2a signal peptide peptidase like 2A

Glucose homeostasis

NM_029628 Ppplr3g  protein phosphatase 1, regulatory (inhibitor) subunit 3G
NM_001314010 1gfl insulin-like growth factor 1
NM_008341 Igfbpl insulin-like growth factor binding protein 1

Lipid metabolism

NM_007468 Apoa4d apolipoprotein A-IV
NM_001130412 Lpinl lipin 1
NM_001164885 Lpin2 lipin 2

NM_009693 Apob apolipoprotein B
NM_007385 Apocsd apolipoprotein C-IV

Xenobiotic metabolism and antioxidant activity
NM_001252539 Cyp4a3l  cytochrome P450, family 4, subfamily a, polypeptide 31

NM_010012 Cyp8b1l cytochrome P450, family 8, subfamily b, polypeptide 1
NM_024264 Cyp27al  cytochrome P450, family 27, subfamily a, polypeptide 1
NM_001161765 Fmo5 flavin containing monooxygenase 5

NM_009266 Sephs2 selenophosphate synthetase 2
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Supplementary file 2. GLP-1, PYY and leptin level in mice plasma, after 30 days of chicory

(G12, G35) and inulin supplemented diet.

Statistical analysis was carried out using One-way ANOVA and Sidak’s multiple comparisons
test. Means £ SD were calculated (n > 3) for each treatment. Mean values of all controls were

standardized at a 100% value.

Control G12 G35 Inulin Control G12 G35 Inulin
males males males males females females females females
n 9 4 3 4 11 3 3 5
GLP-1(pg/mL) | mean+SD | 100£3324 | 142.6£9859 | 201.0+1584 | 97.00+69,15 | 100+31,23 | 78.69+35,34 | 93.81+ 18,31 623;732*
p-val X 0.7720 0.2125 0.9999 X 0.6182 0.9839 0.0945
n 12 6 6 6 12 6 5 5
PYY (pg/mL) | mean:SD | 1004165 | 1235:7551 | 149.9+4567 | 1455671 | 100+27,87 |100.1+60,56 | 125.8+69 12’311';'1*
p-val X 0.7901 0.2325 0.3220 X >0.9999 0.6793 >0.9999
n 12 6 6 5 12 6 5 5
Leptin (pg/mL) mean £ SD 100 £ 50.9 77.93+34.1 54.63 £ 23.86 91.52 + 49.07 100 £ 45.21 46.59 £15.36 | 87.88 £42.34 ggff;
p-val X 0.6820 0.1324 0.9770 X 0.0586 0.9360 0.9238
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Supplementary file 3. Part 1. The operational taxonomic units (OTUs) identified with an abundance >0.1% in fecal microbiota of male (M) and female (F) mice after chicory (G12 and G35) and inulin (Inu) diet.
Ctrlis for mice receiving water instead of a chicory diet and Ctr2 is for mice receiving water instead of an inulin diet.

Ctrl_males_DO Ctrl_females_DO Ctrl_males_D30 Ctrl_females_D30
#OTU ID 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
k__Bacteria;p__Actinobacteria;c__Actinobacteria;o__Bifidobacteriales;f__Bifidobacteriaceae;g__Bifidobacterium 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,03 0,06 000 0,32 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,12 0,04 0,00 0,27 0,01 1,06
k__Bacteria;p__Actinobacteria;c__Coriobacteriia;o__Coriobacteriales;f__Coriobacteriaceae;g__Adlercreutzia 0,24 033 0,08 023 0,16 0,10 0,04 027 0,550 0,23 0,83 0,49 0,07 0,17 0,02 0,10 0,08 0,11 0,03 0,07 0,09 0,08 004 0,10
k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__Rikenellaceae;g__ 14,60 15,19 8,06 19,35 8,05 22,13 11,24 18,77 15,82 5,89 3,64 9,43 13,83 14,06 13,57 9,41 19,81 4,91 16,10 8,95 7,66 25,00 16,55 5,12
k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__S24-7;g 1,08 0,80 0,40 1,00 0,31 1,61 3,99 3,43 291 057 2,57 1,82 1,08 0,72 0,80 0,97 0,77 0,60 0,76 3,95 4,25 8,60 4,18 0,93
k__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales;f__Lactobacillaceae;g__Lactobacillus 0,08 0,11 0,04 0,07 0,00 0,03 0,03 0,39 0,05 030 0,33 0,38 0,03 0,00 0,00 0,02 0,03 0,00 0,03 0,10 0,07 0,15 0,11 0,09
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;Other;Other 2,53 1,05 4,49 080 19 1,36 3,05 1,97 1,00 3,26 269 540 0,63 224 069 1,05 076 2,70 225 1,33 7,11 044 061 4,23
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__;g_ 19,36 22,91 21,67 32,91 28,42 15,93 25,06 29,51 27,96 9,84 28,47 24,17 55,04 28,90 43,14 39,12 37,32 31,29 26,11 47,39 13,30 31,24 36,66 17,33
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Clostridiaceae;Other 0,00 0,00 0,00 0,00 0,00 0,00 0,03 0,26 0,74 0,00 0,06 0,02 0,00 0,00 0,00 0,00 0,00 0,00 0,36 0,04 007 0,06 002 0,04
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Clostridiaceae;g__Candidatus Arthromitus 0,04 0,16 0,11 0,09 0,03 0,00 0,14 0,15 0,03 0,02 0,07 027 0,00 0,04 0,12 0,05 0,00 0,00 0,04 0,07 0,02 0,01 001 0,01
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Clostridiaceae;g__Clostridium 0,00 0,04 0,00 0,00 0,03 0,18 0,09 0,05 0,25 0,02 0,02 0,08 0,04 0,00 0,02 0,04 0,11 0,03 0,00 0,00 0,01 0,02 005 0,00
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;Other 1,99 3,27 251 3,00 3,02 2,46 1,05 1,20 1,53 1,44 221 1,18 1,70 1,04 1,07 1,93 2,14 1,48 2,60 058 0,98 1,62 2,16 0,63
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__ 18,30 14,08 19,65 9,68 18,35 16,24 25,22 12,79 16,85 30,94 25,48 20,13 3,41 552 7,40 6,66 6,62 17,32 11,09 10,32 15,45 5,27 8,38 16,75
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__[Ruminococcus] 3,00 1,62 3,72 1,03 4,57 074 0,53 3,29 1,92 267 4,42 238 0,45 2,85 0,37 0,70 0,48 0,52 1,54 1,32 1,46 084 0,64 1,20
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Anaerostipes 0,00 0,00 2,46 0,06 0,06 7,02 0,57 0,00 0,00 0,00 0,00 0,00 539 1,09 3,95 0,37 0,03 1,13 0,00 0,00 0,00 0,00 0,73 0,84
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Coprococcus 4,16 1,84 430 098 3,40 1,66 0,55 2,81 6,17 227 4,03 245 1,49 3,06 0,82 1,50 1,51 2,66 1,45 1,51 1,12 3,79 1,04 1,69
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Dorea 0,29 0,25 0,34 045 1,51 0,18 0,28 0,21 0,78 1,33 1,00 0,75 0,14 0,30 0,05 0,12 0,09 0,29 0,00 0,03 0,04 0,28 0,09 0,05
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Roseburia 0,11 1,81 0,38 0,12 1,21 1,54 1,12 093 0,19 0,89 0,38 0,26 0,05 1,25 0,14 0,31 3,04 0,55 0,08 0,12 0,14 2,11 026 1,73
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Peptococcaceae;g__ 0,20 0,08 0,12 0,07 0,11 0,26 0,12 0,10 0,16 0,13 0,10 0,08 0,10 0,03 0,08 0,07 0,10 0,33 0,28 0,16 0,16 0,15 0,06 0,13
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Peptococcaceae;g__rc4-4 5,55 11,34 2,37 9,08 2,43 11,61 0,01 0,01 0,07 0,00 0,07 0,07 1,63 1,61 11,81 1,89 3,47 1,65 0,00 0,00 0,00 0,04 0,00 0,00
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__ 2,95 2,66 3,07 2,88 2,73 1,89 2,06 2,06 262 1,01 1,8 3,77 2,63 2,81 2,20 1,41 3,79 2,05 2,39 1,38 1,88 3,03 2,44 2,14
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__[Mogibacteriaceael;g_ 0,88 083 0,72 055 1,00 0,65 0,28 1,08 1,03 0,79 1,40 1,08 0,39 0,38 027 042 0,77 0,55 0,45 0,27 034 0,47 023 0,36
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Anaerotruncus 0,15 0,29 0,63 0,08 0,50 0,19 0,26 0,13 0,11 0,20 0,36 0,14 0,14 0,11 0,02 0,24 0,04 1,33 0,39 0,02 055 0,20 0,12 0,40
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Butyricicoccus 063 047 1,9 016 283 0,17 031 068 050 053 053 0,50 0,13 087 0,03 009 0,06 0,63 0,12 0,00 032 025 0,13 0,21
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Oscillospira 17,02 11,14 16,85 11,38 14,94 10,33 20,92 17,66 15,47 28,68 15,70 22,56 10,61 30,00 12,48 31,22 17,75 24,63 31,20 18,04 38,82 13,89 20,68 41,25
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Ruminococcus 6,43 9,40 571 5,80 3,61 2,05 2,68 1,92 2,95 8,60 2,92 2,04 0,90 2,92 0,71 1,97 0,90 5,05 2,13 4,12 505 1,81 4,32 3,36
k__Bacteria;p__Proteobacteria;c__Deltaproteobacteria;o__Desulfovibrionales;f__Desulfovibrionaceae; 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
k__Bacteria;p__TM7;c__TM7-3;0__CWO040;f__F16;8__ 0,08 0,07 004 003 002 0,09 0,19 0,09 018 017 031 0,18 0,02 0,00 005 002 0,02 0,07 020 0,02 010 001 0,15 0,05
k__Bacteria;p__Tenericutes;c__Mollicutes;o__Anaeroplasmatales;f__Anaeroplasmataceae;g__Anaeroplasma 0,17 0,04 0,24 000 0,54 1,44 0,02 0,00 0,00 0,13 0,02 0,07 0,00 0,00 0,15 0,04 0,11 0,00 0,04 0,02 0,87 0,00 0114 0,15
Autres bactéries 0,15 024 0,11 020 022 0,16 0,16 0,20 0,16 008 0,20 0,29 0,09 0,05 004 028 020 0,16 026 014 0,13 036 019 0,115
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Supplementary file 3. Part 2. The operational taxonomic units (OTUs) identified with an abundance >0.1% in fecal microbiota of male (M) and female (F) mice after chicory (G12 and G35) and inulin (Inu) diet.

Ctrlis for mice receiving water instead of a chicory diet and Ctr2 is for mice receiving water instead of an inulin diet.

#OTU ID
k__Bacteria;p__Actinobacteria;c__Actinobacteria;o__Bifidobacteriales;f__Bifidobacteriaceae;g__Bifidobacterium
k__Bacteria;p__Actinobacteria;c__Coriobacteriia;o__Coriobacteriales;f__Coriobacteriaceae;g__Adlercreutzia
k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__Rikenellaceae;g__
k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__S24-7;g_
k__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales;f__Lactobacillaceae;g__Lactobacillus
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;Other;Other
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__;g_
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Clostridiaceae;Other
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Clostridiaceae;g__Candidatus Arthromitus
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Clostridiaceae;g__Clostridium
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;Other
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__[Ruminococcus]
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Anaerostipes
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Coprococcus
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Dorea
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Rosebu
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Peptococcaceae;g_
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Peptococcaceae;g__rc4-4
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g_
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__[Mogibacteriaceae];g__
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Anaerotruncus
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Butyricicoccus
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Oscillospira
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__ Ruminococcus
k__Bacteria;p__Proteobacteria;c__Deltaproteobacteria;o__Desulfovibrionales;f__Desulfovibrionaceae;g__
k__Bacteria;p__TM7;c__TM7-3;0__CWO040;f__F16;g__
k__Bacteria;p__Tenericutes;c__Mollicutes;o__Anaeroplasmatales;f__Anaeroplasmataceae;g__Anaeroplasma
Autres bactéries

G12_males_DO G12_fi les_DO G12_males_D30 G12_fi les_D30

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,58 0,00 0,00 0,00 0,00 0,00 0,00
0,28 0,26 0,22 0,12 0,75 0,75 0,41 0,28 0,24 0,17 0,50 0,14 0,04 0,00 0,02 0,00 0,02 0,11 0,07 0,03 0,10 0,09 0,13 0,13
0,82 14,00 19,84 22,72 5,89 6,22 13,66 10,41 14,68 25,32 8,57 10,97 11,22 12,17 9,42 13,26 8,96 3,83 16,81 9,15 19,10 24,01 15,34 11,83
0,33 0,48 1,09 067 0,47 0,36 2,79 9,75 2,03 4,43 1,18 1,67 0,72 0,47 1,34 168 037 0,73 2,11 4,24 6,70 3,38 2,29 2,61
0,00 0,18 0,02 0,11 0,02 0,02 0,14 0,25 0,27 0,09 0,06 0,13 0,05 0,00 0,00 0,04 0,10 0,02 0,05 0,08 0,03 0,01 0,08 0,04
1,57 3,08 1,69 092 2,67 2,79 3,49 023 0,78 1,44 0,25 1,88 0,57 1,17 2,85 1,09 0,78 1,18 194 192 4,15 1,70 0,66 1,89
24,93 19,68 18,58 35,26 13,60 15,55 27,98 37,60 29,43 35,16 16,13 21,14 45,98 17,87 40,11 32,84 48,82 19,30 34,61 27,39 27,22 25,27 36,71 32,06
0,00 0,00 0,00 0,00 0,00 0,00 0,06 0,00 0,06 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
0,03 0,07 0,08 0,21 0,05 0,04 0,56 0,13 0,17 0,57 0,04 0,01 0,02 0,00 0,02 0,07 0,00 0,00 0,02 0,02 0,04 0,10 0,00 0,00
0,00 0,00 0,00 0,10 0,33 0,36 0,15 0,10 0,02 0,02 0,00 0,02 0,02 0,00 0,00 0,00 0,00 0,00 0,00 0,18 0,00 0,00 0,00 0,01
2,28 3,14 1,41 196 420 4,381 3,04 069 1,75 086 1,83 1,95 2,52 1,51 1,42 297 1,93 1,27 0,67 2,25 1,05 051 0,61 1,37
30,69 16,90 12,81 13,32 21,13 22,48 12,40 13,50 15,79 14,62 23,50 24,23 552 7,81 566 14,58 5,99 13,61 4,90 11,09 10,01 11,21 9,88 11,12
3,05 1,71 2,23 0,28 3,37 3,18 4,79 0,70 1,48 0,69 5,17 2,76 0,94 0,77 0,36 0,72 0,47 1,13 0,69 1,03 222 065 085 1,14
0,00 0,00 3,31 0,00 0,00 0,00 0,01 0,66 1,99 0,01 0,05 0,00 525 0,58 0,17 0,13 0,00 0,19 3,27 1,96 2,22 0,73 5,20 0,00
584 2,32 4,84 1,29 7,48 861 3,46 1,88 4,9 1,75 2,52 3,72 2,00 1,65 2,55 5,06 1,84 3,17 142 099 059 0,74 1,31 3,15
0,49 0,37 045 0,09 0,97 0,70 0,25 0,69 0,74 0,27 069 0,74 0,20 0,54 0,29 0,18 0,30 0,54 0,05 0,05 0,17 0,07 0,08 0,18
0,07 0,21 1,43 0,26 10,26 10,43 0,10 8,21 6,48 0,23 0,00 0,65 0,14 1,08 1,34 0,24 0,02 1,39 0,51 0,25 1,03 1,50 0,78 0,98
0,18 0,14 0,11 0,08 0,16 0,13 0,10 0,09 0,11 0,07 0,07 0,14 0,03 0,07 0,15 0,11 0,11 0,32 0,08 0,11 0,12 0,12 0,06 0,19
2,58 6,50 6,74 538 0,19 0,14 0,02 0,45 0,00 0,06 0,00 0,05 0,11 0,03 0,83 1,23 0,10 0,06 0,00 0,11 0,00 0,00 0,02 0,01
2,15 1,98 3,23 169 185 1,79 157 156 1,86 1,70 091 1,74 2,50 1,40 1,71 3,19 1,22 2,20 2,27 1,60 1,29 165 1,79 2,35
1,03 084 1,55 0,65 1,34 1,67 0,45 0,62 0,57 048 0,63 0,43 0,40 0,24 0,47 0,56 0,59 0,50 0,30 0,25 0,25 0,15 0,33 0,32
0,77 0,37 042 033 0,73 0,85 0,05 0,08 0,16 0,05 0,23 0,05 0,18 0,92 0,23 0,26 0,14 0,31 0,01 0,86 0,08 0,11 0,07 0,14
1,25 0,89 061 0,21 0,36 0,46 0,73 0,25 0,16 0,12 096 0,37 0,45 2,90 0,52 0,37 0,79 0,21 0,29 2,26 0,17 0,07 0,38 0,77
16,66 19,71 13,33 10,70 19,90 14,75 16,58 10,35 12,50 9,88 28,76 19,04 18,41 44,64 28,30 18,07 25,58 45,01 25,72 29,02 18,16 23,57 19,98 25,38
4,59 6,58 5,60 3,42 3,94 3,48 6,94 1,00 3,49 165 7,65 7,96 2,48 4,18 2,06 3,07 1,61 4,04 3,12 4,96 5,03 255 2,62 4,11
0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
0,02 0,07 0,03 000 0,05 0,07 0,06 0,26 0,08 0,14 0,18 0,07 0,00 0,00 0,07 0,10 0,08 0,12 0,16 0,05 0,12 0,07 0,11 0,07
0,15 0,43 0,05 0,04 0,00 0,00 0,05 0,09 0,07 0,05 0,00 0,00 0,00 0,00 0,00 0,08 0,00 0,04 0,68 0,00 000 1,42 0,30 0,02
0,23 0,08 0,35 0,18 0,29 0,38 0,17 0,16 0,16 0,17 0,14 0,14 0,23 0,00 0,12 0,12 0,16 0,15 0,23 0,15 0,16 0,33 0,42 0,14
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Supplementary file 3. Part 3. The operational taxonomic units (OTUs) identified with an abundance >0.1% in fecal microbiota of male (M) and female (F) mice after chicory (G12 and G35) and inulin (Inu) diet.
Ctrl is for mice receiving water instead of a chicory diet and Ctr2 is for mice receiving water instead of an inulin diet.

G35_males_DO G35_f les_DO G35_males_D30 G35_fi les_D30

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 9 10 11 12
#OTU ID
k__Bacteria;p__Actinobacteria;c__Actinobacteria;o__Bifidobacteriales;f__Bifidobacteriaceae;g__Bifidobacterium 0,00 0,00 0,00 0,00 0,00 0,00 0,01 0,00 0,00 0,31 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 2,13 0,84 4,47 0,40 0,28
k__Bacteria;p__Actinobacteria;c__Coriobacteriia;o__Coriobacteriales;f__Coriobacteriaceae;g__Adlercreutzia 0,12 0,88 0,40 0,56 0,22 0,37 0,27 0,27 0,41 041 039 0,32 0,09 0,10 0,07 0,09 0,09 0,00 0,09 0,08 0,10 0,07 0,13
k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__Rikenellaceae;g__ 0,82 0,92 3,91 0,70 0,35 0,53 10,68 8,87 11,25 11,91 7,97 14,64 15,78 13,82 22,13 6,05 8,12 13,57 11,74 30,36 16,67 19,19 16,88
k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__S24-7;g_ 0,49 1,66 1,02 1,12 0,18 0,77 4,22 1,87 0,99 3,60 0,92 3,83 1,15 1,11 0,77 0,35 0,84 0,50 4,33 2,64 2,29 1,48 8,33
k__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales;f__Lactobacillaceae;g__Lactobacillus 0,00 0,05 0,06 0,17 0,02 0,02 0,17 0,08 0,05 046 2,14 3,15 0,00 0,02 0,01 0,00 0,00 0,00 0,05 0,03 0,24 0,20 0,05
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;Other;Other 0,45 0,80 0,74 1,12 1,29 1,04 1,27 1,67 1,58 2,05 1,50 1,42 0,33 0,49 0,29 0,45 0,72 0,72 1,51 0,50 1,17 0,99 0,38
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__;g 59,12 39,25 42,91 57,67 21,23 33,77 36,41 25,19 20,03 36,06 23,41 21,39 36,63 42,90 23,50 46,46 19,83 54,08 39,42 19,85 29,02 20,48 19,73
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Clostridiaceae;Other 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,01 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Clost ceae;g__Candidatus Arthromitus 0,19 0,06 0,06 0,23 0,05 0,04 0,25 0,10 0,06 0,23 0,18 0,17 0,04 0,00 0,06 0,12 0,08 0,00 0,08 0,00 0,20 0,05 0,01
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Clostridiaceae;g__Clostridium 0,10 0,04 0,00 0,00 0,13 0,11 0,07 0,19 0,14 0,09 0,15 0,19 0,00 0,00 0,00 0,00 0,00 0,00 0,02 0,02 0,01 0,00 0,00
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;Other 0,90 2,07 2,48 1,85 3,65 1,90 2,06 2,24 2,14 2,31 1,02 0,79 0,42 0,79 0,82 0,70 0,75 0,34 0,94 1,01 1,19 0,94 0,43
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g_ 8,70 13,09 13,30 9,16 25,25 14,68 12,08 22,75 12,11 12,66 26,95 22,15 4,52 4,89 8,44 1,31 4,64 3,45 7,31 10,95 6,66 14,61 21,02
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__[Ruminococcus] 0,47 1,86 0,62 1,70 2,93 1,94 1,86 6,99 6,26 4,25 1,16 1,24 0,33 0,29 0,46 0,87 0,71 0,17 0,56 0,91 1,12 0,69 0,64
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Anaerostipes 0,05 0,00 0,00 0,00 0,00 0,00 2,38 0,01 656 0,00 0,00 0,00 0,00 0,00 3,14 3,97 0,00 0,00 3,81 4,18 3,81 0,00 8,94
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Coprococcus 2,17 6,60 1,97 1,85 4,33 7,12 3,51 1,72 3,39 3,68 3,08 3,18 2,17 2,78 2,85 2,70 1,73 1,54 0,54 0,30 1,16 1,40 0,37
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Dorea 0,29 0,16 0,06 1,20 0,34 0,34 0,16 1,48 0,75 0,61 0,77 0,89 0,06 0,02 0,39 0,78 0,12 0,05 0,13 0,26 0,18 0,08 0,15
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Roseburia 1,67 0,40 2,19 1,59 0,90 2,15 0,17 0,19 0,00 0,39 0,50 0,51 0,36 2,29 0,55 0,06 0,04 0,43 1,50 0,75 2,60 1,45 0,10
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Peptococcaceae;g__ 0,03 0,09 0,07 0,04 0,05 0,04 0,10 0,16 0,11 0,07 0,07 0,11 0,13 0,14 0,07 0,17 0,15 0,04 0,11 0,09 0,10 0,17 0,08
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Peptococcaceae;g__rc4-4 539 2,81 3,96 1,39 3,15 4,26 0,03 0,09 0,00 0,04 0,05 0,03 0,77 0,47 0,24 1,00 0,39 0,16 0,03 0,03 0,01 0,00 0,00
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g_ 2,59 2,55 2,56 2,50 1,56 2,14 2,29 1,52 2,24 2,29 1,60 1,75 2,19 1,55 1,70 1,67 2,10 1,07 2,34 1,24 2,18 1,59 1,63
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__[Mogibacteriaceael;g__ 0,36 1,27 0,67 1,67 0,74 0,66 0,60 1,05 0,48 0,83 0,67 0,81 0,51 0,48 0,59 0,53 0,48 0,20 0,23 0,14 0,35 0,24 0,24
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Anaerotruncus 0,08 0,08 0,47 0,12 0,27 0,05 0,28 0,27 0,20 0,09 0,29 0,12 0,12 0,02 0,05 0,04 0,09 0,06 0,02 0,31 0,30 0,62 0,43
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Butyricicoccus 0,09 0,77 0,18 1,28 0,43 0,30 0,66 1,38 0,86 0,37 0,35 0,33 0,14 0,13 0,15 0,25 0,22 0,03 0,57 0,57 0,19 0,43 0,05
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Oscillospira 9,90 20,95 15,41 11,10 26,17 19,77 17,69 18,72 23,52 14,05 22,11 17,84 30,80 25,61 30,16 29,48 55,68 21,84 19,28 18,68 21,36 31,07 18,04
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Ruminococcus 563 3,35 6,38 1,47 6,64 7,82 2,48 2,69 6,40 2,91 4,10 4,28 2,72 2,04 3,08 2,59 3,02 1,43 2,78 590 3,84 3,65 1,78
k__Bacteria;p__Proteobacteria;c__Deltaproteobacteria;o__Desulfovibrionales;f__Desulfovibrionaceae;g_ 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
k__Bacteria;p__TM7;c__TM7-3;0__CWO040;f__F16;g_ 0,04 0,07 0,05 0,10 0,00 0,04 0,12 0,09 0,19 0,12 0,24 0,49 0,02 0,00 0,00 0,02 0,00 0,00 0,05 0,02 0,07 0,05 0,00
k__Bacteria;p__Tenericutes;c__Mollicutes;o__Anaeroplasmatales;f__Anaeroplasmataceae;g__Anaeroplasma 0,11 0,12 0,36 1,01 0,02 0,00 0,00 0,30 0,05 0,02 0,22 0,11 0,50 0,00 0,24 0,00 0,09 0,17 0,18 0,20 0,43 0,04 0,01
Autres bactéries 0,25 0,10 0,18 0,41 0,10 0,14 0,18 0,10 023 0,19 0,16 0,27 0,23 0,07 0,22 0,34 011 0,14 0,26 0,13 0,28 0,10 0,30
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Supplementary file 3. Part 4. The operational taxonomic units (OTUs) identified with an abundance >0.1% in fecal microbiota of male (M) and female (F) mice after chicory (G12 and G35) and inulin (Inu) diet.
Ctrlis for mice receiving water instead of a chicory diet and Ctr2 is for mice receiving water instead of an inulin diet.

Ctr2_males_DO Ctr2_females_DO Ctr2_males_D30 Ctr2_females_D30

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
#OTU ID
k__Bacteria;p__Actinobacteria;c__Actinobacteria;o__| obacteriales;f__Bifidobacteriaceae;g__Bifidobacterium 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
k__Bacteria;p__Actinobacteria;c__Coriobacter __Coriobacteriales;f__Coriobacteriaceae;g__Adlercreutzia 0,39 0,38 0,57 0,32 0,38 0,34 0,11 0,17 0,40 0,30 0,40 0,53 0,03 0,00 0,37 0,00 0,03 0,03 0,17 0,54 1,01 0,10 0,32 0,63
k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__Rikenellaceae;g__ 19,39 25,66 22,09 24,41 26,20 26,98 18,58 8,13 15,18 6,43 9,78 3,67 30,47 28,73 24,06 41,75 28,19 33,61 20,88 29,96 27,58 12,07 14,84 21,13
k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__S24-7;g__ 0,35 0,39 082 042 0,83 0,66 3,67 1,01 3,76 1,75 2,36 0,76 1,10 1,32 0,35 0,26 1,07 1,45 1,18 2,33 3,95 0,23 0,46 2,41
k__Bacteria;p__Firmicutes;c__Baci ales;f__Lactobacillaceae;g__Lactoba 0,16 0,04 0,11 0,06 0,08 0,08 2,23 0,50 5,51 2,75 6,34 0,86 0,00 0,02 0,31 0,00 0,00 0,00 0,79 1,68 0,80 054 0,17 0,26
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;Other;Other 094 6,32 1,29 8,04 1,99 447 092 1,43 0,90 2,22 1,03 1,80 1,68 1,73 4,24 1,79 0,69 1,42 0,31 063 0,97 1,45 2,14 0,81
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__;g_ 14,05 17,12 35,99 14,70 10,70 17,66 25,80 34,45 49,39 28,15 30,69 24,10 17,12 4,58 17,37 18,66 11,84 21,79 31,01 27,72 26,72 15,63 29,25 24,98
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Clostridiaceae;Other 0,06 0,02 0,13 0,00 0,06 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,13 0,00 0,06 0,00 0,00 0,20 0,00 0,00 0,00 0,00 0,00 0,00
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Clostridiaceae;g__Candidatus Arthromitus 0,11 0,82 0,87 1,88 1,45 1,23 0,80 0,08 1,46 0,11 0,54 0,04 0,00 0,15 0,37 0,04 0,14 0,02 0,06 0,04 0,17 0,00 0,01 0,00
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Clostridiaceae;g__Clostridium 0,04 0,11 0,25 0,14 0,02 0,02 0,20 0,05 0,16 0,09 0,09 0,02 0,06 0,02 0,17 0,16 0,00 1,37 0,00 0,05 0,08 0,03 0,14 0,05
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;Other 8,74 3,26 0,53 3,41 2,44 3,05 0,96 2,48 0,61 2,71 2,35 3,31 1,23 0,93 2,27 0,61 0,35 1,34 1,63 1,16 1,54 2,87 2,41 2,51
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__ 19,03 14,86 6,40 17,08 21,12 17,08 19,47 20,71 9,11 27,90 18,33 37,78 12,77 8,30 15,90 6,19 9,57 7,46 14,41 11,49 17,99 28,49 24,06 19,60
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__[Ruminococcus] 2,81 1,38 1,10 1,28 1,79 1,59 0,73 1,24 0,44 1,32 1,93 2,26 0,22 0,52 1,43 0,40 0,77 0,22 1,03 2,18 1,85 2,83 2,68 2,84
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Anaerostipes 0,13 0,00 0,02 0,02 0,00 0,36 0,00 0,00 0,00 0,00 0,02 0,00 0,00 0,00 0,00 0,00 0,00 0,31 0,00 0,00 0,02 0,00 0,00 0,00
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Coprococcus 1,83 1,01 0,89 1,11 1,54 1,05 1,87 2,31 0,56 0,97 1,21 1,35 1,12 0,49 1,74 0,33 0,21 1,09 3,06 2,53 1,14 2,24 1,58 0,77
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Dorea 0,14 0,08 0,12 0,10 0,16 0,26 0,57 2,31 0,41 0,38 0,32 1,00 0,05 0,08 0,11 0,07 0,08 0,04 0,60 0,48 0,46 0,51 0,22 0,23
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Roseburia 1,29 0,36 0,18 1,69 2,33 0,95 095 1,22 0,33 0,79 0,70 0,67 0,14 6,34 4,53 0,18 0,00 0,12 0,18 0,34 0,24 0,17 0,07 0,14
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Peptococcaceae;g__ 0,06 0,13 0,06 0,03 0,09 0,06 0,15 0,13 0,03 0,09 0,17 0,14 0,05 0,12 0,04 0,04 0,03 0,07 0,14 0,18 0,03 0,15 0,22 0,11
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Peptococcaceae;g__rc4-4 0,00 0,00 0,09 0,00 0,04 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,03 0,00 0,00 0,00 0,00 0,02 0,00 0,00 0,00 0,00 0,00 0,00
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__ 2,41 2,09 3,67 1,43 2,72 1,93 2,02 1,78 2,35 1,76 2,07 1,45 2,49 1,84 3,42 1,42 1,49 3,63 1,82 294 1,88 1,52 1,75 1,57
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__[Mogibacteriaceae];g__ 0,26 0,72 1,96 0,49 0,44 0,29 0,62 0,53 0,551 0,53 0,53 0,57 0,26 0,37 0,39 0,10 0,36 0,34 0,29 0,53 0,56 0,41 0,41 0,51
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Anaerotruncus 0,50 0,53 0,15 0,36 0,80 0,25 0,11 1,43 0,19 0,93 0,22 0,30 0,36 1,11 0,37 0,28 0,17 0,17 0,08 0,17 0,30 0,95 1,02 0,32
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f __Ruminococcaceae;g__Butyricicoccus 1,04 0,89 0,38 0,69 0,96 1,32 0,93 0,47 0,18 1,20 0,66 1,86 0,30 0,64 0,71 0,37 1,05 0,29 0,71 0,29 0,50 1,79 0,89 0,23
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Oscillospira 22,06 21,09 18,13 19,12 21,11 17,09 15,62 13,97 6,40 16,86 16,52 14,15 25,34 33,17 17,39 24,05 39,35 17,23 18,45 13,20 8,35 22,19 15,15 18,17
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Ruminococcus 1,81 1,11 0,60 0,85 1,36 0,82 3,46 5,17 1,09 2,23 2,37 3,12 1,18 2,51 2,22 1,67 2,74 5,17 3,04 1,22 097 2,94 1,87 1,56
k__Bacteria;p__Proteobacteria;c__Deltaproteobacteria;o__Desulfovibrionales;f__Desulfovibrionaceae;g__ 0,40 0,29 0,85 0,18 0,24 0,34 0,00 0,00 0,00 0,00 0,00 0,00 2,33 0,81 0,75 0,20 0,35 0,65 0,00 0,01 2,34 1,99 0,00 1,01
k__Bacteria;p__TM7;c__TM7-3;0__CWO040;f__F16;g5_ 0,37 029 058 0,33 0,30 0,45 0,03 0,29 0,71 0,10 0,92 0,04 0,556 2,71 0,21 0,75 0,42 0,93 0,07 0,08 0,19 0,05 0,09 0,05
k__Bacteria;p__Tenericutes;c__Mollicutes;o__Anaeroplasmatales;f__Anaeroplasmataceae;g__Anaeroplasma 0,13 0,00 0,06 0,31 0,02 0,25 0,04 0,03 0,10 0,16 0,19 0,06 0,57 2,61 0,07 046 0,64 0,15 0,00 0,09 0,22 0,74 0,09 0,00

Autres bactéries 1,51 1,07 2,13 1,56 0,79 1,43 0,17 0,11 0,21 0,28 0,26 0,17 0,39 090 1,16 0,20 0,47 0,91 0,10 0,17 0,16 0,10 0,17 0,10
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Supplementary file 3. Part 5. The operational taxonomic units (OTUs) identified with an abundance >0.1% in fecal microbiota of male (M) and female (F) mice after chicory (G12 and G35) and inulin (Inu) diet.

Ctrlis for mice receiving water instead of a chicory diet and Ctr2 is for mice receiving water instead of an inulin diet.

#OTU ID
k__Bacteria;p__Actinobacteria;c__Actinobacteria;o__Bifidobacteriales;f__Bifidobacteriaceae;g__Bifidobacterium
k__Bacteria;p__Actinobacteria;c__Coriobacteriia;o__Coriobacteriales;f__Coriobacteriaceae;g__Adlercreutzia
k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__Rikenellaceae;g__
k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__S24-7;8_
k__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales;f__Lactobacillaceae;g__Lactobacillus
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;Other;Other
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__;g_
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Clostridiaceae;Other
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Clostridiaceae;g__Candidatus Arthromitus
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Clostridiaceae;g__Clostridium
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;Other
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__[Ruminococcus]
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Anaerostipes
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Coprococcus
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Dorea
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Roseburia
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Peptococcaceae;g__
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Peptococcaceae;g__rc4-4
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__
k__Bacteria;p__Firmicutes;c__Clostr acteriaceae);g__
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Anaerotruncus
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Butyri
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Oscillospira
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Ruminococcus
k__Bacteria;p__Proteobacteria;c__Deltaproteobacteria;o__Desulfovibrionales;f__Desulfovibrionaceae;g_
k__Bacteria;p__TM7;c__TM7-3;0__CWO040;f__F16;g
k__Bacteria;p__Tenericutes;c__Mollicutes;o__Anaeroplasmatales;f__Anaeroplasmataceae;g__Anaeroplasma
Autres bactéries

COCCUS

Inu_males_DO Inu_f les_DO Inu_males_D30 Inu_{ _D30
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
0,25 0,24 0,15 0,39 0,22 0,18 0,74 0,73 0,77 0,37 0,68 0,77 0,21 0,33 0,80 0,54 0,21 0,29 0,36 091 0,33 0,24 0,29 0,32
38,28 15,37 8,29 13,72 11,22 15,35 7,97 21,73 8,36 18,31 18,98 9,94 35,53 22,67 42,67 23,22 37,70 27,11 11,43 12,96 14,46 25,63 11,41 17,00
0,44 0,21 0,36 0,32 0,29 0,30 2,68 3,02 1,22 1,16 2,01 1,68 0,40 0,60 1,90 0,88 1,07 1,45 0,95 3,64 1,63 062 0,75 0,88
0,05 0,02 0,02 0,18 0,16 0,06 2,33 505 6,47 048 4,61 0,60 0,11 0,12 0,32 0,28 0,20 0,22 0,26 9,51 1,83 2,71 045 1,81
2,17 7,56 0,86 3,10 0,68 3,37 168 0,43 1,00 1,24 1,22 1,22 0,49 0,71 030 0,47 0,69 0,86 0,88 0,67 1,08 1,06 0,43 0,82
14,15 16,22 7,68 14,16 17,95 16,93 20,93 18,62 27,99 21,80 33,45 17,36 16,52 15,75 4,93 10,04 9,96 16,22 33,24 31,54 34,60 18,25 17,39 31,09
0,00 0,00 0,00 0,05 0,00 0,03 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,05 0,00 0,06 0,12 0,00 0,00 0,00 0,00 0,00 0,00
2,29 0,31 0,06 0,60 0,15 0,59 0,15 0,65 0,39 0,74 0,61 0,08 0,12 0,16 0,00 0,03 0,07 0,19 0,14 0,12 0,02 0,15 0,09 0,07
0,10 0,02 0,02 0,00 0,07 0,20 0,09 0,17 0,25 0,12 0,12 0,08 0,39 0,56 0,08 0,00 0,26 0,02 0,06 0,15 0,08 0,05 0,16 0,29
3,31 3,68 37,01 8,42 4,66 3,87 2,74 1,06 1,33 1,89 1,22 2,73 2,81 4,33 592 11,81 7,17 1,95 2,76 0,55 1,59 2,49 191 3,43
9,81 22,82 18,73 17,54 31,01 17,74 22,40 21,75 18,61 15,69 10,83 31,92 16,06 22,12 7,65 18,79 16,00 16,88 18,15 18,31 13,97 27,85 31,37 14,02
1,14 1,21 1,28 1,59 1,16 1,73 3,13 1,08 1,47 1,30 1,28 3,92 1,02 1,31 0,60 1,15 2,56 0,63 2,19 2,10 1,37 1,81 3,42 1,93
0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
0,78 060 1,22 1,54 0,71 1,53 2,34 0,71 0,73 0,98 2,04 2,69 1,88 2,52 0,86 0,78 1,56 1,13 1,28 1,55 3,81 1,19 1,70 1,14
0,15 0,37 0,36 0,79 0,12 0,21 2,90 0,38 0,37 0,48 0,44 0,35 0,60 0,38 0,25 0,23 0,43 0,33 0,68 0,33 0,30 0,15 0,71 0,44
0,45 3,33 0,40 4,09 1,73 3,67 0,36 0,74 1,18 6,85 2,32 0,79 0,11 3,09 0,47 1,94 0,08 2,13 0,46 0,14 0,47 0,21 035 0,10
0,15 0,12 0,04 0,11 0,04 0,13 0,12 0,06 0,19 0,28 0,08 0,13 0,07 0,05 0,02 0,06 0,06 0,09 0,12 0,06 0,29 0,17 0,22 0,09
0,02 0,00 0,00 0,00 0,00 0,02 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
2,62 1,69 1,39 2,10 2,56 2,48 2,09 2,42 2,29 3,02 1,24 1,87 1,79 1,49 4,84 3,08 1,54 3,62 156 1,60 2,41 1,39 1,48 1,69
0,59 0,34 0,555 0,36 0,36 0,50 0,66 0,50 1,18 0,61 0,51 0,91 0,22 0,26 035 0,34 0,25 0,21 0,44 0,58 0,59 0,28 0,45 0,55
0,37 1,50 0,70 0,71 1,75 0,69 0,28 0,38 0,33 0,13 0,13 0,87 0,22 0,34 043 024 0,52 0,26 0,27 059 021 031 1,37 0,37
0,47 1,59 0,78 0,59 1,32 0,70 1,56 0,97 0,49 0,52 0,73 0,60 0,43 1,43 023 1,27 161 1,76 0,37 0,31 0,86 0,44 0,90 1,02
18,60 20,57 16,82 25,89 21,89 24,47 19,10 18,15 20,85 19,35 15,06 17,78 15,92 16,82 14,72 18,99 14,82 17,33 20,46 12,59 17,14 13,40 19,96 20,20
1,89 1,12 1,64 131 1,01 2,66 4,82 0,86 2,24 4,33 1,76 2,82 2,60 2,71 8,88 2,70 0,74 3,36 3,42 0,87 2,39 1,34 494 1,47
0,21 061 1,24 0,89 0,73 0,64 0,00 0,00 0,00 0,00 0,00 0,00 0,55 0,33 1,84 1,47 0,47 0,88 0,00 0,17 0,00 0,00 0,01 0,07
0,35 0,17 0,00 0,23 0,05 0,38 0,34 0,02 0,07 0,11 0,08 0,04 0,23 0,48 0,05 0,22 0,24 0,20 0,08 0,57 0,17 0,06 0,02 0,14
0,02 0,04 0,00 0,28 0,00 0,03 0,37 0,24 0,39 0,02 0,15 0,62 0,06 0,07 0,00 0,02 0,07 0,08 0,35 0,00 0,29 0,03 0,11 0,91
1,33 0,27 0,41 1,06 0,16 1,56 0,19 0,26 1,83 0,22 0,45 0,23 164 1,39 1,84 1,46 1,66 2,67 0,10 0,19 0,10 0,17 0,13 0,13

77



Supplementary file 4. Standardized abundance ratio (relative to DO) for Firmicutes and Bacteroidetes phyla after 30 days of diet in male (M) and female (F) mice.
Standard error of mean (SEM) were calculated for each phylum abundance ratio (D30 vs. DO0), and statistically significant differences were measured by ANOVA and Tukey’s test (p < 0.05).

Ctrl M G112 M G35 M
Abundance ratio Mean SEM p-val Mean SEM p-val Mean SEM p-val
Firmicutes 1.0302 0.06 / 1.022 0.06 ns p>0.9999 0.882 0.02 ns p=0.1156
Bacteroidetes 0.8697 0.33 / 0.8592 0.33 ns p>0.9999 2.7451 0.22 ** p=0.0026
Ctrl F Gl12 F G35F
Abundance ratio Mean SEM p-val Mean SEM p-val Mean SEM p-val
Firmicutes 0.958 0.06 / 0.9726 0.03 ns p>0.9999 0.1402 0.04 * p=0.0385
Bacteroidetes 1.2741 0.79 / 1.1149 0.17 ns p>0.9999 1.6924 0.41 ns p=0.5843
Ctr2 M Inulin M
Abundance ratio Mean SEM p-val Mean SEM p-val
Firmicutes 0.8908 0.03 / 0.7947 0.07 ns p>0.9999
Bacteroidetes 1.2979 0.11 / 1.8738 0.64 ns p=0.9756
Ctr2 F Inulin F
Abundance ratio Mean SEM p-val Mean SEM p-val
Firmicutes 0.8714 0.04 / 0.9982 0.04 ns p=0.2692
Bacteroidetes 1.8257 0.69 / 1.0438 0.18 ns p=0.5926
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Supplementary file 5. Body weight evolution during chicory (G12, G35) and inulin diet in
male (M) and female (F) mice during 30 days with a week of resilience (D36).

Body weight (grams) was continuously assessed during diet (n = 6 animals per group D0-D30

and n = 3 animals per group for D36). Data are expressed as means.
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Diet with G12 chicory flour seems to trigger a no significant but sustained decrease of body

weight in both male and female mice after 19 days of forced feeding.

G35 chicory flour generates a slight increase of weight in males but after resilience the body

weight remains under the control level in both males and females.

Inulin diet doesn’t engender body weight modifications.
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ELEMENTS COMPLEMENTAIRES

Pour ajouter aux analyses réalisées et discutées précédemment, les éléments présentés ci-apres
prennent en compte la condition « farine de blé » qui n’a pas été prise en compte dans 1’article
pour des raisons simplificatrices, notamment dues au fait que la composition chimique et
I’origine de la farine n’étaient pas suffisamment documentées. Néanmoins, les résultats
préliminaires sont remarquables et méritent d’étre discutés car ils ouvrent des perspectives de

recherche pour la filiere blé.

La farine de blé commerciale Francine type 45 s’est avérée un aliment énergétique mais peu
fonctionnel par rapport a la farine de chicorée. Lors de ’analyse nutrigénomique, les souris
dont I’alimentation a été supplémentée en farine de blé ont montré une dérégulation seulement
pour 6 génes (Figure 1.1) : Gadd45g, Dmbtl, Lcn2, 1rfl, Irf2bp2 chez les deux sexes et Igfbpl

chez les méles uniquement.

Gadd45qg
Gadd34
Gadd45b
cdg2
Dmbt1
Nop53
Hspat
Aatf
Lifr
Lcn2
Saal
Saa2
Irfl
Irf2bp2
Sppl2a
Ppplr3g
Igfbpl
Tgfl
Apoa4d
Lpinl
Lpin2
Apob
Apocd
Cyp4a3l
Cyp8bl
Cyp27al
Fmob5
Sephs2

Arrét de croissance
cellulaire/Apoptose

|
l Immunité
}
f

Biosynthése du glycogéne
Métabolisme lipidique

Xénobiotique et
activité antioxydante

Males Femelles Males Femelles Males Femelles Males Femelles
A AN AN AN J

Y Y Y Y
G12 G35 Inuline Blé

Figure 1.1. Heatmap représentant les profils d’expression génique dans le tissu hépatique des
souris apres un régime alimentaire supplémenté en farine de chicorée, inuline et farine de blé. Le
Log? ratio de I’expression génique est représenté pour chaque souris (1-3), les processus physiologiques associés

sont représentés sur la partie droite du graphique. G12, G35: farines de chicorée.
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Seul Dmbt1 montre une expression différentielle comparable a I’expression observée aprés un
régime alimentaire supplémenté en chicorée. La forte surexpression de ce dernier gene chez
I’ensemble des individus témoigne un potentiel antitumoral de la farine de blé non négligeable,
car Dmbtl promeut I’apoptose de cellules malignes (Zhang, 2019). D’autre part, ce régime
alimentaire entraine la sous-expression de Gadd45g qui serait impliqué dans la réparation de
I’ADN ainsi que dans la régulation de la prolifération cellulaire (Levine et al., 2006) et de

I’oncogenése (Tamura et al., 2012).

La farine de blé semblerait également intervenir dans la régulation des défenses de 1I’organisme
contre les infections bactériennes et virales par la sous-expression des genes Lcn2, Irfl et
Irf2bp2 connus comme trés importants dans la défense immunitaire. La protéine LCNZ2, par sa
capacité a séquestrer les sidérophores indispensables a la survie de certaines bactéries
pathogenes (Flo et al., 2004) et son rdle dans la régulation du recrutement des cellules
immunitaires sur le lieu d’infection (Shashidharamurthy et al., 2013), a été associée a un effet
antibactérien et anti-inflammatoire. Les génes Irfl et Irf2bp2 ont, eux, tous-deux €eté décrits
comme cruciaux dans la réponse inflammatoire et la défense contre I’infection virale (Honda et

al., 2006, Childs & Goodbourn, 2003, Chen et al., 2015).

IGFBP1 par son action régulatrice sur IGF1, est liée & I’homéostasie du glucose (Wheatcroft &
Kearney, 2009) et une modulation de ’accumulation de lipides (Rajkumar et al., 1999). Le fait
que son expression diminue chez les individus males apres une supplémentation en farine de
blé pourrait suggérer une tendance a I’augmentation de la glycémie et une prise de poids
facilitée chez ces animaux. L’ensemble de ces réponses transcriptomiques induites par la farine
de blé nécessite plus de validations moléculaires et cliniques, d’autant plus que les réponses

semblent dans certains cas variables d’un individu a un autre.

Le dosage des hormones plasmatiques GLP-1, PYY et de la leptine pour les souris nourries
avec un régime alimentaire supplémenté en farine de blé n’a pas montré de différences

remarquables par rapport au contréle (Figure 1.2).
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Figure 1.2. Niveaux de GLP-1, PYY et leptine dans le plasma de souris aprés 30 jours de
supplémentation en chicorée (G12, G35), inuline et blé, et évalués 30 minutes aprés leur
administration orale au jour 30. Les contrdles ont été regroupés (Ctr). Les niveaux plasmatiques d’hormones
sont exprimés en pourcentage (%) des niveaux contrdles. Une analyse statistique a été réalisée: one-way ANOVA

et test de comparaisons multiples de Sidak.

L’analyse de la composition du microbiote intestinal semble associer le régime alimentaire
supplémenté en farine de blé, a un effet partiellement bénéfique. En effet, cette supplémentation
chez les individus males fait plus que doubler 1’abondance des genres bactériens
Butyricicoccus, Anaerostipes et Dorea (Figure 1.3), reconnus pour leur capacité a produire des
SCFA (Chen et al., 2017), par rapport a la farine de chicorée. Cet effet de la farine de blé a déja
pu étre observé dans un modéle de fermentation in vitro (Yang, 2015). A I’inverse de la farine
de chicorée, la farine de blé fait jusqu’a tripler la quantité de Clostridium, genre incluant un
nombre important d’espéces pathogenes (Gibbs, 2009). Des études plus précises seraient
nécessaires pour préciser les espéces de Clostridium pour mieux évaluer 1’effet prébiotique de

ce produit alimentaire.
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Butyricicoccus
Anaerostipes >1.30

Bacteroidales_unclassed

Dorea
Oscillospira 1.22 1.07 0.70-1.30
Peptococcaceae 0.75 0.89 1.03

Coprococcus |0.71 0.75 1.21 0.90

Clostridium <0.70
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Lactobacillus
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Figure 1.3. Abondances relatives des principaux genres bactériens retrouvés dans les feces de
souris apres une supplémentation en chicorée (G12, G35), inuline et blé. Heatmap représentant les
abondances standardisées par rapport au contrdle. L’abondance augmente lorsque le rapport est > 1,30 et diminue

lorsqu’il est < 0,70. M — méles; F — femelles.

La farine de bl¢ n’a donc finalement que peu d’effets bénéfiques sur la santé murine, ce qui fait
de la farine de chicorée, par ses effets bénéfiques multiples, un complément intéressant a sa

consommation.

83






CHAPITRE 2 — ETUDE DES COMPOSES

RESPONSABLES DES EFFETS FONCTIONNELS

DE LA CHICOREE



AVANT-PROPOS

L’¢étude décrite dans le chapitre précédent confirme la valeur fonctionnelle de la farine de
chicorée et ceci quelle que soit sa composition métabolique. Un effet plus prononcé au niveau
de I’expression des geénes, synthése hormonale et activité prébiotique a été observé pour le
génotype G35 qui est le plus riche en inuline, fructose, CGA et STL. Pour expliquer les effets
fonctionnels de la farine de chicorée nous nous sommes orientés vers ces COmposés presents
dans la racine. Concernant 1’inuline, nos résultats ont montré que ses effets fonctionnels se
manifesteraient exclusivement de maniére indirecte, via 1’activité du microbiote intestinal
(Pouille et al., 2020). Nous nous sommes alors orientés vers le fructose, les CGA et STL.
Comme détaillé dans I’introduction bibliographique de ce manuscrit, ces composés sont connus
pour leurs effets pharmacologiques multiples, mais peu d’études ont été réalisées sur leurs

activités fonctionnelles lorsqu’ils sont consommés dans des proportions alimentaires.

De la méme fagon que lors de 1’étude précédente, ces composés ont donc été testés in vivo chez
la souris, dans le but de caractériser les effets sur I’expression génique, sur la sécrétion
d’hormones et sur la composition du microbiote intestinal. Les méthodes d’analyses in vivo ont
été sensiblement les mémes. Le régime alimentaire des souris a été supplémenté cette fois avec
une solution de fructose (166,35 pg/souris/jour), une solution de CGA (3-CGA a
2,52 pg/souris/jour et 3,5-CGA a 3,44 pug/souris/jour) et une solution de STL (DHLc a
1,83 pg/souris/jour; Lc a 3,88 pg/souris/jour; DHLp a 0,29 pg/souris/jour et Lp a
2,22 pg/souris/jour). L’analyse nutrigénomique a inclus en plus du foie, la muqueuse iléale et
le caecum, ce qui nous a permis de balayer les effets dans plusieurs régions du tractus gastro-
intestinal. Le contrdle négatif a été représenté par un lot de souris gavé avec de I’eau en plus du
régime alimentaire, et le contrble positif a été représenté par un lot de souris gave avec une
décoction aqueuse de farine de chicorée commerciale, fabriquée a partir d’un mélange de

génotypes différents.

Les souris femelles et méles avaient présenté des différences remarquables dans leur réponse a
la farine de chicorée, les réponses les plus prononcées étant enregistrees chez les males. Dans
un souci de respect de la regle 3R (réduire, remplacer, raffiner), seuls des individus males dont

les réponses étaient les plus prononcées, ont été utilisés dans cette nouvelle expérimentation.

En paralléle de ces expérimentations, des essais in vitro ont été réalisés pour extrapoler dans un

modéle humain les résultats obtenus chez la souris, et aussi pour valider les effets majeurs de
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la chicorée et de ses molécules bioactives. L’activité pro-apoptotique a été testée sur des cellules
hépatiques cancéreuses HepG2, I’activité anti-inflammatoire sur la lignée cellulaire U937 de
monocytes différenciés avec du PMA et inflammés avec du LPS bactérien, et 1’activité
antioxydante a 1’aide d’un test biochimique acellulaire concernant les especes réactives de

I’oxygene.

Ces travaux nous ont permis d’évaluer la part de responsabilité de chaque classe de molécules

dans les effets de la chicorée et ont été publiés dans la revue Nutrients en février 2022.
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Abstract: Industrial chicory has been the subject of numerous studies, most of which provide clinical
observations on its health effects. Whether it is the roasted root, the flour obtained from the roots
or the different classes of molecules that enter into the composition of this plant, understanding the
molecular mechanisms of action on the human organism remains incomplete. In this study, we were
interested in three molecules or classes of molecules present in chicory root: fructose, chlorogenic
acids, and sesquiterpene lactones. We conducted experiments on the murine model and performed a
nutrigenomic analysis, a metabolic hormone assay and a gut microbiota analysis, associated with
in vitro observations for different responses. We have highlighted a large number of effects of all
these classes of molecules that suggest a pro-apoptotic activity, an anti-inflammatory, antimicrobial,
antioxidant, hypolipidemic and hypoglycemic effect and also an important role in appetite regulation.
A significant prebiotic activity was also identified. Fructose seems to be the most involved in these
activities, contributing to approximately 83% of recorded responses, but the other classes of tested
molecules have shown a specific role for these different effects, with an estimated contribution
of 23-24%.

Keywords: chicory; transcriptomics; hormone assay; gut microbiota; in vitro apoptosis; in vitro
pro-inflammatory cytokines

1. Introduction

Industrial chicory (Cichorium intybus var. sativum) has been analyzed for its various
dietary and medicinal effects. A substantial amount of clinical evidence depicts chicory to
be anti-diabetic, immunomodulatory, anti-tumor, antioxidant, anthelmintic, and prebiotic.
In addition, chicory has been shown to promote good digestion, to regulate appetite, and
to decrease the risk of gastrointestinal diseases [1].

The chicory root, processed into flour and used as an ingredient for pastries, has
been proposed as a functional food; potential mechanisms by which the chicory acts on
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cancer prevention, antibacterial and antiviral defense, hypoglycemic, hypolipidemic and
antioxidant effects have been identified [2]. Among the major compounds of chicory root,
inulin has been the subject of multiple studies concerning its prebiotic effect [2,3], but less
is known about the specific mechanisms of other molecules that enter the composition of
roots. The hydrolysis products of inulin, fructose and oligofructose, have been described
to have multiple beneficial effects on bowel functions [4]. Chlorogenic acids (CGA) have
been described to improve the insulin sensitivity in diabetic rats [5] and were also associ-
ated with major in vivo antioxidant properties [6] and an in vitro antibacterial activity [7].
Sesquiterpene lactones (STL), from the chicory leaves and roots, are known for their strong
inhibitory effect on some nematodes infecting livestock [8-10], and more generally, STL are
known for their antitumor, antimicrobial, antioxidant, hepatoprotective, antiprotozoal, and
antiaging properties [11]. Both CGA and STL were also studied for their anti-inflammatory
effect in vitro as well as in vivo [6,12]. Some other molecules present in chicory roots and
leaves, such as flavonoids or tannins, were studied for their specific health effects and their
contents correlated with antioxidant [13] and anti-nematode [14] properties.

In this work, we looked at three classes of molecules that are part of the composition
of the chicory flour: fructose, CGA and STL. We experimented on the murine model and
performed a nutrigenomic analysis, a metabolic hormone assay and a metagenomic anal-
ysis of the gut microbiota, to target the major health effects and molecular mechanisms
of action in these compounds. Results were supported by in vitro apoptosis detection on
human hepatocellular carcinorma HepG2 cells, using flow cytometry, by in vitro inflamma-
tory cytokines secretion assay on promonocytic human cell line U937, differentiated into
macrophages, and by a cell-free system antioxidant assay.

2. Materials and Methods
Chicory product obtaining and chemical analysis of their composition

Roots from industrial chicory (Cichorium intybus var. sativum) provided by Florimond-
Desprez Veuve et Fils SAS (Cappelle-en-Pévele, France) were processed by Leroux SAS
(Orchies, France) and the corresponding flour was delivered by Waast Mill (Mons-en-Péveéle,
France). This flour is a trade product that comes from a mixture of several genotypes with
a significantly different chemical composition. An aqueous decoction of this flour was
produced to feed the mice as described by Pouille et al. [2]. A mixture of water /methanol
(1:1) was added to either 100 mg of a randomized sample of chicory flour or 100 mg ot
dry residue obtained after lyophilisation of chicory decoction. The samples were mixed
for 10 min at 80 °C, using a ThermoMixer® (Eppendorf AG, Hamburg, Germany) at
2000 rpm, followed by 10 min of sonication at 80 °C using an ultrasonic bath at 35 kHz. The
samples were centrifuged at 4 °C for 10 min at 12,000 rpm. The supernatant was diluted
20 times with methanol/water (50/50). All samples were filtered through 0.22 um PTFE
membrane filters before analysis by ultra-performance liquid chromatography coupled to
high-resolution mass spectrometry (UPLC-HRMS) and nuclear magnetic resonance (NMR).
UPLC-HRMS analysis was performed on an ACQUITY UPLC I-class chain coupled with
the Vion IMS Q-TOF high resolution mass spectrometer, equipped with an electrospray
(ESI) (Waters, Manchester, UK) ionization source (Z-spray) and an additional spray for the
reference compound (Lock Spray). A double detection in the positive and negative mode
was performed by ESI mass spectrometry (range 50-2000 Da) and by a PDA diode array
detector (UV detection between 190-500 nm). Separation was performed using a KINETEX
Biphenyl (100 x 2.1 mm, 1.7 um) column (Phenomenex) heated at 55 “C with a mobile
phase (solvent A (0.1% formic acid in water) and solvent B (0.1% formic acid in methanol))
flow (0.55 mL-min~!) and the same gradient elution as our previous study [15]. The spectra
obtained were acquired and processed with UNIFI software (version 1.9.4, Waters) and
enabled us to generate the data matrix for untargeted metabolomics analyses with classical
parameters. Calibration mixture solution of target metabolites at concentrations of 0.5, 1,
15,2,25,3,3.5,4,45and 5 uM were prepared by dilution in three replicates. Area values
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of the extracted ion chromatograms were transferred to Excel (Microsoft Excel 2011 v. 14.7.2,
Microsoft, Redmond, WA, USA).

The NMR untargeted metabolomics protocol was adapted from our previous study [16].
Briefly, the supernatant (500 uL) was dried under vacuum and then dissolved in 800 uL of
deuterated solvent prepared in a mixture of (1:1) Methanol-d4: KH>PO, buffer (0.1 M) in
D,0 at pH 6.0 with TMSP (0.0125%), NaNj3 (0.6 mg-mL~!), and maleic acid (1 mM). Then,
the samples were briefly vortexed, sonicated, and centrifuged. The supernatant was placed
in 5-mm NMR tubes and then used for NMR analysis. All NMR spectra were acquired
at 300 K with a Bruker Avance I1I 600 MHz spectrometer operating at 600.13 MHz for 'H,
and 150.91 MHz for '*C, using a 5-mm double resonance broadband probe, equipped with
z-gradient (BBFO 5 mm tube). For quantitative analysis, classical 1D 'H-NMR spectra
were collected using 128 scans of 131 K data points and a spectral width of 8417 Hz with
a relaxation delay of 25 s. For metabolomics profiling, a NOESY-1D water suppression
pulse sequence was used and generated spectra were collected using 256 scans of 131 K
data points and a spectral width of 8417 Hz with a relaxation delay of 25 s. NMRProcFlow
web application [17] was used to generate the untargeted metabolomics data matrix and
the quantitative 'H-NMR data. Bins with the lowest overlapping signals were kept (0.9 to
3.25 ppm and 4.5 to 8.5 ppm). Signals of maleic acid were used to calculate the absolute
concentration of targeted metabolites. A combined data matrix with NMR (161 bins) and
UPLC-HRMS (positive (77 ions) and negative (71 ions) data) untargeted analyses were
generated. The percentage of the relative standard deviation (% RSD) was calculated for
all metabolic features in each condition and the features with % RSD greater than 25%
were removed due to variability. Metabolite pick areas were expressed in percentage (100%
corresponds to the mean for chicory flour). Heatmap data was clustered (Ward’s method
was used to form hierarchical clustering) and visualized (using the pheatmap-package,
version 1.0.12).

Animal experiments and ethical statements

Male BALB/cOlaHsd 8-week-old mice were used for experiments in agreement with
Directive 2010/63/EEC for the protection of animals used for scientists and in accordance
with Law 2012-10 (2012) and 2013-118 (2013). The protocol was approved by the Ethics
Committee in charge of animal experiments. The mice were randomly divided into six
groups (1 = 5/group) and housed in a controlled environment (with a temperature of
22 °C, a 12 h/12 h light/dark cycle and ad libitum access to standardized food and
water). Mice were fed with an aqueous decoction of root flour (Chic) and with three
other molecules or classes of molecules: fructose (Fru), CGA and STL water solution as
indicated in Table 1. The mice gavages consisted in a daily force-feeding of 500 uL of Chic,
Fru, CGA or STL besides the standard chow (Diet A04C-10, Scientific Animal Food and
Engineering, Augy, France). For the chicory flour, the decoction corresponded to 30 mg
root powder/mouse/day that was considered close to human equivalent weight/body
mass for a moderated alimentary dose [18]. The administered dose of Fru, CGA and STL
was calculated to correspond to the concentration of these compounds in the aqueous
extract of chicory flour for daily consumption. This estimation was performed taking
into account the variability of these compounds in 5 different chicory genotypes [19] as
indicated in Table 1. Controls underwent an equivalent force-feeding with water (Ctr1),
the solvent used for chicory decoction and fructose solution, and with 0.83% DMSO (Ctr2)
as CGA and STL solutions were prepared with this diluent [20,21]. Six groups of mice
were used (Ctrl, Ctr2, Chic, Fru, CGA and STL), nourished for 30 days and individual
body weight was regularly registered (File 51). At the end of this period, mice for each
condition were sacrificed, the central core of the liver left lobe was cut into cubes, a short
segment (1 cm) of the colon was also cut and enterocytes were harvested from upper ileal
segments by mucosa scraping method. These tissues were immediately frozen in liquid
nitrogen and stored as individual samples at —80 °C for transcriptomics. The feces were
individually harvested before the treatment (D0) and after 30 days (D30), and were stored
at —80 °C for microbiota analyses. For hormonal assays, 100 uL of blood from the caudal
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vein was sampled from each animal 30 min after gavage at D30. The blood from each
mouse was collected in tubes containing 20 uL 10% EDTA anticoagulant solution and 1 uLL
dipeptidyl peptidase-4 inhibitor (DPP4-010, Marck, Milipore, Darmstadt, Germany), then
centrifuged at 14,000 rpm for 10 min, the plasma containing supernatants collected and
stored at —80 °C.

Table 1. Composition of Fru, CGA and STL solutions used for feeding mice.

Treatment Fru CGA STL
Compound Fructose 3-CGA 35-CGA DHLc Lc DHLp Lp
ug/day of each compound 166.35 2.52 3.44 183 388 029 222

ug/day of total mix 166.35 5.90 8.20

3-CGA: 3-mono-O-caffeoylquinic acid; 3,5-CGA: 3,5-di-O-caffeoylquinic acid; DHLc: 11p,13-Dihydrolactucin;
Lc: Lactucin; DHLp: 11B,13-Dihydrolactucopicrin; Lp: Lactucopicrin. The administered doses are based on results
obtained for the content of chicory roots and reported to 30 mg/day of chicory flour.

2.1. RNA Extraction and Microarray Analysis

Total RNAs were extracted from hepatic and colon tissues using RNAspin columns
(Macherey-Nagel, Diiren, Germany). For ileum cells, the NucleoZOL (Macherey-Nagel)
kit was used. RNA quality was checked with Nanodrop and absorbance ratios A260/280
and A260/230 were found between 2.0 and 2.2. RNA quality was also examined by RNA
ScreenTape Analysis (Agilent) and a minimal RNA integrity number (RIN) of 0.8 was
required for all samples.

For the microarray analysis, groups of mice (n = 3) were used for each treatment: (1) a
group that received a decoction of chicory flour for 30 days as previously described, (2) a
group that received a solution of fructose (Fru) for 30 days, (3) a group that received a
solution of CGA for 30 days, (4) a group that received a solution of STL for 30 days, (5) two
control groups with standard drinking water (Ctrl and Ctr2) as mentioned before. Three
tissues were analyzed: liver, ileum enterocytes and caecum.

Agilent Whole Mouse Genome Microarray Sure Print GE 4 x 44 v2 with oligonu-
cleotide 45,220 probes was used to study the gene expression profile. RNA amplification,
staining, hybridization and washing were conducted according to the manufacturer’s spec-
ifications. Slides were scanned at 5 um/pixel resolution using the GenePix 4000B scanner
(Molecular Devices Corporation, Sunnyvale, CA, USA). Images were used for grid align-
ment and expression data digitization with GenePix Pro 6.0 software. Expression data were
normalized by Quantile algorithm. The 3 control samples were filtered for p value < 0.05
and the average was calculated for each gene. A fold change (FC) value was calculated
between individual treated samples and the mean of corresponding controls. Differentially
expressed genes (DEGs) were selected for a threshold >2.0 or <0.5. Functional annotation
of DEGs was based on NCBI GenBank and related genes’ physiological processes were
assigned with NCBI, AmiGO 2 Gene Ontology and UniProt. KEGG pathway analysis
was also used to identify relevant biological pathways of selected genes. All microarray
data have been submitted to the NCBI GEO archive for functional genomics data with the
accession number GSE190056.

2.2. In Vivo Hormone Detection

Plasma concentrations of leptin and GIP (glucose-dependent insulinotropic polypep-
tide) were assessed using antibody-immobilized beads specific to each hormone in a
Milliplex® Map Kit (Millipore Corporation, Billerica, MA, USA) according to the manufac-
turer’s instructions. Kit sensitivity was 19 pg-mL~! for leptin and 1 pg-mL~"! for GIP. The
quantification was carried out using the Luminex® 100/200 (Luminex Corporation, Austin,
TX, USA) system and the Luminex xPONENT® for LX100/200 software.
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2.3. Microbiota Analysis

Total DNA content from mice feces was extracted according to NucleoSpin DNA
Stool Kit (Macherey-Nagel, Diiren, Germany). The sequencing was done by the GIGA
genoproteomic platform of Liege University (Belgium). For sequencing the amplification
ot the V1-V3 region of the 165 rDNA and the library preparation were performed with
the following primers: direct (5-GAGAGTTTGATYMTGGCTCAG-3') and inverse (5'-
GAGAGTTTGGCTCAG-3'). Each PCR product was purified with the Agencourt AMPure
XP Ball Kit (Beckman Coulter, Pasadena, CA, USA), and subjected to a second round of PCR
for indexing, using Nextera XT index 1 and 2 primers. After purification, the PCR products
were quantitated using the Quant-IT PicoGreen (Thermo-Fisher Scientific, Waltham, MA,
USA) and diluted to 10 ng-uL~!. A final qPCR quantification of each library sample was
performed using the KAPA SYBR FAST qPCR Kit (KapaBiosystems, Wilmington, NC, USA)
before standardization, pooling, and sequencing on a MiSeq sequencer using v3 reagents
(ILLUMINA, San Diego, CA, USA).

Data processing was performed using, respectively, the MOTHUR v1.44 package and
the VSearch algorithm [22] for alignment, clustering and chimer detection as previously
described by Gérard et al. [23]. After cleaning process, sequences were clustered into opera-
tional taxonomic units (OTUs) at 97% of identity. Alignment and taxonomical identification
were performed with MOTHUR using SILVA v1.32 database of full-length 165 rDNA gene
sequences. A rarefied table of 10,000 reads by sample was used for further analysis. Reads
were finally aggregated into phylotypes at the phylum and genus taxonomic level.

All analyses were performed by comparing experimental groups to their respective
controls. Normality was controlled with the Shapiro-Wilk test and homogeneity of vari-
ances with Bartlett’s test. Statistical paired differences were assessed by ANOVA and
Tukey’s test.

PRISM 7 (GraphPad Prism 6.0, Windows Inc., San Diego, CA, USA) was used and
differences were considered significant for a p value < 0.05. All the biosample raw reads
have been deposited at the National Center for Biotechnology Information (NCBI) and are
available under BioProject accession number PRJNA799887. Data obtained from NGS analy-
sis were analyzed for the alpha diversity with Shannon index and graphical representations
were performed using GraphPad Prism version 8.00 for windows, GraphPad Software,
and beta-diversity with the principal component analysis (PCoA) using the FactoMineR
package in R version 3.5.2 (r-project.org).

2.4. In Vitro Cytotoxicity Studies

The cytotoxic effect of samples was analyzed to determine the maximum concen-
trations that could be used for the other tests. The cytotoxic effect was performed using
the cell counting assay-8 (CCK-8) (CK04, Tebu-Bio). The kit was used according to the
manufacturer’s instructions. HepG2 and U937 cells were seeded in 96-well culture plates
at 8 x 10* cells-em ™2 and 3 x 10 cells-cm 2 respectively. After reaching confluency, the
growing medium was replaced by samples diluted at increasing concentrations in Dul-
becco’s modified Eagle’s medium (DMEM, 4.5 g-L~! glucose) or in Roswell Park Memorial
Institute medium (RPMI-1640). Culture medium was used as a negative control of cyto-
toxicity. The cells were incubated at 37 °C for 24 h and the cytotoxic effect of samples was
immediately determined.

2.5. In Vitro Apoptosis Assay

The human hepatocellular carcinoma HepG2 cells were grown at 37 °C, 5% CO,
atmosphere, in DMEM supplemented with 10% fetal bovine serum (FBS), 100 U-mL~!
penicillin, 100 ug-mL~ streptomycin, and 2 mM glutamine. After reaching 80-90% conflu-
ency, HepG2 cells were seeded into 24-well culture plates at 8 x 10* cells-cm~2 six days
before experiment. The culture medium was discarded and cells were washed with PBS.
Apoptosis was induced by adding different amounts of lyophilized chicory decoction or
D-fructose powder (0.2%, 0.5%, 1%, 2% and 3%, m/v), and different concentrations of CQA
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or STL (5, 10, 20, 50, 75 and 100 uM). Resveratrol at a concentration of 200 uM [24] was used
as a positive control and DMEM medium as a negative one. The cells were then incubated
at 37 °C for 24 h. Early and late apoptotic events were analyzed by flow cytometry (Invit-
rogen™ Attune™ NxT Flow Cytometer) with the Alexa Fluor 488 annexin V/Dead Cell
Apoptosis Kit (Invitrogen, Waltham, MA, USA) according to the manufacturer’s kit manual.

2.6. In Vitro Inflammatory Cytokines Secretion Assay

The promonocytic human cell line U937 was cultured in RPMI 1640 medium sup-
plemented with 10% FBS, 100 U-mL ! penicillin, 100 pg-mL ! streptomycin, and 2 mM
glutamine in a humidified 5% CO, atmosphere at 37 °C. For macrophage differentia-
tion, U937 cells were seeded at approximately 3 x 10° cells-cm~2 in 24-well plates with
60 ng-mL~! phorbol-12-myristate-13-acetate (PMA) for 48 h. Adherent cells were washed
with PBS before a 2 h incubation with LPS (10 ]Jg‘r:nL_l ; LPS from E. coli O26:B6, Milli-
pore Corporation) and samples. Cell supernatants were collected on ice and centrifuged
(1500 rpm 5 min) to eliminate cell debris. The supernatants were aliquoted and stored at
—80 °C until further analysis. Secreted 1l-13 and TNF-a were quantified using Millipore
Human High Sensitivity T Cell kit (EMD Millipore, Darmstadt, Germany) according to
the manufacturer’s instructions. The quantification was carried out using the Luminex®
100/200 (Luminex Corporation, Austin, TX, USA) system and the Luminex xPONENT?
for LX100/200 software. The cytokine IL-8 was quantified using a human IL-8/CXCLS8
Quantikine® ELISA kit (R&D Systems, Inc., Minneapolis, MN, USA). Medium samples
were diluted 100-fold according to the kit recommendations.

2.7. Cell-Free Systems Evaluating Antioxidative Sample Effects

All reagents were purchased from Sigma (Saint-Quentin Fallavier, France). The con-
centration of the starting samples to be diluted was standardized at 10 mg of dry matter
per mL. After all assays, the maximal percentage of inhibition obtained for each reactive
oxygen species (ROS) at the highest concentration for each sample was also calculated and
half-maximal inhibitory concentration (ICsp) was determined when practicable.

The superoxide anion inhibition was estimated in a cell-free model adapted from that
previously described by Aruoma et al. [25]. Briefly, O;~ was produced by the xanthine
(0.1 mM)/ xanthine oxidase (50 mU-mL~!) system in a Hank's HEPES buffer (HH) (pH 7.42)
and then incubated at 25 “C for 15 min with increasing sample concentrations ranging from
0 to 100 pL-mL ™! of reaction mixture (equivalent to 0 to 1 mg of dry matter per final mL)
and with 0.017 mM equine ferricytochrome ¢ (FerC). The appearance of pink coloration
corresponds to the FerC reduction (into ferrocytochome C) by the remaining superoxide
anions non-inhibited by the samples. An inhibition control cuvette also contained 300 uM
cysteine. Spectrophotometry method was used to measure the absorbance at the wave-
length of 550 nm. Then, O,~ concentrations were calculated thanks the Beer-Lambert
law using the ferrocytochrome C extinction coefficient (21.1 x 10* L-mol '.em™1). All
measurements were performed against a blank cuvette, containing all reagents and samples
except xanthine oxidase to avoid any interference. Results were converted into nmol-mL~!
and expressed in bar diagrams + SD according to the sample volumes involved per mL
of reaction mixture. The hydroxyl radical inhibition by the control solutions or sample
studied was assayed using a method adapted from that described by Halliwell, Gutteridge
and Aruoma [26]. HO was produced in each tube in 20 mM KH,PO, buffer at pH 7.4
with 10~ nmol of hydrogen peroxide per mL.. For that, Fenton’s reaction was initiated by
adding EDTA-Fe?* (100 uM FeCls, 104 uM ethylene diamine tetraacetic acid and 100 uM
ascorbic acid). The solutions/sample concentrations (the same as above described for
H>05) were added for HO' to be then inhibited at least partially. Deoxyribose (3 mM)
was added to be degraded by the remaining hydroxyl radicals. After boiling for 20 min,
malondialdehyde (MDA) was generated as a result of 14 mM thiobarbituric acid and
147 mM trichloroacetic acid. The resulting pink chromogen was measured by spectropho-
tometry (532 nm). HO- inhibition control tubes were also made with 300 pM cysteine.
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HO- was expressed in nmol-mL~!, using a standard curve obtained from increasing H,0,
concentrations. The data was presented as bar diagrams + SD according to the sample
volumes involved per mL of reaction mixture. Statistical analysis was conducted using
6 independent assays (GraphPad Prism 7 software for Windows, Inc., San Diego, CA,
USA). Provided the population was normal (Shapiro-Wilk’s test at the 5% level) as well as
variance homogeneity obtained (non-significative Bartlett’s test at the 5% level), ANOVA
was performed (overall Fisher’s test, p < 0.05, followed by the ad-hoc Tukey’s test, p < 0.05).
When ANOVA was not applicable, the non-parametric test of Kruskal-Wallis (p < 0.05)
followed by Dunn’s test (p < 0.05) were performed.

3. Results

Whole chicory flour (Chic) and three compounds of chicory roots (Fru, CGA and
STL) were separately analyzed for their health effects in mice. A whole transcriptomic
analysis was conducted using Agilent DNA microarrays to investigate their nutrigenomic
effects, the plasmatic hormonal levels were assayed using Luminex technology, and a
fecal microbiota metabarcoding analysis was realized by [llumina 165 rDNA sequencing.
We carried out parallel in vitro analyses to investigate apoptotic, anti-inflammatory and
antioxidant effects of these different compounds.

3.1. Composition of Chicory Products

An untargeted metabolomic approach was conducted using UPLC-HRMS and '"H-NMR
data, obtained from the analysis of two types of preparation i.e., chicory flour and its decoction.
Similar metabolite profiles were observed when comparing both preparations. However,
metabolomic fingerprinting revealed that the extraction of the metabolites during the prepa-
ration of the decoction from the chicory flour was slightly less effective. We estimated that
during the decoction preparation, several metabolites were extracted in proportion to 70-80%
compared to their content in the flour (considered to be 100%) (File S2). A possible explanation
may be that in the decoction, the extraction of metabolites in hot water could be incomplete,
in particular for hydrophobic compounds; the stirring could also play an important role in the
observed results. Metabolites that were used in this work for animal feed were subsequently
targeted by quantitative "H-NMR and also by UPLC-HRMS and results are presented in
Table 2. The content of CGA and STL in the decoction seems, generally, similar to that of
flour. We found that only lactucin content was higher in the decoction, while the content of
fructose was slightly lower in the latter. Despite these minor quantitative differences, the
quality composition of the chicory decoction remains identical to that of the chicory flour and,
therefore, its use for a mouse diet could be relevant for evaluating the chicory roots effects.

Table 2. Major metabolites analysed by quantitative 'H-NMR and UPLC/ESI-HRMS in chicory root
flour and decoction.

Compounds

(mg/g Dry Matter) Flour Decoction
Mean SD Mean SD
Fructose 343 0.12 2.60 0.26
3-CGA® 0.55 0.02 0.66 0.01
35-diCGA P 043 0.01 0.43 0.01
Lc* 0.05 0.01 0.11 0.01
Lp€ 0.23 0.02 0.21 0.01
DHLc® 0.14 0.01 0.17 0.01
DHLp © 0.05 0.01 0.03 0.01

2 quantitative 'H-NMR, bin (3.54) corresponding to 'H linked to C1, ® UPLC/ESI-HRMS in negative ionization
mode and © in positive ionization mode. 3-CGA: 3-mono-O-caffeoylquinic acid, m/z 353.0878 at RT 1.08 min;
3,5-diCGA: 3,5-di-O-caffeoylquinic acid, m/z 515.1195 at RT 4.27 min; Le: Lactucin, m/z 299.0889 at RT 3.02 min;
Lp: Lactucopicrin, m/z 433.1257 at RT 5.77 min; DHLc: 11p,13-Dihydrolactucin, m/z 279.1227 at RT 2.59 min;
DHLp: 11p,13-Dihydrolactucopicrin, m/z 435.1414 at RT 5.72 min.
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3.2. Nutrigenomic Analyses

Diet-induced gene expression profiles were analyzed in the liver, ileum enterocytes and
caecum of mice after 30 days of daily ingestion of aqueous extracts of Chic, Fru, CGA or STL
solutions. A total of 57 profiles were found differentially expressed during the chicory diet in
these different tissues (Figure 1, File S3). A first group of nine DEGs, modified by the chicory
diet, is involved in cell proliferation and apoptosis, and their deregulation suggests a cell
growth arrest and a putative anti-cancer effect. A second group of 12 DEGs is involved in
immune response, and this gene deregulation suggests a putative anti-inflammatory effect
and a strong response to bacteria and viruses. An important group of 14 DEGs (group 3)
is involved in digestion and metabolism, pointing to bile acid biosynthesis, hypolipidemic
and hypoglycemic effects, appetite regulation and intestinal absorption increase. In the 4th
group, we noticed a stimulation of the neural and sensory development, suggested by the
up-regulation of 13 genes involved in neuron differentiation and development, memory, smell
and visual perception, and also in circadian rhythm regulation. The anti-xenobiotic and
putative antioxidant effects were indicated by six DEGs (group 5), and finally, we found three
genes involved in energy metabolism and calcium transport that were also deregulated, but
their putative health effect could be less discernible (group 6). When following these profiles
in the other diet conditions (Fru, CGA and STL), we observed that in the vast majority of
cases, the fructose offers similar deregulation as the chicory (48 DEGs with similar profile),
reflecting the importance of fructose for the functional effect of the chicory flour. CGA and
STL are also involved in these deregulations, as CGA induces a similar profile as the chicory
flour for 18 genes and STL also for 18 genes. We noticed only four opposite profiles between
chicory flour and CGA or STL diets, probably due to the administration of these compounds
apart from the food matrix. We observed that the same functions appear to be deregulated in
the three analyzed tissues, even if different genes respond specifically in each of them; only
two genes (Rwdd3 and Pex11a) were found similarly expressed in the liver and ileum and
were separately recorded.

Nb Tissue Gene cuic: cnica chicy fra: fru 3 CGAL CGR2 CGA3 _ STLL Function Putative health effect
Tver

Cell cycle, cell Anti-cancer effect
1 proliferation, apoptosis
Anti-inflammatory effect
5 ibacterial and

antiviral effects

Bile acids biosynthesis
Hypolipidemic and

circadian rhythm

3 ion and affocts
i
waatabiolisns Appetite regulation
Intestinal absorption
Neuronal differentiation
Increase of neural and
Y Smell and visual sensory development
percaption
Brain regulation of
Memory and g

appetite and satiety

Xenobiotic defense
Call redox homeostasis

Anti-xenoblotic and
antioxidant effect

Enerey/
Ca2+ transport

Other

Chic Fru CGA STL

Figure 1. Gene expression profiles in hepatic tissue, ileum cells and caecum of mice after different
diets. Log2 fold change of gene expression was represented individually for mice (1-3) and gene-
related physiological processes and putative health effect are represented on the right part of the graph.
Chic—chicory flour diet; Fru—fructose diet; CGA—chlorogenic acids treatment; STL—sesquiterpene
lactones treatment.
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3.3. In Vivo Hormonal Assays

Slight differences were observed in plasmatic hormone levels following chicory flour
intake. These differences were not significant in the Chic condition, but other compounds
have proven to be significantly involved in these modifications. Thus, CGA decreased
circulating leptin level and STL increased GIP level (Figure 2, File S4). The decrease in
leptin level could be associated with a hypolipidemic effect, and GIP increase, with a
hypoglycemic effect. These effects were equated with the mice body weight evolution and
standard food consumption during the diets (File S1).
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Figure 2. Leptin (A) and GIP (B) level in mice plasma after 30 days of chicory, fructose, CGA and
STL supplemented diet. Control values were pooled together (Ctr). Plasmatic hormone levels were
expressed as a ratio of the control level. Statistical analysis was performed using one-way ANOVA
and Dunnett’s multiple comparisons test (* p < 0.05; ** p < 0.01 against control).

3.4. Metagenetic Analysis of Mice Microbiota

165-TRNA gene-targeted metagenomic analysis was performed in the individual
fecal samples of mice (n = 5) for each diet and the bacterial richness and phylogenetic
composition of the microbiota were then estimated. After sequence processing, a total
of 68 different operational taxonomic units (OTUs) were identified with an abundance >
0.1% and the average number of OTUs per individual was 703 & 60 (File S5). The alpha
diversity Shannon index indicated a stabilized diversity to the average of 2.8-3.5 for all
sample groups, and no significant modifications were found during the Chic, Fru, CGA or
STL diets (Figure 3A). Beta diversity among different conditions, as a comparison of taxa
abundance, was considered by Principal Coordinate Analysis, which revealed a common
but also specific effect of the chicory flour compounds (Figure 3B). Fructose impacted a
larger number of taxa but CGA and STL also share an important role in these changes and
present several particular effects.

The bacterial composition representing the phylum and genus relative abundance for
major OTU is shown in Figures 4 and 5, respectively. The most abundant phyla across all
young subjects were Firmicutes, Bacteroidetes, Patescibacteria, Proteobacteria, Actinobacteria,
Cyanobacteria and Desulfobacteria (Figure 4A). The most present were Firmicutes and Bac-
teroidetes and the ratio Firmicutes/Bacteroidetes (F/B) was found to be slightly diminished
after 30 days of the chicory diet, probably due to the STL activity, as the only STL diet was
found to induce a significant decrease (Figure 4B and File S6).
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Figure 3. Microbial diversity in fecal microbiota of mice after chicory (Chic), fructose (Fru), chloro-
genic acids (CGA) or sesquiterpene lactones (STL) supplemented diet. (A) Alpha diversity was
illustrated by the Shannon index (IS) that indicates a stabilized diversity for all subject groups
(p > 0.05). (B) Principal Coordinates Analysis (PCoA) plots (beta-diversity) of affected taxa during
different diets. Relative abundance obtained from sequencing the 16s rRNA gene in fecal samples
was represented for taxa providing differences during chicory flour diet. Red circle mainly delimits
the fructose effect, blue circle delimits the STL effect and green circle the CGA effect.
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Figure 4. Changes in bacterial phyla abundance. (A) Relative abundance (%) of phyla in mice
microbiota before (D0) and after 30 days (D30) of chicory (Chic), fructose (Fru), chlorogenic acids
(CGA) or sesquiterpene lactones (STL) supplemented diet. Relative abundances detected by NGS
are expressed as means. Phyla with abundance under 0.1% are grouped in “Others”. (B) Standard-
ized abundance ratio relative to DO of Firmicutes and Bacteroidetes (Tukey's test, n = 5/group, * for
p < 0.1). Chic—chicory flour; Fru—fructose; CGA—chlorogenic acids; STL—sesquiterpene lactones;
Ctrl—control related to Chic and Fru diet; Ctr2—control related to CGA and STL diet.
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At the genus level, all changes observed in the relative abundance after 30 days of
different treatments are represented in Figure 5. Quantitative modifications were observed
in the abundance of several taxa after the different diets (Figure 5A). These modifications
were closely followed as fold change of standardized abundance ratio (condition vs. control)
(Figure 5B). Of the taxa, 13 were filtered for their relative abundance (>0.1%) consistently, in
all samples, and presented modifications during the different diets. Six of them increased
in abundance during the chicory diet, and seven of them decreased. The three analyzed
compounds of the chicory flour (Fru, CGA and STL) triggered a similar increase in the
relative abundance as the chicory flour for three taxa (Prevotellaceae, Lachnospiraceae bacterium
A2 and Clostridium ASF356). Fructose alone impacted 5 taxa (Butyricicoccaceae UCG-009,
Oscillospiraceae NK4A214, Ruminococcus, Faecalibacterium sp. UBA1819, and Enterococcaceae
bacterium RF39), while CGA affected only the Erysipelotrichaceae. The results showed that,
sometimes, two different classes of molecules could be involved together in changes in the
abundance, as for Muribaculaceae, Coriobacteriales, Oscillospirales and Rikenella. A basic part
of these results was validated by qPCR (File S7).
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Figure 5. Relative abundance of main genera in mice fecal microbiota after chicory flour (Chic),
fructose (Fru), chlorogenic acids (CGA) or sesquiterpene lactones (STL) diet. (A) Relative abundances
of genera (%) are indicated when their values are >0.1%. Genera with a low relative abundance
were assigned as “Others”. (B) Heatmap representing the fold change of standardized abundance
ratio. Increased abundance compared to control was considered when FC > 1.30 (red squares) and
decreased when <(0.70 (green squares).

3.5. In Vitro Evaluation of the Apoptotic Effect

The effect of raw chicory flour decoction on apoptosis was studied by labelling HepG2
cells with Annexin V and propidium iodide and analyzed by flow cytometry. The amount
of total apoptotic cells was calculated by considering both cells in early and late apoptosis
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(Figure 6); each value was reported to their respective control (DMEM). The chicory de-
coction induced a concentration-dependent increase in the number of apoptotic cells. Fru,
CGA and STL were also tested separately and results showed that only STL at 75 uM and
100 uM induced a significant apoptotic effect (Figure 7).

3.6. In Vitro Anti-Inflammatory Effect

Chicory and its compounds at the highest non-cytotoxic concentration (data not
shown) were screened for their anti-inflammatory activity in vitro using U937 cells, differ-
entiated in macrophages and their capacity to secrete cytokines. Three pro-inflammatory
cytokines (TNF-«, IL-8, IL-1p) were quantified in the cell media. As a control, stimulation
with LPS significantly increased the secretion of TNF-a, and interleukin IL-8, (p < 0.0001)
and IL-1pB (p < 0.05) (Figure 8). The addition of the chicory decoction markedly reduced the
secretion of all cytokines (p < 0.005) in inflamed cells. The decrease in interleukin levels
seems to be due to CGA and STL effect and the reduction of TNF-« can probably be linked
to the fructose effect.

Resveratrol Chic STL
3.160% 1.383% 1.898% 12.085%
10¢
104
10¢
& : &
b k) ;3
3 B H
S 3 4 100 2
] g g
66.435% S3TAS%.. i A | 43.004% 36.229% oy
10’ 10" 10" 10’ 10" 10° 10"
Annaxin V Annexin V Annexin V
DMEM Fru CGA
10
3.734% 10.281% 3.038% 6.464% 2.987%
10
10*
o P 10
8 3
3 o 3
§ % g
3 g s
b g 2 1w
10 o
79.984% 81.312% " i idj ;
10' 10 10 10 10"

Annexin V Annexin V

Figure 6. Dot plots illustrating the apoptotic effect of chicory flour and its compounds on HepG2
cells. HepG2 cells were treated for 24 h with chicory decoction (Chic), fructose (Fru), CGA and
STL solutions at different concentrations and analyzed using propidium iodide and Annexin V.
Representations were selected among the most elevated concentration of each compound (3% for
Chic and Fru; 100 uM for CGA and STL). Resveratrol at a concentration of 200 uM was used as a
positive control, and DMEM as a negative one. The top left quadrant of each plot represents unviable
cells, the top right quadrant represents necrotic cells or cells in late apoptosis. The bottom left
quadrant represents viable cells and the bottom right quadrant represents early apoptotic cells. Total
apoptotic cells were calculated by adding the top right and bottom right quadrant’s content. Samples
illustrated in the top of the figure (Resveratrol, Chic and STL) provided an increased apoptotic effect
compared to the other samples.
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Figure 7. Apoptosis induction on HepG2 cells. HepG2 cells were treated with various concentrations
of a chicory flour decoction (Chic) or D-fructose solution (Fru) (from 0.2% to 3%), and also with
chlorogenic acids (CGA) or sesquiterpene lactones (STL) (from 5 uM to 100 uM) for 24 h. Resveratrol
at a concentration of 200 uM was used as a positive control and DMEM and DMSO as negative ones.
As no significant variations were registered between negative controls, the apoptosis induction in
each condition was compared to the DMEM control and expressed as a ratio. Statistical analysis
was performed using one-way ANOVA and Dunnett’s multiple comparisons test (**** p < 0.0001;
*** p < 0.0005 compared with the DMEM control).
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Figure 8. Effects of chicory and its compounds on TNF-, IL-1B and IL-8 production by human U937
macrophages. U937 were differentiated with PMA before being inflamed with LPS (w/LPS) and put
in contact with samples for 2 h. Dexamethasone (dexa) was used as a negative control of inflammation.
Efficiency of LPS inflammation was controlled (RPMI w /o LPS) in each test. Cytokine levels were
expressed as a ratio of the control (RPMI w/LPS) level. Statistical analysis was performed using
one-way ANOVA and Dunnett’s multiple comparisons test (* p < 0.05; ** p < 0.005; **** p < 0.0001
against control). dexa: 20 uM of dexamethasone; chic: 1% of chicory flour decoction; Fru: 1% of
D-fructose; CGA: 20 uM of chlorogenic acids mix; STL: 20 uM of sesquiterpene lactone mix.

3.7. In Vitro Antioxidant Effect

The antioxidant effect of the chicory flour was checked in a cell-free model for the
superoxide anion and hydroxyl radical inhibition. The aqueous extracts of chicory flour
triggered a significant decrease in superoxide anions, beginning from 0.5 mg-mL~}, and
also a decrease in hydroxyl radicals that became significant, beginning from 1 mg-mL~!

(Figure 9).
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Figure 9. Antioxidative effects of chicory flour. Superoxide anion inhibition (A) and hydroxyl radical
inhibition (B) of chicory flour decoction were observed by contrast with the effect of the negative
control (T ED) containing distilled water, and the positive control containing cysteine (T cys). The
sample decoction of chicory flour (Chic) was tested at increasing concentrations, ranging from 0.25 to
1 mg of dry matter equivalent per final mL. Statistical analysis for n = 6 independent assays were
performed with ANOVA: overall Fisher’s test, p < 0.0001; Tukey’s test, ** p < 0.01, *** p < 0.001,
**** p < 0.0001 (A) and Kruskal-Wallis test, p = 0.0017; Dunn’s test, ** p < 0.01 (B).

4. Discussion

Chicory flour is a food product used in pastry and, at the same time, a functional food
with multiple health benefits [2]. Several molecules or classes of molecules that enter the
composition of chicory flour are possible effectors in these effects. This work was carried
out to decompose the effects of chicory flour and to better understand the role of three
of its components, Fru, CGA and STL. To do this, in vivo murine experimental analyses
were carried out using an aqueous decoction of chicory, whose composition was found
similar and quantitatively close (up to 70-80%) to that of flour. Analyses were performed
to intercept nutrigenomic, hormonal and metagenomic changes that were subsequently
correlated with events observed in vitro on human cells or in acellular systems.

4.1. The Anti-Cancer Effect of the Chicory Roots as Observed in an In Vivo Murine and In Vitro
Human Cell Models

A chicory supplemented diet triggered the deregulation of nine genes involved in cell
proliferation and apoptosis (Figure 1). In addition, this diet induced an apoptotic effect
in HepG2 cells in vitro (Figures 6 and 7). To determine which compound from chicory is
responsible for this effect, we looked at the role of Fru, CGA and STL on gene expression
and on HepG2 cells phenotype.

In liver tissue, we found two down-regulated genes under chicory treatment. The
first one, Nanog, is a transcriptional factor that helps embryonic stem cells to maintain
pluripotency by suppressing cell determination factors [27]. As it is highly expressed in
cancer stem cells, this gene functions as an oncogene to promote carcinogenesis [28,29],
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being described as a prognostic and predictive cancer biomarker [30]. Its down-regulation
in Chic and Fru dietary conditions suggests that chicory flour, via its fructose content, can
lead to the arrest of cells engaged in cancer proliferation. The second gene in this group,
Particl, is involved in the response to irradiation and affords an RNA binding platform for
genomic silencers, such as DNA methyltransferase 1 and histone tri-methyltransferases, to
reign in the expression of tumor suppressors [31]. This gene was correlated to the expression
of tumor suppressor genes, as it operates an active feedback silencing mechanism upon the
putative tumor suppressor mat2a, to limit its expression [32]. The knockdown of this gene
resulted in inverse changes in Wwox transcripts levels, which is also known as coding for a
tumor suppressor [33]. As we found the Particl gene down-regulated by the Chic and STL
diets, we can suggest that chicory flour, via its STL content, can lead to an increase in tumor
suppression, probably by apoptosis [34]. Our results on HepG2 cells indicated that only STL
induced a significant apoptotic effect that could be related to Particl gene down-regulation.

In ileum cells, we found three up-regulated genes under the Chic diet. Mcmdc2 is an
essential gene for meiotic recombination-mediated repair [35] and fructose seemed to be the
compound responsible for its up-regulation. Mtss1 plays an important role in metastasis
blocking, by governing the metastatic nature of cancer cells [36,37], and its up-regulation
was led by the CGA and STL diets. Lzts1 codes for a tumor suppressor that may stabilize
the active CDC2-cyclin Bl complex and thereby contributes to the regulation of the cell
cycle and the prevention of uncontrolled cell proliferation [38]. All chicory compounds
(Fru, CGA and STL) seemed to participate in the up-regulation of this gene.

In caecum tissue, four genes were up-regulated during the chicory diet. Anp32a codes
for a protein that has been found to be decreased or absent in malignant tumors, and to
modulate cell growth by regulating p38 and AKT activity [39]. Cables] codes for a vital cell
cycle regulator, dysregulation of which has been associated with a large number of human
malignancies [40]. Ctbp2 codes for a negative regulator of cell proliferation, and Chtf8 is
also involved in the cell cycle and, equally, in telomere maintenance via semi-conservative
replication [41]. These genes were found to be up-regulated by the chicory diet, and fructose
seems to be the bioactive component for all of them.

We observed that fructose plays a major role in the deregulation of genes involved in
cell proliferation regulation, but CGA and STL can also impact several key genes, especially
those involved in metastasis suppression. STL alone seems to be responsible for one
important apoptosis-related gene expression, and this observation could be associated with
in vitro results (Figure 8), showing a significant apoptotic effect of STL on HepG2 cells. Our
observations are consistent with other studies showing the effect of chicory extracts on the
regulation of cell proliferation and apoptosis in different human cancer cell lines [42,43].

4.2. The Anti-Inflammatory Effect as Observed in an In Vivo Murine and In Vitro Human Cell Models

All three analyzed tissues responded by an increase in the anti-inflammatory effect
during the chicory diet. The liver responded by the deregulation of Snx10, Nt5e and
Ruwdd3, ileum, also by the Rwdd3 deregulation and the caecum by the Cfd gene deregulation
(Figure 1). SNX10 presents a crucial role in macrophage polarization and inflammation,
and the loss of SNX10 function was proposed to be a potentially promising therapeutic
strategy for inflammatory bowel disease [44]. The down-regulation of this gene suggests
an anti-inflammatory effect, triggered by the chicory flour, and among its components
by the fructose only. NT5E is a marker of lymphocyte differentiation, and this enzyme
contributes to the anti-inflammatory properties of afferent lymphatic endothelial cells in
humans and mice [45]. Fructose, but also CGA and STL, could induce an up-regulation
of the gene coding for this enzyme. RWDD3 is involved in the negative regulation of
NEF-kB transcription factor activity [46] and its up-regulation by the chicory diet could
be attributed to the fructose in the liver. In ileum cells, in addition to fructose, CGA and
STL also increased the expression of this gene. CFD is a component of the alternative
complement pathway [47], involved in the inflammatory response. Its down-regulation
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during the chicory diet could be attributed to all analyzed compounds: fructose, CGA
and STL.

An anti-inflammatory response from chicory roots has already been observed by
Ripoll et al. [48] and Matos et al. [49], who investigated the immunomodulatory mecha-
nisms of STL across the modulation of inflammatory pathways in vivo, on rat and mouse
models and, respectively, in vitro, on human intestinal mucosa Caco-2 cells. Our observa-
tions in vivo were performed over nutrigenomic analyses, under chicory flour, fructose,
CGA and STL supplementation (Figure 1) and indicated a deregulation of four genes
involved in anti-inflammatory responses. Thereafter, our in vitro observations (Figure 8)
showed that chicory supplementation in mice led to a decrease in TNF-«, IL-1p3, IL-8 levels.
The fructose, CGA and STL were pointed as effector molecules. CGA and STL seemed to
be affecting IL-1 and IL-8 levels more, and fructose was responsible for TNF-« reduction.

4.3. Antibacterial and Antiviral Effect as Observed in an In Vivo Murine Model

During the chicory diet, seven genes involved in the antimicrobial effect and innate
immune system were impacted (Figure 1). Thus, Wfdc21, Asb12, Ighv5-4, Ap1m]1, Irf2bp2,
Saa3 and Mzbl were found up-regulated under the Chic diet, except Ap1m1, which was
impacted by the CGA, while all the others were up-regulated by the fructose intake.
The antibacterial effect of a CGA-rich extract on several common pathogens was already
suggested by in vitro experiment [7] and the honey containing fructose was also described
as a potential anti-bacterial agent [50].

4.4. Hypolipidemic and Hypoglycemic Effects, Appetite Regulation and Intestinal Absorption as
Observed in an In Vivo Murine Model

Chicory has been described as a digestive remedy for both humans [51,52] and ani-
mals [53-55]. Hypolipidemic and hypoglycemic effects were already observed in mice [2].
We support these data with new in vivo nutrigenomic and hormonal effects in the present
study. Liver tissue, ileum enterocytes and caecum tissue responded to the chicory flour
diet by the up-regulation of seven genes, resulting in lipid metabolism modifications with,
consequently, hypolipidemic effects (Apoal, Acox3, Pex11a, Akr1b8, Fa2h and Gla), the dereg-
ulation of five genes, triggering a hypoglycemic effect and affecting the appetite regulation
(Tpil, Spé, Geg, Insm2, Sec1la), and also a gene playing an important role in intestinal
absorption (Add1) (Figure 1).

Gene coding for APOA1, which is the major component of the high-density lipoprotein
complex, playing a key role in the metabolism of triglycerides [56] and clear fats, including
cholesterol [57], was found up-regulated under the CGA diet. Gene coding for ACOX3
is essential for bile acid formation [58], with a role in lipid destructuration, and was up-
regulated by all chicory compounds (Fru, CGA and STL). Gene coding for LIPH, which is
also involved in the triglyceride catabolism [59], and for PEX11A that is known to have
a major impact on lipid metabolism [60,61], were found deregulated in both liver and
ileum, being impacted by the fructose only. AKR1BS, that regulates fatty acid synthesis [62],
FA2H, that is involved in galactosphingolipid synthesis [63], and GLA, that is involved in
sphingolipids metabolism [64], were also impacted by all bioactive effectors: fructose, CGA
and STL (Figure 1). All these deregulations could trigger a hypolipidemic effect, and this
consequence is also suggested by in vivo Luminex assay (Figure 2). The circulating level of
leptin was reduced after 30 days of chicory supplementation and significantly altered by
the CGA diet. Being directly linked to the body fat distribution [65], a decrease in plasmatic
leptin could be associated to the hypolipidemic effect. In our study, body weight was not
significantly altered (Supplementary File S1), however, a slight decrease in body weight
was observed for Chic fed mice.

Concerning glycemic effect, we observed that gene coding for TPI1, which is involved
in glycolysis [66], and for SP6, involved in hepatic gluconeogenesis [67], were up-regulated
during the chicory diet. The responsible bioactive compound seems to be the fructose that
induced the same deregulation as the chicory flour when administrated alone. We know

103



Nutrients 2022, 14, 957

17 of 25

that honey containing fructose exerts a hypoglycemic effect [68], and so, obviously, the
fructose contained in the chicory could act similarly.

The appetite regulation was already described as an important effect in chicory root
consumption [2,18]. We found Gcg gene coding for pro-glucagon to be down-regulated.
This gene, which plays a key role in glucose metabolism and homeostasis [69], was im-
pacted by the fructose and STL. The gene coding for INSM2 that stimulates the pancreatic
endocrine cell differentiation and, thus, the insulin biosynthesis [70], was up-regulated by
all chicory compounds. We also found that gene coding for Sec11a, involved in incretin
synthesis [71], was up-regulated under the chicory diet and that fructose seems to be the
bioactive compound that impacts this gene. More than that, the circulating GIP level was
increased after chicory consumption and significantly higher with STL supplementation
(Figure 2). It is known that GIP is a primary incretin hormone, secreted from the intestine,
to stimulate insulin secretion from pancreatic 3 cells and, thus, plays an important role in
glucose metabolism [72].

Finally, the intestinal absorption was already observed to be impacted by a chicory
supplementation [73], but the mechanism was unidentified. We found that gene coding for
ADD1, which is involved in actin cytoskeleton organization [74], and consequently in vari-
ous intestinal functions as cell motility, endothelial adhesion junctions, absorption, etc. [75],
was up-regulated under chicory flour and, respectively, fructose bioactive action.

4.5. Neural and Sensory Development as Observed in an In Vivo Murine Model

This study highlighted the effect of chicory on the neural and sensory development
by nutrigenomic analyses. A group of 13 genes was up-regulated under chicory intake
(Figure 1). Among these genes, we note that the one coding for POU6F1 is involved in
brain development and neural plasticity [76], NTF5 related to formation and maintenance
of neuronal connections [77] and to taste development [78], MECP2 is essential for the
normal function of nerve cells [79], and BICDLI is a key component of vesicular transport
in developing neurons [80]. Further, in this group, we found the gene coding for NAV2
that is involved in the development of different sensory organs [81], CLIC5, which is
required for normal hearing [82], VMN1R101, OLFR1449 and OLFR1014, with a role in
smell perception [83,84]. Another worth noting is the deregulation of gene coding for
PAX7, which plays a role in neural crest development [85], RASGRF1, known for its role
in long-term memory [86] and PIGT, described as implied in neuron differentiation [87].
Surprisingly, we also found a significant up-regulation in gene coding for NOCT, which
is involved in the circadian rhythm regulation [88]. Other than Rasgrfl, which was up-
regulated under CGA, and Noct, which was up-regulated under CGA bioactive impact, the
rest of the genes were deregulated under fructose impact. Excess fructose consumption has
been related to metabolic syndrome and obesity, and more generally, to the feeding behavior
and a hunger-like state in the brain [89]. In chicory plants, the fructose is present in a low
quantity in roots (3-6 mg/g dry matter depending on genotype). Its regular consumption,
enclosed in the food matrix, was assimilated to a benefit as appetite booster [90] or appetite
regulator [18] and the mechanism of its action could most probably interfere with genes
involved in neural and sensory development.

4.6. Anti-Xenobiotic and Antioxidant Effect as Observed in Both In Vivo Murine and In Vitro
Cell-Free Models

The chicory decoction triggered an up-regulation of genes involved in anti-xenobiotic
and antioxidant effects, such as Abcc5, which codes for a transmembrane pump essential
for the elimination of certain toxins [91], Hucnl and Gstm2, which are involved in the
maintenance of redox homeostasis [92,93], and also several genes coding for cytochrome
P450 polypeptides, such as CYP2B23, CYP2C29 and CYP3A57, that are known to be
involved in xenobiotic metabolism [94]. Fructose was found to be the bioactive compound
involved in this effect for four genes, but also CGA (for three genes) and STL (for one gene)
(Figure 1). We also observed an important effect of the chicory decoction on the hydroxyl
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radical and on the superoxide anion (Figure 9). All these observations are in agreement
with other studies and confirm the antioxidant effect of the chicory, most likely due to
fructose, CGA and STL [6,11,95].

4.7. Microbiota Modifications

Fecal specimens were used for a 165 RNA targeted metagenomics analysis to estimate
gut microbiota changes during the different diets. The alpha diversity indicates a rela-
tive homogeneity of responses, and the beta diversity indicates that the different chicory
compounds trigger common, but also specific, modifications in bacterial taxa abundance
(Figure 3). The ratio between the Firmicutes and Bacteroidetes phyla was calculated for dif-
ferent treatments, and a decrease in this ratio was registered for the Chic diet, probably due
to the STL effect as the STL diet triggered a significant decrease in the F/B ratio (Figure 4).
A change of F/B ratio may be important because this was described to be correlated with
digestion and metabolic processes. In humans, this ratio was found to be significantly
increased in patients developing type 1 diabetes and also obesity [96,97]. In mice, this ratio
was already observed to be impacted by the chicory diet [2,18], which is also in accordance
with our observations. In addition to this, we were able to detect that STL is the class of
molecules that mostly modifies this ratio.

Daily feeding with the chicory flour decoction triggered changes in the relative abun-
dance of several bacterial genera (Figure 5). Several taxa increased in abundance (Prevotel-
laceae, Lachnospiraceae bacterium A2, Clostridium ASF356, Muribaculaceae, Butyricicoccaceae
UCG-009, Coriobacteriales), while others decreased (Oscillospirales, Oscillospiraceae NK4A214,
Ruminococcus, Faecalibacterium sp. UBA1819, Erysipelotrichaceae, Enterococcaceae bacterium
RF39, Rikenella) and these variations were tracked in Fru, CGA and STL diets to understand
the role of these compounds in the different modifications.

Thus, the abundance of Prevotellaceae was found to be increased in the Chic diet and
similarly impacted by all tested compounds. This gut bacterial taxon was found in humans,
correlated with Parkinson’s Disease [98,99], its decrease indicating a disease state. Prevotel-
laceae was assigned as a psychobiotic [100], in other words, a group of beneficial bacteria
that influences bacteria-brain relationships and exerts anxiolytic and antidepressant ef-
fects, characterized by changes in emotional, cognitive, systemic, and neural indices [101].
Short chain fatty acid (SCFA) producers were also recognized as psychobiotics [100], and
we noticed in our study at least four bacterial taxa, known as butyrate, and other SCFA
producers that were impacted by chicory flour and their abundance were found increased
during fructose but also by the CGA and/or STL: Lachnospiraceae bacterium A2, Clostridium
ASF356, Muribaculaceae, Butyricicoccaceae UCG-009 [102,103]. These observations go near
the neural and sensory development, suggested by the nutrigenomic analysis, and suggest
an improvement of neuronal functions during a chicory supplemented diet.

Coriobacteriaceae seemed to be positively affected under chicory uptake conditions and
mainly influenced by fructose and CGA. These bacteria carry out functions of importance,
such as the conversion of bile salts and steroids, as well as the activation of dietary polyphe-
nols [104] and its modifications could be associated to the hypolipidemic effect of the
chicory that was also observed across the nutrigenomic analysis. Our study showed that
Oscillospirales, Oscillospiraceae NK4A214 and Ruminococcus taxa were negatively impacted
by the chicory and fructose diets. These taxa were described as being negatively associated
with high fatty liver index (FLI) and connected with the non-alcoholic fatty liver disease
(NAFLD) [105-107], and their decrease in our study supports even more the hypolipidemic
and hepatoprotector effect of the chicory, and especially of the fructose.

Faecalibacterium sp. UBA1819, a succinate-producing bacterium that was described
to be involved in the increase in sleep fragmentation and blood pressure [108], was found
with a diminished abundance during the chicory diet, probably due to the fructose content.
This observation suggests a hypotensive effect of the chicory uptake.
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The chicory diet across fructose, but also CGA and STL, triggered the decrease in the
abundance of several taxa, known as mainly pathogenic or inflammatory factors, such as
Erysipelotrichaceae, Enterococcaceae bacterium RF39 and Rikenella [109,110].

We can conclude for the microbiota analysis that together, these modifications in taxa
composition surprisingly merged with many nutrigenomic impacts of the chicory uptake:
effects on the neural development (by the psychobiotics as Prevotellaceae or different SCFAs
producers increased abundance), hypolipidemic effects (by the Coriobacteriaceae increased
abundance, and Oscillospirales, Oscillospiraceae NK4A214 and Ruminococcus decreased abun-
dance), anti-inflammatory and anti-pathogenic effects (suggested by the Erysipelotrichaceae,
Enterococcaceae bacterium RF39 and Rikenella decreased abundance). A hypotensive effect
was also suggested by the Faecalibacterium sp. UBA1819 decreased abundance. As for
the transcriptomic analyses, the fructose was found to play an important role in bacterial
richness, being involved in the abundance modification of 12 bacterial taxa. The CGA was
also observed to exert a noticeable influence for six taxa, and the STL for the other six taxa.

5. Conclusions

Chicory as a functional food has been studied in the form of root, transformed into
flour, for pastry or bakery use, or more generally in the food industry. To identify the main
effector molecules of the chicory, we split the composition of this flour into several classes
of molecules. Inulin, the main component of the chicory root, has already been the subject
of studies, showing its exclusively prebiotic effect [2]. In this work, fructose, CGA and
STL were tested in daily administration in mice, and a set of analyses were performed.
The gene expression profile of the experimental animals, following the different diets,
indicated several deregulated biological functions, leading to several putative health effects:
anti-cancer, anti-inflammatory, antimicrobial effect, and metabolic effect concerning bile
acid biosynthesis, lipid and carbohydrate metabolism, appetite regulation and intestinal
absorption. A regulatory effect has also been observed in many genes affecting neuronal
and sensory development, suggesting a regulation of energy homeostasis. In addition,
anti-xenobiotic and antioxidant effects were also observed. All these effects seem similar in
the three different analyzed tissues, even though different genes appear to govern these
responses in each tissue.

These effects were then recognized by complementary in vivo analyses, such as hor-
monal assay, and also by in vitro analyses on cultured cells or on acellular assays, to
highlight the apoptotic, anti-inflammatory and antioxidant effects. A 16S RNA targeted
metagenomic analysis completed the panel of health effects of the chicory flour and its
components, and showed the role of fructose, CGA and STL in the development of several
SCFA producers, with a psychobiotic role, bacteria with hypolipidemic, hepatoprotective
and also a hypotensive role.

Hence, our study explicitly targeted these effects on gene expression, hormone-
releasing and microbiota modifications and pointed out the role of different effector
molecules contained in chicory roots: fructose, CGA and STL. All these responses are
summarized in Figure 10 and File S8. Fructose seems to be the most involved in these
activities, contributing to approximately 83% of all recorded responses. Almost half of
the fructose effects were observed at the metabolism level and brain appetite regulation.
CGA and STL have shown a specific role for all different effects, with an estimated 23
and 24% contribution, respectively. Further studies are certainly needed to test the role of
other classes of molecules, as well as the defined role of the food matrix. Chicory genotype
breeding and/or CRISPR-Cas9 tool [111] should be able to guide us even more quickly in
the complete deciphering of different effects and effectors of chicory flour on health.
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Fru CGA

Figure 10. Venn diagram illustrating an estimation of the most important effects of the chicory
and its tested compounds: fructose (Fru), chlorogenic acids (CGA) and sesquiterpene lactones
(STL). Number of DEGs was considered in transcriptome analysis, and number of modified taxa
in metagenetic analysis. Results of hormone assay were constricted to significant modification as
well as for in vitro analyses as significant response was considered 1 and a non-significant one was
considered 0. A score was calculated by totaling these events for each diet. The Venn diagram'’s
platform (http://bioinfogp.cnb.csic.es /tools/venny/index.html accessed on 21 January 2022) was
used to cross the data.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nu14050957 /51, File S1. Mice body weight evolution (A) and
standard food consumption (B) during chicory (Chic), fructose (Fru), chlorogenic acids (CGA) and
sesquiterpene lactones (STL) supplemented diet for 30 days. File S2. Heatmap of metabolite signals.
File S3. Gene expression profiles in mice liver tissue, ileum cells and caecum of mice during different
diets. File S4. GIP and leptin level in mice plasma, after 30 days of chicory, fructose, CGA and STL
diet. File S5. The operational taxonomic units (OTUs) identified with an abundance >0.1% in fecal
microbiota of mice after different diets. Diets were supplemented with chicory flour (Chic), fructose
(Fru), chlorogenic acids (CGA) and sesquiterpene lactones. File S6. Standardized abundance ratio
(relative to DO) for Firmicutes and Bacteroidetes phyla after 30 days of diet in mice. File S7. Microbial
profiling using quantitative PCR. File S8. Estimation of the most important effects of the chicory and
its tested compounds: fructose (Fru), chlorogenic acids (CGA) and sesquiterpene lactones (STL).
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RESULTATS COMPLEMENTAIRES

File S1. Mice body weight evolution (A) and standard food consumption (B) during
chicory (Chic), fructose (Fru), chlorogenic acids (CGA) and sesquiterpene lactones (STL)
supplemented diet for 30 days.

Body weight (grams) was continuously assessed during diet (n = 5 animals per group D0-D30).

Data are expressed as means.
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(A) Diet with chicory flour seems to trigger a no significant but sustained decrease in body
weight in mice after 10 days of forced feeding. Fructose and STL administrated alone, as a
supplement to the diet, generate a slight increase in weight in mice after 5-10 days of forced

feeding.
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(B) When CGA and STL were administrated alone, mice increased progressively their food

consumption. There was no increase observed for chicory or fructose-supplemented diets.
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File S2. Heatmap of metabolite signals. A number of 161 metabolite signals were generated
by *H-NMR and 148 signals by UPLC-HRMS (77 by positive and 71 by negative mode) for
twelve replicates (1-12) of chicory flour (F) and decoction (D). Metabolite pick areas were
expressed in percentage (100 % correspond to the mean for chicory flour) in the heatmap
hierarchical clustering with the Ward's method.
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Le tableau File S3 a ét

File S3. Part 1. Gene expression profiles in mice liver tissue, ileum cells and caecum of mice during different diets
Individual log2FC (mouse 1-3) for up- and down-regulated genes in mice feed with chicory (Chic), fructose (Fru), chlorogenic acids (CGA) and lactone sesquiterpenes (STL) supplemented diet

Chic Fru CGA STL
Tissue Name GeneName 1 2 3 1 2 3 1 2 3 1 2 3 Function
Anti-cancer effect
Liver NM_028016 Nanog 2,67 -2,94 -2,41 2,45 -2,15 -2,53 0,00 0,00 0,00 0,00 0,00 0,00 Cell proliferation
Liver NR_046011 Particl 0,73 -0,65 -0,75 0,00 0,00 0,00 0,00 0,00 0,00 0,98 -0,92 -1,02 Apoptosis
lleum ENSMUST00000052843 Mcmdc2 0,64 0,56 0,69 0,76 0,99 0,89 0,00 0,00 0,00 0,00 0,00 0,00 Cell cycle/ DNA repair
lleum NM_144800 Mtss1 1,24 1,48 0,88 0,00 0,00 0,00 0,53 0,65 0,29 0,51 0,82 0,53 Cell proliferation
lleum ENSMUST00000184961 Lzts1 0,42 0,65 0,50 0,84 0,95 0,60 0,88 1,43 0,61 1,33 1,21 1,08 Cell proliferation
Caecum NM_009672 Anp32a 0,51 0,89 0,57 1,07 0,90 0,71 0,00 0,00 0,00 0,00 0,00 0,00 Cell proliferation
Caecum NM_022021 Cables1 0,54 090 0,58 1,06 0,81 0,50 0,00 0,00 0,00 0,00 0,00 0,00 Cell proliferation
Caecum NM_009980 Ctbp2 0,55 0,87 0,58 1,23 096 0,80 0,00 0,00 0,00 0,00 0,00 0,00 Cell proliferation
Caecum NM_145412 Chtf8 041 0,86 1,56 1,21 1,01 0,78 0,00 0,00 0,00 0,00 0,00 0,00 Cell cycle
Anti-inflammatory effect
Liver NM_028035 Snx10 -1,62 -1,41 -1,37 -1,18 -1,01 -1,36 0,00 0,00 0,00 0,00 0,00 0,00 Immunity/ Inflammation
Liver NM_011851 Nt5e 1,06 094 1,15 0,62 0,93 1,01 0,37 0,29 0,64 0,42 0,49 0,40 Immunity/ Inflammation
Liver ENSMUST00000098650 Rwdd3 091 0,97 1,37 0,86 2,12 1,69 0,00 0,00 0,00 0,00 0,00 0,00 Immunity/ Inflammation
lleum ENSMUST00000098650 Rwdd3 039 0,34 041 0,47 0,71 0,44 1,79 1,60 1,06 1,53 1,75 1,02 Immunity/ Inflammation
Caecum NM_013459 cfd -0,78 -0,74 -0,98 -1,62 -1,04 -0,86 -0,78 -0,60 -0,60 0,81 -0,60 -0,55 Immunity/ Inflammation
Antibacterial and antiviral effects
Liver NM_183249 Wfdc21 0,81 1,06 1,40 0,77 0,80 0,89 0,00 0,00 0,00 0,00 0,00 0,00 Innate mmunity
Liver NM_001313743 Asb12 1,14 0,72 0,92 2,06 2,12 2,26 -2,20 -1,44 -2,19 -2,28 -2,43 -2,34 Innate mmunity
Liver ENSMUST00000103444 Ighv5-4 0,68 0,71 0,66 0,66 0,88 0,56 0,00 0,00 0,00 0,00 0,00 0,00 Innate mmunity
lleum NM_007456 Aplmil 1,07 059 0,47 0,00 0,00 0,00 1,8 1,28 0,63 0,00 0,00 0,00 Host-virus interaction
Caecum NM_001164598 Irf2bp2 0,59 0,86 0,33 1,41 1,04 0,85 0,00 0,00 0,00 0,00 0,00 0,00 Innate mmunity
Caecum NM_011315 Saa3 0,64 1,02 0,95 1,14 0,84 0,90 0,00 0,00 0,00 0,00 0,00 0,00 Response to bacterium
Caecum NM_027222 Mzb1 0,57 1,04 0,50 1,20 1,01 0,79 0,00 0,00 0,00 0,00 0,00 0,00 Response to bacterium
Hypolipidemic effect
Liver NM_009692 Apoal 0,61 097 1,09 0,00 0,00 0,00 0,51 0,67 0,53 0,00 0,00 0,00 Lipid metabolism
Liver ENSMUST00000068563 Acox3 1,28 0,78 1,83 1,09 1,39 1,11 1,01 1,04 0,73 0,73 0,86 0,74 Lipid metabolism
Liver NM_011068 Pexlla 1,15 1,04 0,80 1,07 1,32 0,99 0,00 0,00 0,00 0,00 0,00 0,00 Lipid metabolism
lleum NM_011068 Pexlla 0,52 062 0,29 0,80 0,77 0,81 0,00 0,00 0,00 0,00 0,00 0,00 Lipid metabolism
lleum NM_153404 Liph 0,75 0,50 0,63 094 1,11 1,14 0,00 0,00 0,00 0,00 0,00 0,00 Lipid metabolism
Caecum NM_178086 Fa2h 0,59 0,64 0,42 1,14 092 0,65 0,57 0,49 0,63 098 0,74 0,86 Lipid metabolism
Caecum NM_008012 Akrlb8 0,82 091 096 1,40 1,21 0,98 0,42 0,76 0,85 0,74 0,57 0,58 Lipid metabolism
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File S3. Part 2. Gene expression profiles in mice liver tissue, ileum cells and caecum of mice during different diets
Individual log2FC (mouse 1-3) for up- and down-regulated genes in mice feed with chicory (Chic), fructose (Fru), chlorogenic acids (CGA) and lactone sesquiterpenes (STL) supplemented diet

Tissue

Name

Hypoglycemic effect

Liver
Liver
Liver
lleum
Caecum

NM_009415
NM_031183
NM_008100
NM_020287
NM_013463

Appetite regulation

Caecum

NM_019951

Intestinal absorption / Endocytosis

lleum

NM_001331080

Neural and sensory development

Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver
lleum
lleum
lleum
Caecum
Caecum

NM_010127
NM_198190
NM_010788
NM_175272
ENSMUST00000117847
NM_172621
NM_001166836
NM_146303
NM_146569
NM_011039
NM_001039655
NM_133779
ENSMUST00000144826

GeneName

Tpil
Sp6
Geg
Insm2
Gla

Seclla

Add1

Pou6fl
Ntf5
Mecp2
Nav2
Bicdl1
Clic5
Vmn1rl01
Olfr1449
Olfr1014
Pax7
Rasgrfl
Pigt
Noct

Anti-xenobiotic and antioxidant effect

Liver
Liver
Liver
Liver
lleum
lleum

Other
lleum
Caecum
Caecum

NM_013790
NM_001081148
NM_007815
NM_001042489
NM_008183
NM_001100180

NM_198006
NM_007749
NM_009789

Abcc5
Cyp2b23
Cyp2c29
Hvenl
Gstm2
Cyp3a57

Coa5
Cox7c
$100g

Chic Fru CGA STL
1 2 3 1 2 3 1 2 3 1 2 3
0,78 0,54 0,89 0,66 1,42 144 0,00 0,00 0,00 1,71 -1,81 -1,68
096 065 0,79 2,25 2,46 229 2,09 2,23 -2,09 2,81 2,47 2,45
0,52 -0,63 -0,46 0,77 -0,84 0,86 0,00 0,00 0,00 0,58 -0,61 -0,68
1,20 0,92 0,83 1,35 1,42 0,81 1,59 1,35 1,24 1,35 1,30 1,29
0,62 0,85 0,60 132 137 141 046 043 0,70 0,57 0,56 0,57
0554 0,48 0,46 0,96 061 0,66 0,00 0,00 0,00 0,00 0,00 0,00
1,09 091 0,81 1,90 1,56 1,60 0,00 0,00 0,00 0,00 0,00 0,00
0,55 0,95 1,26 081 1,39 1,29 0,00 0,00 0,00 0,00 0,00 0,00
0,57 047 0,39 1,01 1,18 0,60 0,00 0,00 0,00 0,00 0,00 0,00
0,89 1,04 1,47 1,15 068 0,88 0,00 0,00 0,00 0,00 0,00 0,00
0,90 0,83 0,52 042 1,12 082 0,00 0,00 0,00 0,00 0,00 0,00
0,66 059 0,72 0,65 098 0,68 0,00 0,00 0,00 0,00 0,00 0,00
0,555 095 0,68 1,33 1,69 1,20 0,00 0,00 0,00 0,00 0,00 0,00
067 0,71 0,64 057 0,89 0,69 0,00 0,00 0,00 0,00 0,00 0,00
026 031 062 0,72 1,13 0,68 0,00 0,00 0,00 0,00 0,00 0,00
099 084 085 1,33 1,21 137 0,00 0,00 0,00 0,00 0,00 0,00
0,97 1,09 0,93 1,25 1,07 1,22 0,00 0,00 0,00 0,00 0,00 0,00
0,73 063 0,93 0,00 0,00 0,00 1,12 1,92 1,50 1,09 1,40 1,13
051 073 0,75 1,17 1,08 1,50 0,00 0,00 0,00 1,12 -1,23 -1,18
1,33 081 1,22 0,00 0,00 0,00 0,00 0,00 0,00 1,95 1,06 1,57
1,08 0,76 1,05 0,67 090 051 0,00 0,00 0,00 0,00 0,00 0,00
092 062 0,9 0,74 1,01 0,98 052 068 045 0,00 0,00 0,00
1,37 127 0,78 1,60 1,71 1,43 0,00 0,00 0,00 0,00 0,00 0,00
0,47 037 068 0,70 1,46 0,85 0,00 0,00 0,00 0,00 0,00 0,00
049 085 0,34 0,75 1,26 0,95 0,555 061 0,70 0,00 0,00 0,00
0,28 0,77 0,67 0,00 0,00 0,00 0,73 1,30 0,93 1,16 0,95 0,68
0,67 1,00 0,65 0,85 095 1,01 0,00 0,00 0,00 049 056 0,49
0,62 -0,56 -1,33 0,00 0,00 0,00 0,55 -1,84 -1,21 1,24 -0,93 -0,79
0,58 -0,86 -0,87 0,00 0,00 0,00 0,84 -1,15 -0,97 1,88 2,02 -1,95

Function

Glycolysis/ Gluconeogenesis

Hepatic gluconeogenesis

Glycemic regulation

Pancreatic endocrine cell differentiation
Galactose metabolism

Incretin synthesis/ GLP-1 synthesis/ Ghrelin synthesis

Actin cytoskeleton organization/ Actin filament bundle assembly

Brain/ heart/muscle development
Neuronal development

Neuronal development

Neuronal development

Neuronal development

Visual perception

Smell/ pheromones perception
Smell perception

Neural and sensory development
Neural crest development
Long-term memory

Neuron differentiation

Circadian rhythm

Xenobiotic defense

Xenobiotic defense/ Redox metabolism
Xenobiotic defense/ Redox metabolism
Cell redox homeostasis

Cell redox homeostasis

Xenobiotic defense

Respiratory chain
Respiratory chain
Ca2+ transport
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File S3. Part 3. Gene expression profiles in mice liver tissue, ileum cells and caecum of mice during different diets
Individual log2FC (mouse 1-3) for up- and down-regulated genes in mice feed with chicory (Chic), fructose (Fru), chlorogenic acids (CGA) and lactone sesquiterpenes (STL) supplemented diet

Name GeneName Description

Anti-cancer effect

NM_028016 Nanog nanog homeobox

NR_046011 Particl promoter of Mat2a antisense radiation induced circulating long non-coding RNA
ENSMUST00000052843 Mcmdc2 minichromosome maintenance domain containing 2

NM_144800 Mtss1 metastasis suppressor 1

ENSMUST00000184961 Lzts1 leucine zipper, putative tumor suppressor 1

NM_009672 Anp32a acidic (leucine-rich) nuclear phosphoprotein 32 family, member A

NM_022021 Cables1 CDKS5 and Abl enzyme substrate 1

NM_009980 Ctbp2 C-terminal binding protein 2

NM_145412 Chtf8 CTF8, chromosome transmission fidelity factor 8

Anti-inflammatory effect

NM_028035 Snx10 sorting nexin 10

NM_011851 Nt5e 5' nucleotidase, ecto
ENSMUST00000098650 Rwdd3 RWD domain containing 3
ENSMUST00000098650 Rwdd3 RWD domain containing 3
NM_013459 Cfd complement factor D (adipsin)

Antibacterial and antiviral effects

NM_183249 Wfdc21 WAP four-disulfide core domain 21

NM_001313743 Asb12 ankyrin repeat and SOCS box-containing 12
ENSMUST00000103444 Ighv5-4 immunoglobulin heavy variable 5-4

NM_007456 Apiml adaptor-related protein complex AP-1, mu subunit 1
NM_001164598 Irf2bp2 interferon regulatory factor 2 binding protein 2
NM_011315 Saa3 serum amyloid A 3

NM_027222 Mzb1l marginal zone B and B1 cell-specific protein 1

Hypolipidemic effect

NM_009692 Apoal apolipoprotein A-l
ENSMUST00000068563 Acox3 pristanoyl-CoA oxidase

NM_011068 Pexlla peroxisomal biogenesis factor 11 alpha
NM_011068 Pexlla peroxisomal biogenesis factor 11 alpha
NM_153404 Liph lipase, member H

NM_178086 Fa2h fatty acid 2-hydroxylase

NM_008012 Akrib8 aldo-keto reductase family 1, member B8
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File S3. Part 4. Gene expression profiles in mice liver tissue, ileum cells and caecum of mice during different diets
Individual log2FC (mouse 1-3) for up- and down-regulated genes in mice feed with chicory (Chic), fructose (Fru), chlorogenic acids (CGA) and lactone sesquiterpenes (STL) supplemented diet

Name GeneName

Hypoglycemic effect

NM_009415 Tpil
NM_031183 Sp6
NM_008100 Gcg
NM_020287 Insm2
NM_013463 Gla

Appetite regulation
NM_019951 Seclla

Intestinal absorption / Endocytosis
NM_001331080 Add1

Neural and sensory development

NM_010127 Pou6fl
NM_198190 Ntf5
NM_010788 Mecp2
NM_175272 Nav2
ENSMUST00000117847  BicdI1
NM_172621 Clics
NM_001166836 Vmn1r101
NM_146303 Olfr1449
NM_146569 0lfr1014
NM_011039 Pax7
NM_001039655 Rasgrfl
NM_133779 Pigt

ENSMUST00000144826 Noct

Anti-xenobiotic and antioxidant effect

NM_013790 Abcc5
NM_001081148 Cyp2b23
NM_007815 Cyp2c29
NM_001042489 Hvcnl
NM_008183 Gstm2
NM_001100180 Cyp3a57
Other

NM_198006 Coa5s
NM_007749 Cox7c

NM_009789 5100g

Description

triosephosphate isomerase 1
trans-acting transcription factor 6
glucagon

insulinoma-associated 2
galactosidase, alpha

SEC11 homolog A, signal peptidase complex subunit

adducin 1 (alpha)

POU domain, class 6, transcription factor 1
neurotrophin 5

methyl CpG binding protein 2

neuron navigator 2

BICD family like cargo adaptor 1

chloride intracellular channel 5

vomeronasal 1 receptor 101

olfactory receptor 1449

olfactory receptor 1014

paired box 7

RAS protein-specific guanine nucleotide-releasing factor 1
phosphatidylinositol glycan anchor biosynthesis, class T
nocturnin

ATP-binding cassette, sub-family C (CFTR/MRP), member 5
cytochrome P450, family 2, subfamily b, polypeptide 23
cytochrome P450, family 2, subfamily c, polypeptide 29
hydrogen voltage-gated channel 1

glutathione S-transferase, mu 2

cytochrome P450, family 3, subfamily a, polypeptide 57

cytochrome C oxidase assembly factor 5
cytochrome C oxidase subunit Vilc
$100 calcium binding protein G
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File S4. GIP and leptin level in mice plasma, after 30 days of chicory, fructose, CGA and

STL diet.

Statistical analysis was carried out using One-way ANOVA and Sidak’s multiple comparisons
test. Means + SD were calculated (n > 3) for each treatment. The mean values of all controls

were standardized at 1 value.

Control Chic Fru CGA STL
: n 8 3 5 3 4
Leptin| mean#sD  1+0.1259 0.6133+0.5126  0.9323+0.59 0.2716 +0.1083 0.5588 + 0.4403
‘ p-val X 0.4378 0.9953 0.0414 0.2415
: n 8 4 5 4 4
GIP | meantSD  1%0,2492 1,15+0,3461  1,614+0,7258  1,26+0,2095 2,416 +1,383
! p-val X 0.9903 0.3544 0.9324 0.0086
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Le tableau File S5 a ét

File S5. Part 1. The operational taxonomic units (OTUs) identified with an abundance >0.1% in fecal microbiota of mice after different diets

Diets were supplemented with chicory flour (Chic), fructose (Fru), chlorogenic acids (CGA) and lactone sesquiterpenes. Ctrl — control related to Chic and Fru diet; Ctr2 — control related to CGA and STL diet (mice number 1-5).

Genus

Coriobacteriales_ge
Eggerthellaceae_ge
Enterorhabdus
Bacteroides
Bacteroidales_ge
Odoribacter
Muribaculaceae_ge
Muribaculum
Alloprevotella
Prevotellaceae_ge
Prevotellaceae_UCG-001
Alistipes

Rikenella
Rikenellaceae_RC9_gut_group
Parabacteroides
Tannerellaceae_ge
Bacteroidia_ge
Gastranaerophilales_ge
Bilophila

Desulfo
Anaeroplasma
Erysipelotrichaceae_ge
Enterococcus
Lactobacillus
Streptococcus

RF39_ge
Caldicoprobacter
Christensenellaceae_R-7_group
Clostridia_ge
Clostridia_UCG-014_ge
Clostridia_vadinBB60_group_ge
Candidatus_Arthromitus
A2

Acetatifactor

Ctr1_DO Ctr1_D30 Chic_DO Chic_D30 Fru_DO Fru_D30
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
0,01 006 004 013 001 001 002 000 017 000 008 014 0,12 007 009 004 005 021 008 046 022 004 002 008 004 006 015 013 0,16 0,36
0,00 007 001 0712 002 000 002 001 007 000 003 006 000 007 001 003 002 001 002 011 001 001 003 008 005 001 000 007 003 0,03
0,00 007 001 003 002 001 001 000 004 000 002 000 000 002 000 000 000 000 004 000 000 001 002 001 002 000 001 000 0,05 0,00
2,88 1,49 095 1,48 843 1,49 1,75 2,29 058 699 4,15 357 3,38 1,74 2,37 2,53 3,71 2,09 4,07 3,87 390 1,47 1,52 127 262 1,02 106 633 0,68 1,97
0,18 004 005 010 012 0,14 0,0 0,19 016 006 005 009 007 005 007 007 007 012 006 011 011 016 000 012 015 0,12 0,09 021 0,2 0,09
029 029 043 021 074 035 061 051 017 026 048 0,13 030 016 033 067 042 091 105 028 020 011 033 067 044 007 041 016 0,29 0,35
41,25 15,41 12,39 26,90 25,91 17,18 15,75 32,61 34,28 23,93 14,25 24,19 23,49 19,13 20,35 27,05 30,22 21,85 19,73 40,30 18,86 24,10 6,24 15,90 31,60 34,41 16,70 44,76 10,08 29,58
0,68 020 009 051 034 0,78 032 308 218 000 073 052 1,38 056 011 030 1,11 150 031 026 017 034 009 008 036 089 002 046 0,14 0,81
0,70 1,57 046 123 127 0,17 082 279 077 000 123 124 1,08 1,04 043 068 075 027 006 046 033 087 018 037 150 1,66 0,53 7,93 1,09 0,39
0,07 0,00 001 000 001 000 001 000 002 000 004 001 003 000 000 011 000 000 001 000 000 002 001 001 000 001 000 000 001 0,01
504 2,08 1,14 1,40 320 1,85 1,43 0,60 4,65 1,02 252 299 445 1,18 003 942 431 566 328 1,47 2,9 2,30 073 1,37 567 395 257 246 1,12 537
838 646 620 650 14,77 827 11,80 12,98 521 9,43 641 7,13 10,70 7,19 10,33 890 9,76 606 626 2338 7,77 457 502 659 833 484 7,0 2,81 3,01 4,89
040 030 064 040 031 1,11 046 0,60 028 006 077 039 076 057 058 068 044 023 1,12 047 030 055 042 045 039 0,74 052 054 025 0,36
839 346 3,15 322 227 3,07 3,5 679 2,32 1,49 691 4,85 869 402 421 3,64 322 190 331 425 2,61 2,07 1,44 1,44 337 4,40 1,82 3,93 0,57 1,24
0,06 003 001 009 038 002 006 004 028 007 003 037 008 001 001 013 003 003 003 005 001 006 000 001 002 0,11 001 003 0,00 0,8
0,02 001 000 001 003 000 001 000 003 018 000 003 000 000 000 002 000 0114 005 003 001 000 000 000 000 004 0,00 0,00 0,00 0,00
0,00 0,00 0,00 002 000 003 000 004 009 000 000 002 000 000 000 006 000 000 011 000 001 000 000 000 001 001 0,00 0,00 0,00 0,04
0,14 005 014 1,09 003 035 006 040 010 000 004 002 008 006 019 074 017 021 0,11 025 0,09 002 005 008 005 0,72 002 021 015 0,75
0,01 009 014 002 005 0,10 001 010 000 013 004 002 009 003 007 001 000 001 005 002 000 007 014 006 007 006 003 006 0,10 0,04
0,07 013 023 014 005 013 007 014 010 021 008 001 016 006 013 003 005 0,16 007 020 005 022 019 012 003 008 010 014 0,13 0,09
0,01 008 008 004 004 003 007 027 003 031 001 000 008 003 000 022 005 001 030 008 000 001 005 002 000 003 003 006 0,09 0,02
029 016 024 020 035 020 007 1,33 011 017 030 0116 0,12 014 061 010 041 0112 0114 013 030 031 008 019 019 051 009 014 0,35 0,08
0,06 001 002 002 001 023 009 002 013 007 017 002 000 0,18 003 003 008 0113 000 0,13 0,04 001 000 009 000 0,11 0,04 0,00 0,00 0,12
079 091 2,75 211 091 1,33 050 078 575 1,39 147 065 1,25 1,56 0,65 090 081 099 1,16 1,46 0,80 2,45 17,31 1,66 003 2,21 10,29 1,08 0,48 5,20
0,03 003 001 000 001 003 001 002 004 009 006 009 009 001 005 000 004 004 002 002 002 007 001 005 004 004 006 0,00 0,00 0,01
0,02 032 002 012 013 022 013 002 039 014 023 024 0,14 038 031 032 043 009 0,15 004 022 049 021 064 064 001 043 008 019 041
0,00 0,00 0,00 001 003 001 009 000 005 000 000 009 000 000 001 007 006 005 000 002 001 000 000 000 001 000 002 000 0,00 0,12
0,00 0,07 000 004 007 003 001 000 030 014 006 004 003 002 002 004 003 001 003 003 000 000 001 001 004 001 004 004 001 0,20
0,02 006 0,10 004 006 0,14 001 006 007 006 0113 007 0,15 003 005 003 003 002 007 003 002 003 010 005 008 002 006 006 0,08 0,05
0,00 3,09 045 1,22 1,14 030 2,64 003 3,13 016 1,81 432 29 509 015 230 827 210 001 025 2,49 347 151 535 702 001 519 217 3,08 529
0,68 217 207 1,20 1,13 1,17 1,27 1,20 030 1,44 199 039 0,74 070 099 1,03 078 1,44 200 101 052 041 080 049 047 052 0,70 061 1,47 0,46
0557 034 006 029 052 020 038 022 015 007 075 028 053 023 08 028 056 014 055 009 101 038 026 048 035 019 0,09 0,16 0,04 0,33
0,07 1,93 022 0417 009 0,16 008 022 015 012 022 005 009 010 024 002 011 021 125 007 003 014 040 026 005 0,16 0,26 0,18 0,34 0,09
0,50 006 062 018 006 037 014 041 007 007 028 0,16 0,12 004 009 008 006 000 048 0,11 012 009 013 0712 008 025 006 002 011 0,03
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File S5. Part 2. The operational taxonomic units (OTUs) identified with an abundance >0.1% in fecal microbiota of mice after different diets

Diets were supplemented with chicory flour (Chic), fructose (Fru), chlorogenic acids (CGA) and lactone sesquiterpenes. Ctrl — control related to Chic and Fru diet; Ctr2 — control related to CGA and STL diet (mice |

Genus

Coriobacteriales_ge
Eggerthellaceae_ge
Enterorhabdus
Bacteroides
Bacteroidales_ge
Odoribacter
Muribaculaceae_ge
Muribaculum
Alloprevotella
Prevotellaceae_ge
Prevotellaceae_UCG-001
Alistipes

Rikenella
Rikenellaceae_RC9_gut_group
Parabacteroides
Tannerellaceae_ge
Bacteroidia_ge
Gastranaerophilales_ge
Bilophila

Desulfovibrio
Anaeroplasma
Erysipelotrichaceae_ge
Enterococcus
Lactobacillus
Streptococcus

RF39_ge
Caldicoprobacter
Christensenellaceae_R-7_group
Clostridia_ge
Clostridia_UCG-014_ge
Clostridia_vadinBB60_group_ge
Candidatus_Arthromitus
A2

Acetatifactor

Ctr2_DO Ctr2_D30 CGA_DO CGA_D30 STL_DO STL_D30
1 2 4 5 1 2 a4 5 1 2 3 a4 5 1 2 3 a4 5 1 2 3 a4 5 1 2 3 4 5
0,14 0,28 003 009 0,02 020 025 026 012 006 005 0,07 004 0,09 009 000 010 0,62 0,16 0,04 0,28 0,11 0,02 0,10 0,08 0,13 0,04 0,11
0,08 0,04 007 004 0,05 0,03 0,05 0,02 0,03 0,00 0,04 0,06 0,05 0,11 0,06 0,04 0,01 0,17 0,08 0,14 0,02 0,02 0,07 0,14 0,07 0,02 0,06 0,13
0,06 0,04 007 005 0,02 0,00 0,01 0,01 0,01 002 003 001 000 005 008 001 003 006 000 002 004 001 000 0,15 005 0,04 000 0,03
3,10 2,11 2,17 0,93 2,72 3,82 7,27 1,00 1,45 0,93 1,53 445 0,554 0,62 3,63 099 4,13 0,62 2,99 092 0,50 0,43 2,45 1,53 4,29 0,33 1,07 1,57
0,09 0,22 004 007 021 009 006 008 002 011 011 0,15 000 0,08 0,12 0,20 0,08 0,12 0,05 0,01 0,02 0,03 0,03 0,26 0,15 0,00 0,08 0,00
0,05 004 031 034 036 1,10 0,34 057 046 017 051 025 0,14 035 0,11 0,13 096 0,23 0,28 0,22 0,24 036 0,13 0,44 031 0,62 050 0,21
30,84 23,36 14,16 19,41 34,71 29,18 30,88 16,38 26,14 20,15 15,08 21,53 17,00 17,62 28,61 25,32 25,48 44,90 13,67 9,22 6,56 8,16 16,04 49,24 27,62 14,69 25,11 12,10
0,38 052 005 008 050 1,11 0,67 0,08 055 021 0,10 0,40 0,02 0,32 036 025 0,76 0,77 0,40 0,06 004 0,13 058 0,95 0,44 0,07 0,39 0,23
098 1,84 061 049 027 1,35 1,13 007 0,11 099 022 039 036 0,13 093 0,00 1,51 0,91 1,29 0,07 0,20 0,15 6,41 0,40 0,554 0,01 0,79 0,20
0,00 0,07 002 000 0,00 000 002 000 000 000 002 002 000 003 003 005 002 0,01 0,00 0,01 0,00 0,01 0,00 0,00 000 002 001 0,00
3,49 3,63 1,08 0,53 331 7,13 2,79 1,08 0,01 0,26 1,49 3,04 0,37 1,84 2,64 2,50 2,21 2,03 0,03 1,09 0,01 1,57 1,32 2,07 502 057 3,08 1,66
6,05 4,02 550 694 7,36 656 4,27 12,13 631 6,29 638 7,68 667 3,84 7,19 529 945 2,20 429 516 2,95 4,53 11,15 4,22 6,46 10,92 3,45 3,63
0,46 1,01 066 1,35 0,27 0,19 0,34 0,80 1,03 0,84 1,02 0,51 0,41 0,39 051 020 0,76 0,34 0,16 0,37 0,39 041 0,13 0,10 0,34 0,557 0,31 0,16
2,14 3,11 2,49 5,69 539 6,00 2,8 3,30 672 4,82 4,10 833 1,52 1,15 2,08 0,66 671 0,96 2,29 3,63 2,30 2,53 6,55 1,75 3,65 2,04 0,93 1,28
0,02 002 001 000 009 032 005 006 003 000 001 010 000 0,04 005 000 007 0,01 0,05 0,01 0,00 0,00 0,12 0,10 0,09 0,02 0,07 0,01
0,00 0,00 0,00 000 0,00 001 000 000 001 000 001 002 000 001 001 000 000 0,03 0,00 0,01 0,00 0,00 0,04 0,02 001 000 004 0,00
0,00 0,00 0,00 000 0,00 0,00 0,00 0,00 000 000 000 000 000 000 001 000 000 000 000 000 000 000 000 001 000 000 000 0,00
0,00 0,01 006 015 0,06 1,21 0,37 0,22 0,02 008 0,12 0,11 0,05 0,01 020 001 015 0,07 038 002 0,11 000 004 0,08 0,06 0,27 0,19 0,06
0,02 001 005 004 0,00 000 000 0,10 005 002 0,03 0,03 0,05 0,07 0,06 0,06 0,17 0,05 0,09 0,10 0,04 0,14 0,00 0,04 0,02 0,10 0,02 0,15
0,16 0,09 0,15 0,09 0,06 0,04 0,02 0,19 0,20 0,08 008 021 0,18 0,10 0,06 0,08 024 0,11 0,13 0,33 0,07 0,12 0,02 0,12 0,06 0,16 0,04 0,15
0,01 0,00 003 004 0,10 0,06 0,13 0,09 0,05 0,00 003 0,00 006 0,10 0,05 0,08 0,57 0,09 0,00 0,01 0,00 0,01 0,15 0,01 025 0,04 0,00 0,10
0,13 0,09 0,10 021 0,26 0,21 0,47 0,12 0,20 0,22 0,30 0,04 0,22 0,32 041 0,28 0,04 0,23 0,24 0,10 0,11 0,03 0,09 0,29 042 1,09 0,08 0,17
0,01 001 002 011 0,18 0,03 0,28 000 003 004 003 001 000 007 006 000 000 006 001 003 009 000 000 000 009 023 000 0,00
1,35 2,70 1,06 7,60 0,14 0,37 0,553 0,34 1,18 1,74 0,34 1,03 0,44 1,44 6,10 4,30 2,16 3,61 1,00 1,30 18,30 0,95 0,99 3,44 2,93 8,13 0,94 3,07
0,06 0,10 0,01 0,07 0,04 0,03 0,05 0,05 0,13 0,03 0,02 0,05 0,07 0,05 0,07 006 001 0,02 0,00 0,04 001 0,00 006 0,13 0,00 0,05 0,00 0,00
0,46 0,44 034 047 017 039 036 034 000 039 030 0,30 0,23 0,01 028 0,19 0,01 0,19 0,00 0,20 0,05 0,19 0,39 0,12 0,28 0,00 0,00 0,25
0,05 0,00 001 000 0,01 005 000 000 002 000 000 001 000 004 0,09 0,00 000 000 000 000 0,00 0,00 0,05 0,00 0,00 0,00 0,00 0,01
0,07 0,01 003 004 0,05 0,00 0,06 0,05 0,01 0,01 0,02 0,08 0,01 0,05 0,07 0,07 0,10 0,11 0,00 0,03 0,00 0,01 0,03 0,12 0,09 0,00 0,01 0,01
0,04 0,02 008 008 002 003 003 014 006 007 010 0,17 006 006 004 0,11 0,04 0,02 0,08 0,10 0,06 0,05 0,04 0,01 002 004 001 0,07
2,17 438 519 481 0,9 252 305 1,28 009 431 470 3,27 09 0,00 1,78 061 001 1,83 0,20 2,44 068 1,92 220 0,55 055 0,00 0,13 1,82
0,77 047 063 1,74 0,46 1,29 0,73 257 048 045 1,55 0,72 1,55 1,35 0,550 0,66 525 0,8 0,63 1,34 048 1,12 0,59 0,63 067 0,57 0,65 1,71
0,72 0,04 025 063 037 010 047 0,17 0,88 1,43 0,15 0,53 0,61 0,18 0,50 0,27 0,17 0,557 0,03 0,04 003 000 060 024 0,75 0,26 0,06 0,23
0,19 0,08 009 0113 0,25 0,02 0,13 008 036 0,13 0,07 0,28 0,35 0,33 027 058 063 060 042 0,69 004 032 0,00 1,00 0,66 0,33 0,04 1,52
0,03 0,10 0,15 0,16 0,24 0,00 0,13 0,04 023 0,10 026 006 010 0,13 0,04 0,10 0,18 004 008 004 0,14 0,06 000 0,10 0,14 0,38 0,08 0,57
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File S5. Part 3. The operational taxonomic units (OTUs) identified with an abundance >0.1% in fecal microbiota of mice after different diets

Diets were supplemented with chicory flour (Chic), fructose (Fru), chlorogenic acids (CGA) and lactone sesquiterpenes. Ctrl — control related to Chic and Fru diet; Ctr2 — control related to CGA and STL diet (mice number 1-5).

Genus

ASF356
Coprococcus
GCA-900066575
Lachnoclostridium
Lachnospiraceae_FCS020_group
Lachnospiraceae_ge
Lachnospiraceae_NK4A136_group
Lachnospiraceae_UCG-001
Lachnospiraceae_UCG-006
Roseburia
Tuzzerella
Monoglobus
Butyricicoccaceae_UCG-009
Butyricicoccus
Colidextribacter
NK4A214_group
Oscillibacter
Oscillospiraceae_ge
Oscillospiraceae_UCG-003
Oscillospiraceae_UCG-005
Oscillospirales_ge
Oscillospirales_UCG-010_ge
Anaerotruncus
Negativibacillus
Paludicola
Ruminococcaceae_ge
Ruminococcus
UBA1819
Peptococcaceae_ge
Anaerovoracaceae_ge
Candidatus_Saccharimonas
Rhodospirillales_fa_ge
Parasutterella
Hafnia-Obesumbacterium
Others

Ctrl_DO Ctrl_D30 Chic_DO Chic_D30 Fru_DO Fru_D30

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

0,23 0,33 032 0,30 0,09 0,10 0,09 0,20 0,04 0,00 0,04 0,12 0,19 0,03 0,20 0,51 0,04 0,10 0,02 0,24 0,24 0,26 0,22 0,12 0,06 0,32 0,16 0,17 0,05 0,09
0,00 0,00 0,00 0,00 0,00 0,00 0,07 0,00 0,12 0,00 0,00 0,01 0,00 0,00 0,00 0,00 0,01 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
0,12 0,27 0,17 0,09 0,06 0,20 0,13 0,15 0,14 0,27 032 035 037 0,26 0,13 0,26 0,16 0,28 0,26 0,28 0,27 0,23 0,25 0,13 0,11 0,12 0,59 0,29 0,78 0,53
0,72 1,08 0,77 0,48 0,40 1,25 0,24 1,03 0,73 2,12 1,00 0,69 0,44 0,44 0,99 1,00 0,36 0,56 1,25 1,59 0,25 0,86 0,60 1,55 0,22 1,19 0,49 0,62 0,92 0,42
0,02 0,05 0,10 0,05 0,03 0,05 0,04 0,02 001 0,04 0,04 0,03 0,00 0,00 0,05 0,05 0,04 0,09 0,01 0,03 0,02 0,01 0,04 001 0,01 0,01 0,03 0,05 0,00 0,00
9,25 17,06 21,07 15,24 8,48 20,32 12,02 8,60 8,36 21,57 18,09 10,77 12,75 13,30 22,90 18,65 7,61 16,14 22,96 12,13 11,96 14,52 12,51 23,66 7,39 13,95 13,12 6,30 18,93 7,69
4,96 13,11 22,35 13,26 12,26 19,08 28,04 4,27 11,00 1,64 12,24 16,84 8,91 23,84 14,42 836 12,42 23,25 11,32 13,96 24,55 19,20 24,54 18,38 15,03 8,30 23,63 3,77 41,72 17,31
3,29 7,48 5723 7,00 2,49 4,79 0,47 2,68 1,40 4,12 3,38 0,81 1,05 3,38 2,96 0,01 1,96 0,96 0,00 0,19 3,52 1,18 3,24 2,66 0,59 513 0,05 0,00 0,70 0,64
090 1,13 099 0,72 0,71 0,65 0,37 0,63 0,40 4,97 097 041 045 0,67 098 0,45 0,50 0,79 1,40 2,09 059 1,14 051 0,62 0,38 0,74 1,67 1,84 046 0,62
0,70 1,80 1,71 1,17 0,71 0,36 0,70 0,28 0,90 2,67 2,14 1,77 1,03 1,60 1,10 0,00 0,557 0,72 0,40 3,08 2,56 5,05 3,07 1,63 0,68 0,27 0,35 0,55 0,80 0,37
0,00 0,02 0,02 0,05 0,05 0,02 0,04 0,03 0,00 0,00 0,00 0,03 0,06 0,02 0,02 0,01 003 0,05 0,00 0,03 0,03 0,07 004 0,11 0,04 0,02 0,07 0,11 0,06 0,01
0,00 0,15 0,00 0,02 0,02 0,05 0,07 0,02 0,02 0,00 0,13 0,01 0,09 0,08 0,05 0,29 0,02 0,00 0,07 0,04 0,03 0,16 0,13 0,15 0,08 0,04 0,15 0,01 0,04 0,09
0,13 0,38 0,31 0,13 0,07 0,23 0,27 0,11 0,07 0,00 0,08 0,04 0,11 0,15 0,13 0,08 0,11 0,07 0,12 0,07 0,25 0,14 039 0,15 0,18 0,18 0,18 0,09 0,42 0,12
0,15 0,66 0,13 0,18 0,08 0,67 0,38 0,54 0,19 0,57 0,44 0,05 009 0,09 0,19 0,13 0,22 0,24 036 0,26 0,14 0,33 0,16 0,13 0,12 047 0,19 0,05 0,32 0,15
0,84 2,553 2,30 1,18 1,28 197 1,28 2,20 0,83 1,59 1,60 1,58 1,38 1,00 1,71 1,11 1,32 1,49 2,12 1,12 1,70 2,30 2,14 2,06 1,17 1,46 1,74 2,07 1,36 0,98
0,06 0,09 0,07 0,09 0,13 0,14 0,17 0,12 0,09 0,28 0,11 0,10 0,26 0,16 0,09 0,21 0,17 0,09 0,16 0,04 0,07 0,34 0,15 0,27 0,14 0,05 0,14 0,15 0,22 0,14
0,62 093 1,65 051 0,86 1,98 1,32 0,39 0,14 1,93 0,95 0,30 051 0,24 1,19 1,18 0,55 0,79 0,78 0,55 0,94 0,39 2,15 1,05 0,20 0,75 0,61 0,49 0,65 0,24
4,72 6,74 585 4,35 3,01 502 3,86 504 1,84 4,81 7,94 3,58 4,09 3,32 558 2,48 2,13 3,82 507 1,86 6,23 4,55 6,11 4,93 2,26 6,50 4,18 2,35 3,13 1,73
0,12 0,13 0,29 0,05 0,06 0,06 0,17 0,06 0,01 0,05 0,27 0,05 0,22 0,06 0,21 0,19 0,08 0,17 1,83 0,22 0,11 0,05 0,16 0,10 0,00 0,27 0,15 0,00 0,29 0,05
0,00 0,10 0,06 0,13 0,06 0,05 0,09 0,11 0,06 0,06 0,02 0,02 0,07 0,06 0,00 0,03 0,04 0,08 0,03 0,06 0,06 0,10 0,06 0,05 0,08 0,00 0,03 0,16 0,15 0,07
0,01 0,26 062 057 0,18 0,65 0,45 0,41 1,24 0,06 1,49 2,79 1,53 1,15 0,08 0,44 0,70 0,39 0,77 1,58 0,48 1,34 033 0,55 0,32 0,02 0,23 032 028 0,36
0,03 0,25 0,29 0,54 0,46 039 039 0,53 0,65 0,15 0,34 065 031 048 0,24 0,74 042 047 0,13 0,40 0,18 0,12 004 0,21 048 0,13 0,23 0,21 0,11 0,82
0,55 0,47 064 0,20 0,09 0,44 0,19 045 0,11 0,32 0,09 0,08 0,23 0,27 0,54 0,35 0,09 0,06 0,27 0,27 0,21 0,20 0,37 0,52 0,05 0,21 0,21 0,30 0,13 0,05
0,03 0,04 0,09 0,04 0,03 0,01 0,07 0,13 0,04 0,00 0,00 0,01 0,03 0,05 0,02 0,05 0,07 0,00 0,05 0,01 0,13 0,06 0,06 0,26 0,03 0,06 0,06 0,21 0,05 0,03
0,00 0,01 0,00 0,02 0,00 0,00 0,01 0,03 0,02 0,12 0,00 0,02 0,00 0,00 0,00 0,01 0,02 0,01 0,01 0,00 0,01 0,00 001 0,00 0,00 0,00 0,02 0,02 0,00 0,00
0,60 2,23 1,63 1,13 4,29 1,38 2,31 1,62 1,15 2,78 1,83 1,53 1,11 1,27 1,22 1,13 0,94 1,49 3,48 0,90 1,39 1,09 4,23 1,12 0,61 1,22 0,99 1,71 2,63 1,76
0,00 0,63 0,02 2,02 0,69 0,00 3,72 0,11 5,26 0,00 0,00 4,37 297 2,74 0,09 0,00 2,57 0,01 0,00 0,08 0,07 0,01 0,03 0,18 5,07 0,59 1,04 0,00 0,60 4,09
0,16 0,12 0,09 0,00 0,06 0,04 0,06 204 033 0,83 0,03 0,02 004 0,00 0,34 0,13 0,06 0,10 0,01 0,08 0,29 0,47 0,28 0,26 0,02 0,24 0,06 0,14 0,37 0,13
0,07 0,08 0,07 0,09 0,05 0,09 0,04 0,06 0,05 0,31 0,06 0,01 0,03 007 0,10 0,02 0,03 0,07 0,09 0,08 0,05 0,10 0,03 0,06 0,01 0,09 0,01 0,02 0,06 0,01
0,00 0,10 0,07 0,02 0,09 0,08 0,01 0,03 0,14 0,05 0,09 0,11 0,10 0,06 0,04 0,07 0,08 0,05 0,12 0,08 0,04 0,15 0,01 0,12 0,04 0,03 0,04 0,05 0,03 0,05
0,00 0,38 0,00 0,06 0,48 0,03 0,38 0,00 0,23 0,37 0,69 0,15 0,16 0,44 0,84 0,63 0,09 0,06 021 0,13 0,24 0,37 0,44 0,65 0,63 0,00 091 031 0,16 0,67
0,00 0,00 0,07 0,72 0,01 0,15 0,02 0,12 1,83 0,00 0,00 0,01 0,00 0,00 0,00 0,59 0,30 0,57 0,48 0,00 0,00 0,00 0,00 0,00 0,06 0,11 0,03 0,03 0,06 1,60
0,02 0,05 0,01 0,06 0,02 0,04 0,01 0,03 0,05 0,04 0,01 0,01 0,02 0,00 0,08 0,04 0,04 0,02 0,00 0,00 0,01 0,06 0,00 0,00 0,02 0,04 0,01 001 0,02 0,01
0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 2,66 0,00 0,00
0,07 0,28 0,26 0,27 0,17 0,20 0,15 0,18 0,34 0,20 0,24 0,32 0,28 0,28 0,17 0,24 0,17 0,28 0,21 0,10 0,17 0,27 0,38 0,16 0,20 0,19 0,11 0,08 0,27 0,19
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File S5. Part 4.The operational taxonomic units (OTUs) identified with an abundance >0.1% in fecal microbiota of mice after different diets
Diets were supplemented with chicory flour (Chic), fructose (Fru), chlorogenic acids (CGA) and lactone sesquiterpenes. Ctrl — control related to Chic and Fru diet; Ctr2 — control related to CGA and STL diet (mice |

Ctr2_DO Ctr2_D30 CGA_DO CGA_D30 STL_DO STL_D30
Genus 1 2 4 5 1 2 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

ASF356 0,26 0,17 0,17 0,25 0,06 0,00 0,13 0,04 0,25 0,17 0,27 0,18 0,80 0,08 0,14 0,00 0,37 0,11 0,49 0,41 0,05 0,33 0,00 0,13 0,10 0,19 0,04 0,06

Coprococcus 0,00 0,01 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

GCA-900066575 0,32 0,24 0,32 0,08 0,05 0,21 0,31 0,17 0,14 0,21 0,34 0,29 0,24 0,18 0,11 0,23 0,04 0,19 0,35 0,34 0,59 0,53 0,52 0,08 0,09 0,08 0,09 0,41
Lachnoclostridium 1,13 093 0,60 0,46 0,42 1,08 0,74 0,65 1,56 0,67 0,68 0,95 0,59 1,29 0,57 1,59 2,86 0,68 0,65 098 095 0,92 1,32 0,62 0,32 264 021 1,45
Lachnospiraceae_FCS020_group 0,07 0,02 0,00 0,00 0,04 0,06 0,01 0,07 0,05 0,08 0,05 0,04 0,06 0,08 0,04 0,00 0,07 0,04 0,16 0,06 0,01 0,05 0,06 0,04 0,13 0,09 0,01 0,07
Lachnospiraceae_ge 17,30 14,87 11,99 13,71 11,67 10,35 12,62 14,02 21,03 13,51 17,62 14,65 22,22 18,04 13,36 21,20 16,35 9,82 25,70 25,72 21,59 23,43 18,26 11,39 12,29 19,45 10,10 18,71
achnospiraceae_NK4A136_group 9,24 16,55 37,28 16,94 13,99 9,35 10,94 29,16 12,47 27,21 21,08 15,32 17,26 27,48 12,82 16,01 2,05 12,89 12,60 24,04 24,75 36,34 3,86 9,62 14,38 10,72 44,99 28,07
Lachnospiraceae_UCG-001 1,18 1,94 1,11 1,99 0,04 0,30 0,00 1,18 4,18 1,01 3,20 1,04 4,63 4,99 1,11 3,72 0,00 0,63 8,33 251 1,9 2,20 0,89 0,00 0,01 10,75 0,51 5,20
Lachnospiraceae_UCG-006 091 1,34 1,38 1,25 0,61 2,28 2,46 1,46 1,31 0,73 1,58 1,08 1,72 1,39 0,79 1,06 2,78 0,53 3,62 1,89 1,26 1,09 4,94 0,42 0,60 215 0,39 0,98
Roseburia 2,58 4,65 2,05 1,41 1,22 0,51 0,58 0,54 1,21 0,60 1,51 1,28 2,65 1,60 3,53 1,45 1,09 1,36 1,61 2,76 165 265 0,10 1,08 1,76 1,33 0,87 0,52

Tuzzerella 0,02 0,01 0,02 0,04 0,07 0,04 0,08 0,06 0,04 0,01 0,09 0,04 0,07 0,04 0,01 0,00 0,04 0,04 0,07 0,08 0,10 0,04 0,07 0,03 0,08 0,06 0,00 0,05

Monoglobus 0,11 0,12 0,08 0,52 0,13 0,02 0,00 0,05 0,07 0,27 0,19 0,05 0,12 0,01 0,40 0,44 0,00 0,05 0,02 0,06 0,01 0,06 0,03 0,22 0,02 0,21 0,02 0,04
Butyricicoccaceae_UCG-009 0,15 0,20 0,35 0,31 0,17 0,14 0,10 0,22 0,19 0,19 0,29 0,11 0,30 0,42 0,00 0,00 0,09 0,12 0,24 0,21 0,10 0,04 0,36 0,06 0,10 0,15 0,07 0,18
Butyricicoccus 0,36 0,14 0,07 0,18 0,34 0,72 0,53 0,25 0,35 0,32 0,22 0,10 0,30 0,81 0,56 0,48 0,03 0,09 1,06 0,29 0,22 0,17 0,77 0,14 0,30 0,24 0,16 0,89

Colidextribacter 1,71 1,49 2,03 1,58 0,99 1,64 2,05 0,89 1,80 1,63 1,92 1,37 1,69 1,86 091 2,11 1,56 1,46 2,28 1,86 3,09 1,20 3,49 0,79 153 1,63 0,79 1,63
NK4A214_group 0,07 0,21 0,11 0,22 0,24 0,07 0,20 0,14 0,04 0,31 0,15 0,15 0,03 0,12 0,21 0,05 0,05 0,08 0,14 0,07 0,10 0,11 0,04 0,16 0,21 0,21 0,00 0,17

Oscillibacter 0,88 0,17 0,46 0,31 0,40 0,19 0,35 0,94 1,36 047 059 0,57 0,78 1,22 040 0,35 0,59 0,65 1,16 0,97 0,61 0,44 0,85 0,34 1,18 0,71 0,16 1,12
Oscillospiraceae_ge 4,59 4,09 2,93 4,85 2,51 3,62 4,23 4,78 3,81 3,80 6,61 492 11,48 4,52 3,61 2,69 5,24 2,83 9,07 6,25 6,82 4,24 9,50 1,42 2,98 5,62 1,72 4,23
Oscillospiraceae_UCG-003 0,26 0,08 0,14 0,27 0,06 0,25 0,03 0,19 0,16 0,09 0,11 0,16 0,07 0,27 0,09 0,39 0,02 0,05 0,26 0,12 0,14 0,08 0,36 0,00 0,21 0,08 0,01 0,58
Oscillospiraceae_UCG-005 0,01 0,06 0,12 0,13 0,00 0,01 0,16 0,03 0,03 0,10 0,15 0,07 0,03 0,01 0,01 0,10 0,00 0,06 0,02 0,06 0,02 0,04 0,00 0,20 0,00 0,00 0,04 0,27
Oscillospirales_ge 0,62 0,20 0,41 0,26 0,40 0,42 0,85 0,46 0,04 1,01 098 0,57 0,45 0,05 1,29 0,99 0,12 1,00 0,41 0,62 033 0,27 1,15 1,26 1,03 0,00 0,04 0,26
lospirales_UCG-010_ge 0,54 0,15 0,14 0,13 0,73 0,26 0,62 0,30 0,22 0,30 0,24 0,22 0,00 0,66 0,81 0,38 042 1,03 0,04 0,12 0,02 0,04 0,12 0,55 0,27 0,06 041 0,15
Anaerotruncus 0,35 0,15 0,14 0,31 0,28 0,05 0,72 0,40 0,51 0,09 0,17 0,08 0,41 030 0,11 0,19 0,31 0,49 0,22 0,38 0,08 044 0,18 0,37 0,23 0,47 0,08 0,31
Negativibacillus 0,04 0,06 0,08 0,11 0,08 0,14 0,06 0,11 0,06 0,00 0,01 0,02 0,04 0,10 0,02 0,13 0,08 0,09 0,00 0,10 0,05 0,01 0,19 0,05 0,04 0,00 0,00 0,04
Paludicola 0,00 0,00 0,00 0,00 0,01 0,02 0,01 0,02 0,00 0,02 0,00 0,00 0,00 0,00 0,01 0,01 0,04 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,05 0,00 0,00 0,00
Ruminococcaceae_ge 1,24 1,25 1,27 1,14 1,57 1,52 0,98 1,21 1,40 1,12 1,81 1,27 0,86 1,68 063 1,47 3,07 0,79 191 1,41 1,43 1,32 1,50 1,16 1,58 1,05 0,86 1,24
Ruminococcus 0,57 0,51 0,13 0,01 3,10 0,60 2,25 0,00 0,09 0,01 0,02 0,53 0,00 0,88 0,00 0,00 0,01 1,43 0,00 0,00 0,01 0,01 0,21 0,00 2,69 0,00 0,00 1,04
UBA1819 0,05 0,17 0,26 0,27 0,11 0,10 0,23 0,21 0,40 0,22 0,04 0,03 0,14 0,51 0,05 0,46 0,04 0,01 0,03 0,03 0,04 0,09 0,02 0,07 0,32 0,07 0,00 0,04
Peptococcaceae_ge 0,13 0,06 0,10 0,03 0,03 0,08 0,03 0,07 0,03 0,04 0,01 0,12 0,02 0,09 0,04 0,08 0,14 0,05 0,15 0,05 0,04 0,04 0,14 0,06 0,03 0,06 0,02 0,09
Anaerovoracaceae_ge 0,11 0,06 0,06 0,09 0,26 0,16 0,10 0,10 0,02 0,14 0,13 0,10 0,00 0,07 0,11 0,20 0,09 0,04 0,07 0,11 0,03 0,04 0,05 0,27 0,11 0,05 0,01 0,12
Candidatus_Saccharimonas 0,82 090 0,49 0,55 0,09 0,57 0,62 0,43 0,00 1,39 0,83 0,39 0,75 0,00 0,88 0,79 0,00 0,64 0,00 0,52 0,02 0,18 0,36 0,17 0,41 0,00 0,08 0,46
Rhodospirillales_fa_ge 0,00 0,02 0,03 0,00 1,18 1,32 0,03 0,00 0,00 0,00 0,00 0,01 0,00 0,02 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,02 0,41 0,46 0,00 0,00 0,03
Parasutterella 0,01 0,06 0,02 0,00 0,09 0,04 0,02 0,01 0,01 0,02 0,00 0,02 0,01 0,02 0,03 0,04 0,07 0,06 0,02 0,00 0,00 0,00 0,03 0,21 0,05 0,00 0,01 0,00
Hafnia-Obesumbacterium 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Others 0,21 0,21 0,13 0,19 0,38 0,42 0,13 0,21 0,17 0,28 0,29 0,34 0,21 0,21 0,23 0,27 0,35 0,22 0,27 0,18 0,21 0,22 0,30 0,29 0,31 0,23 0,13 0,36
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File S5. Part 5. The operational taxonomic units (OTUs) identified with an abundance
> 0.1% in fecal microbiota of mice after different diets.

Kingdom Phylum

Actinobacteria

Bacteroidetes

Cyanobacteria

Desulfobacteria

Bacteria

Firmicutes

Patescibacteria

Proteobacteria

Class

Coriobacteriia

Bacteroidia

Vampirivibrionia

Desulfovibrionia

Bacilli

Clostridia

Saccharimonadia

Alphaproteobacteria

Gammaproteobacteria

Order

Coriobacteriales

Bacteroidales

Bacteroidia_or
Gastranaerophilales

Desulfovibrionales

Acholeplasmatales
Erysipelotrichales

Lactobacillales

RF39
Caldicoprobacterales
Christensenellales
Clostridia_or
Clostridia_UCG-014

Clostridia_vadinBB60_group

Clostridiales

Lachnospirales

Monoglobales

Oscillospirales

Peptococcales

Peptostreptococcales-Tissierellales

Saccharimonadales
Rhodospirillales
Burkholderiales

Enterobacterales
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Family
Coriobacteriales_fa
Eggerthellaceae

Bacteroidaceae
Bacteroidales_fa
Marinifilaceae

Muribaculaceae

Prevotellaceae

Rikenellaceae

Tannerellaceae

Bacteroidia_fa
Gastranaerophilales_fa

Desulfovibrionaceae

Acholeplasmataceae
Erysipelotrichaceae
Enterococcaceae
Lactobacillaceae
Streptococcaceae
RF39_fa
Caldicoprobacteraceae
Christensenellaceae
Clostridia_fa
Clostridia_UCG-014_fa
Clostridia_vadinBB60_group_fa
Clostridiaceae

Lachnospiraceae

Monoglobaceae

Butyricicoccaceae

Oscillospiraceae

Oscillospirales_fa
Oscillospirales_UCG-010

Ruminococcaceae

Peptococcaceae
Anaerovoracaceae
Saccharimonadaceae
Rhodospirillales_fa
Sutterellaceae
Hafniaceae

Genus

Coriobacteriales_ge
Eggerthellaceae_ge
Enterorhabdus

Bacteroides
Bacteroidales_ge
Odoribacter
Muribaculaceae_ge
Muribaculum
Alloprevotella
Prevotellaceae_ge
Prevotellaceae_UCG-001
Alistipes

Rikenella
Rikenellaceae_RC9_gut_group
Parabacteroides
Tannerellaceae_ge
Bacteroidia_ge
Gastranaerophilales_ge
Bilophila

Desulfovibrio
Anaeroplasma
Erysipelotrichaceae_ge
Enterococcus

Lactobacillus
Streptococcus

RF39_ge

Caldicoprobacter
Christensenellaceae_R-7_group
Clostridia_ge
Clostridia_UCG-014_ge
Clostridia_vadinBB60_group_ge
Candidatus_Arthromitus
A2

Acetatifactor

ASF356

Coprococcus
GCA-900066575
Lachnoclostridium
Lachnospiraceae_FCS020_group
Lachnospiraceae_ge
Lachnospiraceae_NK4A136_group
Lachnospiraceae_UCG-001
Lachnospiraceae_UCG-006
Roseburia

Tuzzerella

Monoglobus
Butyricicoccaceae_UCG-009
Butyricicoccus
Colidextribacter
NK4A214_group
Oscillibacter
Oscillospiraceae_ge
Oscillospiraceae_UCG-003
Oscillospiraceae_UCG-005
Oscillospirales_ge
Oscillospirales_UCG-010_ge
Anaerotruncus
Negativibacillus

Paludicola
Ruminococcaceae_ge
Ruminococcus

UBA1819
Peptococcaceae_ge
Anaerovoracaceae_ge
Candidatus_Saccharimonas
Rhodospirillales_fa_ge
Parasutterella
Hafnia-Obesumbacterium



File S6. Standardized abundance ratio (relative to DO) for Firmicutes and Bacteroidetes phyla after 30 days of diet in mice.
Standard error of mean (SEM) were calculated for each phylum abundance ratio (D30 vs. DO0), and statistically significant differences were measured by ANOVA and Tukey’s test (p < 0.1).

Ctrl Chic Fru
Abundance ratio Mean SEM P-value Mean SEM P-value Mean SEM P-value
Firmicutes 1.11 0.62 / 0.94 0.27 ns p=0.5733 0.9 0.37 ns p=0.5167
Bacteroidetes 1.22 0.75 / 1.17 0.28 ns p=0.9077 1.61 1.56 ns p=0.6268
Ratio 1.5 1.57 / 0.9 0.55 ns p=0.4443 1.038 0.73 ns p=0.5681
Ctr2 CGA STL
Abundance ratio Mean SEM P-value Mean SEM P-value Mean SEM P-value
Firmicutes 0.77 0.17 / 0.91 0.24 ns p=0.3759 0.82 0.35 ns p=0.807
Bacteroidetes 1.36 0.38 / 1.24 0.49 ns p=0.6927 1.89 0.81 ns p=0.2756
Ratio 0.625 0.29 / 0.924 0.67 ns p=0.4389 0.307 0.08 * p=0.08
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File S7. Microbial profiling using quantitative PCR.

In order to validate results obtained by Illumina sequencing, the abundance of 2 phyla
(Firmicutes and Bacteroidetes) and 4 genera (Prevotellaceae, Clostridium ASF356,
Oscillospira, and Ruminococcus) were checked by gPCR method. Total bacterial DNA was
extracted from ~40 mg of fecal sample using according to NucleoSpin DNA Stool Kit
(Macherey-Nagel, Germany). The relative amount of bacterial phyla of interest was checked
by measuring DNA abundance of the 16S rRNA gene sequences of each group of bacteria using
the AriaMx Real-Times PCR system (Agilent, USA) and group-specific primers following
previously described protocols (Parnell & Reimer, 2012, Chaplin et al., 2015). The group-
specific primers are shown in Table S7_1. Primers were verified with Multalin software
(Corpet, 1988), and Primer3 (Untergasser et al., 2012) and finally in silico checked with the
Probe Match tool in RDP (Ribosomal Database Project) (Cole et al., 2013). Primer specificity,
amplification efficiency and the limit of detection were determined using serial dilutions of a
standard DNA. Quantitative PCR was performed in AriaMx Real-Time PCR System (Agilent),
on 96-well microplates. Amplifications were carried out in a final volume of 15uL containing
0.75 upl of each primer (10 uM) (Sigma-Aldrich, USA), 7.5 uL iQ SYBR Green Supermix
(Biorad) and either 6 pL of DNA or water (no-template control). The thermal cycling conditions
were as follows: an initial denaturation step at 95 °C for 3 min followed by 40 cycles of
denaturation at 95 °C for 15s, primer annealing at 60 °C for 30s, extension at 72 °C for 30s and
a fluorescence acquisition step at 72 °C for 10 min. DNAs extracted from fecal samples were
amplified in triplicate for each primer set and the mean value was used for statistical analysis.
For each pair of primers, a melting curve was made to verify the specificity of the amplification.
The efficiency and threshold cycle (Ct) were calculated with the Agilent AriaMx software.
Total Bacteria is a broad-range primer that identifies the conserved region of the 16S rRNA
encoding gene for a wide range of bacteria. Data obtained by this qPCR reaction gives the
amount of total bacteria present in the sample. Then the relative quantification of each target
bacteria or group was normalized with the total bacteria content in the sample, following the
mathematical model defined by Livak K., & Schmittgen T. (2001). Data were calculated as 2
AACt means and comparisons were performed using one-way ANOVA with Tukey’s and
Student’s tests (* p < 0.1, ** p < 0.05).

127



Table S7_1. Primer sequences for gPCR

Amplicon

Specificit Primer Sequence (5'-3' Tm (°C Reference
pecificity i qu ( ) length (bp) (°c)
Total bacteria Forward ACTCCTACGEGAGGCAG 194 22 Amann et al., 1990
Reverse GTATTACCGCGGCTGCTG 59
Firmicutes Forward TGAAACTAAAGGAATTGACG 135 53 Luu et of, 2017
Reverse ACCATGCACCACCTGTC 53
Bacteroidetes Forward GGAACATGTGGTTTAATTCGATG 187 57 Luu et al, 2017
Reverse AGCTGACGACAACCATGCAG 57
F d CGAAAGGTTTAGCGGTGAAG 57
Prevotellaceae orwar 140 e Song et al., 2020
Reverse CGTAGGAGTTTGGACCGTGT 59
F ACGGTACCCCTTGAATAAGCC
Oscillospira orward 162 .80 Walker et al.,, 2010
Reverse TCCCCGCACACCTAGTATTG 60
Clostridium AsF356 ~2rard GATGCCTCCTAAGAACCGTATGC 151 — 60 Erny et al,, 2015
Reverse GCGGACGGGTGAGTAACGT 60
T Forward  TTAACACAATAAGTWATCCACCTGG 314 ST paneetal. 201
Reverse ACCTTCCTCCGTTTTGTCAAC 58 g v
Results

gPCR analysis confirmed results obtained by metagenomic analysis. Chic diet showed a slight
decrease of the F/B ratio due probably to the STL content as STL diet triggered a significant

decrease of this ratio (Figure S7_1).

3
2.5
2
o
1.
215
o 1
el
e 0.5
0

Ctrl Chic Fru Ctr2 CGA STL

Figure S7_1. Relative abundance of Firmicutes and Bacteroidetes in mice microbiota after
different diets. qPCR results expressed as ratio ACt Firmicutes/ACt Bacteroidetes, mean = SD

(Tukey’s test, n=5/group, * p < 0.05).

The diet-dependent abundance of the four bacterial taxa showed similar tendencies as those
observed in metagenomic analysis (Figure S7_2). Prevotellaceae and Clostridium ASF 356
abundance was found slightly increased during Chic, CGA and STL diets. Oscillospira and
Ruminococcus were found with a decreased abundance during Chic and Fru but also CGA

and STL diets. Although Fru and CGA appear to be implicated in microbiota changes, STL

were found to play the most pregnant role.
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Figure S7_2. Relative abundance of four bacterial taxa from gut microbiota of mice, impacted by
chicory, fructose, CGA or STL supplemented diet. qPCR results expressed as the 224t mean +
SE (Student’s test, n=5/group, * p < 0.1, ** p < 0.05).

References
Amann, R. I, Binder, B. J., Olson, R. J., Chisholm, S. W., Devereux, R., & Stahl, D. A. (1990). Combination of

16S rRNA-targeted oligonucleotide probes with flow cytometry for analyzing mixed microbial
populations. Applied and Environmental Microbiology, 56(6), 1919-1925.
https://doi.org/10.1128/aem.56.6.1919-1925.1990

Chaplin, A., Parra, P., Laraichi, S., Serra, F., & Palou, A. (2015). Calcium supplementation modulates gut
microbiota in a prebiotic manner in dietary obese mice. Molecular Nutrition &Amp; Food Research,
60(2), 468-480. https://doi.org/10.1002/mnfr.201500480

Cole, J. R., Wang, Q., Fish, J. A., Chai, B., McGarrell, D. M., Sun, Y., . .. Tiedje, J. M. (2013). Ribosomal
Database Project: data and tools for high throughput rRNA analysis. Nucleic Acids Research, 42(D1),
D633-D642. https://doi.org/10.1093/nar/gkt1244

Corpet, F. (1988). Multiple sequence alignment with hierarchical clustering. Nucleic Acids Research, 16(22),

10881-10890. https://doi.org/10.1093/nar/16.22.10881

129



Duan, C., Cui, Y., Zhao, Y., Zhai, J., Zhang, B., Zhang, K., . . . Chen, H. (2016). Evaluation of Faecalibacterium
16S rDNA genetic markers for accurate identification of swine faecal waste by quantitative PCR.
Journal of Environmental Management, 181, 193-200. https://doi.org/10.1016/j.jenvman.2016.06.022

Erny, D., Hrabé de Angelis, A. L., Jaitin, D., Wieghofer, P., Staszewski, O., David, E., . . . Prinz, M. (2015).
Host microbiota constantly control maturation and function of microglia in the CNS. Nature
Neuroscience, 18(7), 965-977. https://doi.org/10.1038/nn.4030

Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative
PCR and the 2-AACT method. Methods, 25(4), 402-408. https://doi.org/10.1006/meth.2001.1262

Luu, T. H., Michel, C., Bard, J. M., Dravet, F., Nazih, H., & Bobin-Dubigeon, C. (2017). Intestinal proportion of
Blautia sp. is associated with clinical stage and histoprognostic grade in patients with early-stage breast
cancer. Nutrition and Cancer, 69(2), 267-275. https://doi.org/10.1080/01635581.2017.1263750

Parnell, AJ., & A. Reimer, R. (2012). Prebiotic fiber modulation of the gut microbiota improves risk factors for
obesity and the metabolic syndrome. Gut Microbes, 3(1), 29-34. https://doi.org/10.4161/gmic.19246

Song, S., Liu, J., Zhang, F., & Hong, J. S. (2020). Norepinephrine depleting toxin DSP-4 and LPS alter gut
microbiota and induce neurotoxicity in a-synuclein mutant mice. Scientific Reports, 10(1).
https://doi.org/10.1038/s41598-020-72202-4

Tang, S., Cheng, Y., Wu, T., Hu, F.,, Pan, S., & Xu, X. (2021). Effect of Lactobacillus plantarum-fermented
mulberry pomace on antioxidant properties and fecal microbial community. LWT, 147, 111651.
https://doi.org/10.1016/j.1wt.2021.111651

Untergasser, A., Cutcutache, I., Koressaar, T., Ye, J., Faircloth, B. C., Remm, M., & Rozen, S. G. (2012).
Primer3—new capabilities and interfaces. Nucleic Acids Research, 40(15), e115-e115.
https://doi.org/10.1093/nar/gks596

Walker, A. W., Ince, J., Duncan, S. H., Webster, L. M., Holtrop, G., Ze, X., ... Flint, H. J. (2010). Dominant
and diet-responsive groups of bacteria within the human colonic microbiota. The ISME Journal, 5(2),

220-230. https://doi.org/10.1038/ismej.2010.118

130



File S8. Estimation of the most important effects of the chicory and its tested compounds:
fructose (Fru), chlorogenic acids (CGA) and sesquiterpene lactones (STL)

Number of DEGs was considered in transcriptome analysis, and number of modified taxa in
metagenetic analysis. Results of hormone assay were constricted to significant modifications

as well as for in vitro analyses.

A score was calculated by totaling these modifications for each diet. A significant response
(yes) was considered 1 and a non-significant one (no) was considered O.

Fructose could be estimated to trigger 85% of the chicory effects, CGA to contribute for 33%
and STL for 35% of these effects.

Health effect Analytical method Chic | Fru | CGA | STL
Anti-cancer gene expression (nb of DEGs) 9 7 2 3
in vitro apoptotic effect yes no no yes
Anti-inflammatory gene expression (nb of DEGs) 4 4 2 2
in vitro cytokine assay (nb of cytokine) 3 2 2 2
Antibacterial gene expression (nb of DEGs) 7 6 2 1
metagenetics (nb of modified taxa) 3 2 2 1
Digestion and metabolism gene expression (nb of DEGs) 12 11 4 5
a) hypoglycemic GIP hormonal assay no no no yes
b) hypolipidemic metagenetics (nb of modified taxa) 4 4 1 1
leptin hormonal assay no no yes no
Neural and sensorial gene expression (nb of DEGs) 15 13 1 2
metagenetics (nb of modified taxa) 4 4 3 4
Anti-xenobiotic and antioxidant |gene expression (nb of DEGs) 6 5 3 1
Hypotensive metagenetics (nb of modified taxa) 1 1 0
Score 69 59 23 24
Contribution 100% | 85% | 33% | 35%
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CHAPITRE 3 — ETUDE IN VITRO DES
EFFETS DE LA DIGESTION GASTRO-
INTESTINALE SUR LA COMPOSITION ET LES

PROPRIETES BIOACTIVES DE LA CHICOREE



AVANT-PROPOS

Ces travaux se sont jusqu’ici focalisés sur I’étude des caractéristiques de la farine issue de la
racine de chicorée, ses activités nutrition-santé et la déetermination des classes de molécules
responsables des effets observés. Cependant, les molécules actives qui composent cette farine
sont présentes en faible quantité, et sont majoritairement piégéees dans la matrice alimentaire.
La farine de chicorée va, comme tout autre aliment, subir un certain nombre de modifications
chimiques et enzymatiques lors de son passage dans le tube digestif, ce qui a pour conséquences
de modifier ses composants actifs, leurs activités, leur bioaccessibilité ainsi que leur
biodisponibilit¢ pour le reste de I’organisme. L’étude de la fonctionnalit¢ de la chicorée

nécessite donc de connaitre son devenir apres ingestion.

A part le suivi de I’inuline, peu d’études ont décrit I’impact de la digestion gastro-intestinale
sur la fonctionnalité de la chicorée en tant que matrice alimentaire, et de ses effecteurs
principaux (fructose, STL, CGA). Nous nous sommes proposés de suivre la digestion de la
farine de chicoreée et de ses molécules bioactives et pour cela, de travailler avec le protocole de
digestion in vitro INFOGEST répliquant les conditions physiologiques (pH, température, sels)
et enzymatiques de trois des compartiments du tube digestif : bouche, estomac, intestin gréle.
Pour se rapprocher des conditions de gavage des souris des études précédentes, nous avons
choisi d’étudier I’impact de la digestion sur une décoction aqueuse de farine de chicorée, et
pour controler précisément la masse de produit a digérer, celle-ci a été utilisée sous forme
lyophilisée. Le devenir des composés de la chicorée a ensuite été suivi par *H-RMN et UPLC-
HRMS dans les trois compartiments pour voir a quel niveau les modifications s’effectuaient.
Le produit de digestion intestinale étant le plus affecté dans sa composition, celui-ci a par la
suite été testé dans un modele acellulaire permettant de mesurer son pouvoir inhibiteur sur la
production d’espéces réactives de I’oxygene (ROS). Pour estimer 1’activité anti-inflammatoire
et métabolique sur des cellules in vitro, nous avons testé les produits de digestion in vitro de la
décoction de chicorée et de ses effecteurs (fructose, CGA et STL) sur des cellules U937 et STC-
1 respectivement. Pour cela, nous avons d’abord vérifié la cytotoxicité de chaque produit brut
et de digestion pour pouvoir les tester a la plus haute concentration non toxique pour nos
modg¢les cellulaires. Nous avons ensuite fait le choix d’examiner leurs effets sur la sécrétion
des deux cytokines pro-inflammatoires IL-8 et IL-1B (pour I’effet anti-inflammatoire) et la

sécrétion de I’hormone cholécystokinine (CCK) impliquée dans la prise alimentaire.
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Les analyses métabolomiques ont permis de mettre en évidence I’impact des conditions
physiologiques et enzymatiques du tractus gastro-intestinal sur la composition de la décoction.
Celle-ci a vu son profil métabolique changer au cours de son transit dans le tube digestif et étre
particulierement impactée par la digestion intestinale. Le produit de cette digestion a donc été
utilisé dans les expérimentations in vitro qui ont suivi. Les tests en question ont montré une
accentuation des effets antioxydants, anti-inflammatoires et sur la sécrétion d’hormone de la

décoction et de ses bioactifs aprées leur digestion.

Ce travail a permis de mettre en avant I’importance des activités de la partie supérieure de
I’intestin sur la fonctionnalité de la farine de chicorée et de ses molécules bioactives ainsi que
le r6le de la matrice alimentaire. Deux mécanismes d’action ont été proposés: i) ’activité
directe sur les cellules suite a I’absorption intestinale et ii) I’activité indirecte via le microbiote
intestinal et ses métabolites. Les résultats obtenus seront prochainement valorisés dans une

revue internationale.
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Abstract

The chicory as a functional food is increasingly studied, as well as the role of each class of
molecules that enters its composition. This study aimed to understand in vitro the role of
gastrointestinal digestion on the composition and the beneficial effects of chicory. To come
closer to food and physiological conditions, the chicory flour obtained from the roots was
transformed into an aqueous decoction and subjected to human static in vitro digestion under
the INFOGEST protocol. The effect of digestion in the different compartments (oral, gastric
and intestinal) was determined by a metabolomic analysis for the flour decoction, to follow its
impact on some classes of bioactive molecules (fructose, chlorogenic acids and sesquiterpene
lactones). The comparison before and after digestion of the antioxidant, anti-inflammatory and
intestinal hormone secretion regulation effects was then carried out in vitro. The results showed
that the transformation of chicory flour takes place mainly at the small intestine level which
potentiates its functional effects. Bioactive molecules also kept or showed a more pronounced
activity after digestion. Following these results, more targeted studies could be carried out to
decipher the transformations, but also absorption and mechanisms of action of chicory bioactive

molecules.

Keywords: chicory, in vitro digestion, anti-inflammatory cytokines, antioxidant, hormone

secretion.
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Introduction

Understanding the fate of food products in the human gastrointestinal tract is essential to assess
the bioaccessibility and effects of naturally present bioactive compounds. Industrial chicory
(Cichorium intybus var. sativum) and the different classes of molecules which compose its root
were the objects of numerous studies (Perovi¢ et al., 2021, Janda et al., 2021). Classified as a
functional food, chicory root flour has proven its anticancer, anti-inflammatory, antioxidant,
antimicrobial and prebiotic effects in vivo and also in vitro in mouse models (Pouille et al.,
2020, Pouille et al., 2022). The fate of some chicory effectors during their digestion and
absorption is well known. For instance, the inulin fiber crosses the small intestine without
modifications and acts as a prebiotic in the colon (Kleessen et al., 2001, Roberfroid, 1997).
Fructose (Fru) is primarily absorbed by gut epithelial cells where it is converted to glucose,
glycerate or lactate. These organic compounds are mostly metabolized by colonic microbiota
in essential amino acids or short-chain fatty acids (Jang et al., 2018) which may in turn impact
the global metabolism of the host (Morrison & Preston, 2016). Chlorogenic acids (CGA)
absorption seems to follow several key pathways. A third of CGA consumption seems to be
immediately absorbed in its intact form in the stomach and the upper part of the small intestine
(Lafay et al., 2006). The rest is either hydrolyzed to caffeic acid and its derivatives before
passing through epithelial cells or reaching the colon where it is metabolized by the microbiota
(Olthof et al., 2003, D’ Antuono et al., 2015). Once entering the bloodstream compounds reach
the liver where they are further metabolized (Azzini et al. 2007). Most of the sesquiterpene
lactones (STL) compounds are extensively metabolized to other bioactive compounds by the
intestinal mucosa and microbiota (Rocchetti et al., 2020, Weng et al., 2020, Garcia et al., 2020)
or degraded due to gastrointestinal tract conditions (Colantuono et al., 2018). In vitro and in
silico models showed STL to be able to cross the intestinal barrier by passive diffusion and
active transports (Xu et al., 2019) to biologically effective concentrations in the organism
(Matos et al., 2020).

Three classes of molecules described as effectors of the chicory (Pouille et al., 2022) and
exhibiting modifications during digestion and partial absorption in the gastrointestinal tract,
have caught our attention: fructose, CGA and STL. To estimate the level of transformation of
the chicory flour and of these compounds during digestion, we followed the consensual in vitro
static INFOGEST protocol that is largely used for the study of the digestibility of various micro-
and macronutrients (Colombo et al., 2021). As chicory flour and its aqueous decoction show
similar qualitative metabolomics profiles (Pouille et al., 2022), only decoction and chicory
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effectors were used in this work. Metabolic modifications were followed in the three first
compartments of the gastrointestinal tract simulated by the protocol: mouth, stomach and small
intestine. These transformations were then confronted with the antioxidant, anti-inflammatory
and CCK secretion regulation effects of the digested samples, evaluated with acellular- and

cell-based assays.

Materials and Methods

Simulated Gastrolntestinal Digestion (SGID) method

Roots from industrial chicory (Cichorium intybus var. sativum) provided by Florimond Desprez
Veuve et Fils SAS (Cappelle-en-Pévele, France) were processed by Leroux SAS (Orchies,
France) and the corresponding flour was delivered by Waast Mill (Mons-en-Pévéle, France).
As previously described this flour comes from a mixture of several genotypes of chicory with
significantly different chemical compositions (Pouille et al., 2022). An aqueous decoction of
this flour was produced according to Pouille et al., (2020) and lyophilized for 72 h to ensure

complete dehydration.

Two g (dry weight) of the lyophilized chicory decoction were submitted to an in vitro simulated
gastrointestinal digestion (SGID) as described by Brodkorb et al., (2019). The first three steps
of digestion were simulated (mouth, stomach, and duodenum), and three fluids were prepared
to mimic the physiological conditions of each one. The whole digestion process was performed
in a 200 mL reactor controlled at 37 °C under constant stirring. Briefly, oral digestion of chicory
decoction was performed in 1.6 mL simulated salivary fluid (SSF), 0.010 mL of CaCl, (0.3M)
and 0.390 mL of amylase (75 IU.mL? final concentration) (A3176, Merck, Darmstadt,
Germany) for 2 min. The reaction was stopped by the addition of 3.2 mL of simulated gastric
fluid (SGF). The solution was adjusted to pH 3.0 with HCI (10 M) and to 8.0 mL final volume
with 0.002 mL of CaCl (0.3 M) and pepsin enzyme (2000 U.mL™ final concentration) (P6887,
Merck, Darmstadt, Germany). After 2 h of incubation, 3.4 mL of simulated intestinal fluid (SIF)
and 0.016 mL of CaCl, (0.3 M) were added to the reactor and pH adjusted to 7.0 with NaOH
(10 M). The intestinal digestion was carried out in a final volume of 16.0 mL for 2 h by the
addition of pancreatin (100 U of trypsin.mL of SIF? final concentration) (P1750, Merck,
Darmstadt, Germany) and bile (10 mmol.L of SIF) (bile bovine powder, Thermo-Fisher

Scientific, Waltham, MA, USA). For metabolomic analysis, to separate the impacts of
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physiological conditions (bile, pH, temperature, mixing) from the effects of digestive enzymes,
digestions without enzymes (inactive) were performed in the same volume, salt and temperature
conditions as the ones with enzymes (active). Inactive steps were achieved without amylase for
the inactive oral step, with amylase but without pepsin for the inactive gastric step, and with
amylase and pepsin but without pancreatin and bile for the inactive intestinal step. Sampling
for metabolomics analyses was done at the end of each step of SGID, immediately frozen in
liquid nitrogen then lyophilized for 72 hours. The digestion was repeated five more times (n =
6) as well as the control (blank digestion) that was performed under the same conditions but

without chicory decoction.

For cell-based in vitro tests, the SGID was performed in a separate experiment where oral and
gastric digestions were prepared with active enzymes as described above. To avoid changes in
the cell membranes (Akare & Martinez, 2005), intestinal digestion was performed bile-free.
Starting material for SGID was in this case the lyophilized chicory decoction, fructose, CGA
and STL. For chicory decoction and fructose, 2 g (dry weight) were solubilized in a final volume
of 16 mL (125 g-L* dry matter). CGA and STL were mixed respecting the proportions in the
chicory roots (Pouille et al., 2022), and digested in a final volume of 8 mL for a final
concentration of 125 uM. Samples collected at the end of the intestinal digestion step were
heated at 95 °C for 10 min and centrifuged at 13,000 rpm for 2 min at room temperature.
Supernatants were collected and frozen at — 20 °C before in vitro tests. A control (blank
digestion) was performed under the same conditions but without chicory decoction, fructose,
CGA and STL.

Metabolomic analysis

Metabolic analysis was performed for each sample obtained after in vitro active and inactive
digestion of chicory decoction, and for each step (oral, gastric and intestinal digestion) as well
as for blank digestions. A mixture of water/methanol (1:1) was added to 100 mg of a
randomized sample of digestate or 100 mg of dry residue obtained after lyophilisation of
chicory decoction. The samples were mixed for 10 min at 80 °C, using a ThermoMixer®
(Eppendorf AG, Hamburg, Germany) at 2000 rpm, followed by 10 min of sonication at 80 °C
using an ultrasonic bath at 35 kHz. The samples were centrifuged at 4 °C for 10 min at 12,000
rpm. The supernatant was diluted 20 times with methanol/water (50/50). As previously
described (Pouille et al., 2022), all samples were filtered through 0.22 um PTFE membrane

filters before analysis by ultra-performance liquid chromatography coupled to high-resolution
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mass spectrometry (UPLC-HRMS) and nuclear magnetic resonance (NMR). UPLC-HRMS
analysis was performed on an ACQUITY UPLC I-class chain coupled with the Vion IMS Q-
TOF high-resolution mass spectrometer, equipped with an electrospray (ESI) (Waters,
Manchester, UK) ionization source (Z-spray) and an additional spray for the reference
compound (Lock Spray). A double detection in the positive and negative mode was performed
by ESI mass spectrometry (range 50-2000 Da) and by a PDA diode array detector (UV
detection between 190-500 nm). Separation was performed using a KINETEX Biphenyl (100
x 2.1 mm, 1.7 um) column (Phenomenex) heated at 55 °C with a mobile phase (solvent A (0.1
% formic acid in water) and solvent B (0.1 % formic acid in methanol)) flow (0.55 mL-min™?)
and the same gradient elution as our previous study (Tchoumtchoua et al., 2019). The spectra
obtained were acquired and processed with UNIFI software (version 1.9.4, Waters) and enabled
us to generate the data matrix for untargeted metabolomics analyses with classical parameters.
Calibration mixture solution of target metabolites at concentrations of 0.5, 1, 1.5, 2, 2.5, 3, 3.5,
4, 4.5 and 5 uM were prepared by dilution in three replicates. Area values of the extracted ion
chromatograms were transferred to Excel (Microsoft Excel 2011 v. 14.7.2, Microsoft,
Redmond, WA, USA). The NMR untargeted metabolomics protocol was adapted from our
previous study (Deborde et al., 2019). Briefly, the supernatant (500 pL) was dried under
vacuum and then dissolved in 800 pL of deuterated solvent prepared in a mixture of (1:1)
Methanol-d4: KH2PO4 buffer (0.1 M) in D2O at pH 6.0 with TMSP (0.0125%), NaNs (0.6
mg.mL™), and maleic acid (1 mM). Then, the samples were briefly vortexed, sonicated, and
centrifuged. The supernatant was placed in 5-mm NMR tubes and then used for NMR analysis.
All NMR spectra were acquired at 300 K with a Bruker Avance Il 600 MHz spectrometer
operating at 600.13 MHz for 1H, and 150.91 MHz for 13C, using a 5-mm double resonance
broadband probe, equipped with z-gradient (BBFO 5 mm tube). For quantitative analysis,
classical 1D *H-NMR spectra were collected using 128 scans of 131 K data points and a spectral
width of 8417 Hz with a relaxation delay of 25 s. For metabolomics profiling, a NOESY-1D
water suppression pulse sequence was used and generated spectra were collected using 256
scans of 131 K data points and a spectral width of 8417 Hz with a relaxation delay of 25 s.
NMRProcFlow web application (Jacob et al., 2017) was used to generate the untargeted
metabolomics data matrix and the quantitative *H-NMR data. Bins with the lowest overlapping
signals were kept (0.9 to 3.25 ppm and 4.5 to 8.5 ppm). Signals of maleic acid were used to
calculate the absolute concentration of targeted metabolites. A combined data matrix with NMR
and UPLC-HRMS untargeted analyses were generated. The percentage of the relative standard

deviation (% RSD) was calculated for all metabolic features in each condition and the features
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with % RSD greater than 25 % were removed due to variability. Metabolite pick areas were
expressed in percentage (100 % corresponds to the mean for chicory decoction). Heatmap data
was clustered (Ward’s method was used to form hierarchical clustering) and visualized (using

the pheatmap-package, version 1.0.12).

In vitro cytotoxic effect

The cytotoxic effect of samples was analyzed to determine the maximum concentrations that
could be used for the other tests. The cytotoxic effect was performed using the cell counting
assay-8 (CCK-8) (CKO04, Tebu-Bio), according to the manufacturer’s instructions. STC-1 and
U937 cells were seeded in 96-well culture plates at 2 x 10* cells.cm™ and 3 x 10° cells.cm?,
respectively. After reaching confluency, the growing medium was replaced by samples diluted
at increasing concentrations in Dulbecco’s modified Eagle’s medium (DMEM, 4.5 g.L*
glucose) or in Roswell Park Memorial Institute medium (RPMI-1640). Culture medium was
used as a negative control of cytotoxicity. The cells were incubated at 37 °C for 24 h and WST-
8 was added at a final concentration of 5 % and cells were incubated at 37 °C for 90 min. WST-
8 was reduced at the intracellular level into formazan for which the amount was directly
proportional to viable cell number. Absorbance was measured at 450 nm using a microplate
spectrophotometer (Xenius, Safas, Monaco) and the cytotoxic effect of the digested samples

was determined.

In vitro secretion assay

The murine enteroendocrine STC-1 cells were seeded into 24-well culture plates at 2 x 10*
cells.cm? containing Dulbecco’s modified Eagle’s medium (DMEM, 4.5 g.L! glucose)
supplemented with 10 % fetal bovine serum (FBS), 100 U.mL™? penicillin, 100 pg.mL™
streptomycin, and 2 mM glutamine. When sub-confluence was reached, the medium was
replaced by increasing concentrations of the digested samples or control effectors diluted in the
medium. The cells were then incubated at 37 °C for 2 hours; the incubation medium was
collected on ice and centrifuged (1,200 rpm for 5 min) and the supernatants were kept at -80 °C
before cholecystokinin (CCK) determination. The amount of CCK released in the medium was
determined using an Enzyme Immuno Assay kit (EK-069-04CE, Phoenix Pharmaceuticals,
Burlingame, USA).
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In vitro inflammatory cytokines secretion assay

Inflammation was induced with LPS on macrophage PMA-differentiated U937 cells according
to Pouille et al., (2022). Secreted 1l-1B was quantified using Millipore Human High Sensitivity
T Cell kit (EMD Millipore, Darmstadt, Germany) according to the manufacturer’s instructions.
The quantification was carried out using the Luminex® 100/200 (Luminex Corporation, Austin,
TX, USA) system and the Luminex XPONENT® for LX100/200 software. The cytokine IL-8
was quantified using a human IL-8/CXCL8 Quantikine® ELISA kit (R&D Systems, Inc.,
Minneapolis, MN, USA) and medium samples were diluted 100-fold according to the kit

recommendations.

Cell-free systems evaluating antioxidative sample effects

The superoxide anion (O27) and hydroxyl radical (HO) inhibitions were estimated in cell-free
models (Pouille et al., 2022). The concentration of the starting samples was standardized at 10
mg of dry matter per mL. After all assays, the maximal percentage of inhibition obtained for
each reactive oxygen species (ROS) at the highest concentration for each sample was
calculated. All measurements were performed against a blank cuvette, containing all reagents
and samples. Inhibition control cuvettes contained 300 UM cysteine. Results were converted
into nmol.mL* and expressed in bar diagrams + SD according to the sample volumes involved

per mL of the reaction mixture.

Statistical analysis was conducted using 6 independent assays (GraphPad Prism 7 software for
Windows, Inc., San Diego, CA, USA). Provided the population was normal (Shapiro—Wilk’s
test at the 5 % level) as well as variance homogeneity obtained (non-significative Bartlett’s test
at the 5 % level), ANOVA was performed (overall Fisher’s test, p < 0.05, followed by the ad-
hoc Tukey’s test, p < 0.05). When ANOVA was not applicable, the non-parametric test of
Kruskal-Wallis (p < 0.05) followed by Dunn’s test (p < 0.05) were performed.

Results

The impact of the passage of chicory and its functional effectors (Fru, CGA and STL) through
the digestive tract on their functional potential was determined by a series of analyses. To get
as close as possible to the dietary conditions followed in a previous study (Pouille et al., 2022),

all analyses were performed with an aqueous decoction of chicory flour (Chic). To determine
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how the environmental conditions of the three first compartments of the gastrointestinal tract
exert modifications on this functional food, Chic underwent SGID before its metabolomic
profile was analyzed by *H-NMR and UPLC-HRMS. The intestinal sample was then examined
for its inhibitory activity on ROS production in a cell-free model. In parallel, digested Chic,
Fru, CGA and STL were tested on STC-1 and U937 cell lines. The levels of cholecystokinin
and pro-inflammatory cytokines were assayed by precision quantification methods and

compared to those obtained with non-digested samples.

Effect of in vitro digestion on chicory composition

The chicory flour decoction was compared before and after SGID with principal component
analysis of the results obtained with an untargeted metabolomics approach using UPLC-HRMS
in negative and positive modes, and *H-RMN analyses. In total, 693, 689 and 289 variables
were respectively kept after sorting out profiles and substracting blank digested sample profile
(data not shown). Similar pattern profiles were obtained with the three different methods
(Figure 3.1). To understand the impact of the physiological conditions of each digestive
compartment, two conditions were analyzed: an active one where chemical (enzymes) and
physiological conditions (temperature, pH, mixing, salts concentrations) were respected, and
an inactive one where enzymes were excluded and only physiological conditions were
respected. The oral step of SGID did not trigger any change in the composition of chicory raw
decoction according to UPLC-HRMS methods (Figure 3.1A and 3.1B) and a slight
modification according to *H-RMN results (Figure 3.1C). Limited differences were also
observed between active and inactive gastric conditions where the two signals overlap more or
less depending on the type of analysis. The intestinal phase led to the most important changes
compared to the non-digested decoction. Physico-chemical conditions of the intestinal
environment (temperature, pH and salts) participated in these transformations as evidenced by
the different clusters obtained with UPLC-HRMS analysis (Figure 3.1A and 3.1B) but
intestinal enzymes were the major vectors of modification as evidenced by the segregation of

the intestinal-active enzyme condition data clusters obtained with the three methods used.
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Figure 3.1. Principal component analysis of the chicory decoction (n = 6) after Simulated

Gastrolntestinal Digestion. Compounds were detected by UPLC-HRMS in (A) negative mode and (B)

positive mode, and by (C) *H-RMN analysis. Results were pre-sorted to eliminate the blank digested sample
signals. The oral, gastric, and intestinal phases of the SGID were represented by squares, diamonds and triangles,

respectively. The non-digested decoction is identified in red. Digestion done with active enzymes is represented

in blue, and without enzymes in green. The clusters delimitated by dotted lines are only indicative of shifts in

metabolomics profiles due to the conditions of digestion. Red-dotted: raw Chic; Grey-dotted: Oral digested

samples; Green-dotted: Gastric samples digested without enzymes; Yellow-dotted: Gastric samples digested with

active enzymes; Purple-dotted: Intestinal samples digested without enzymes; Blue-dotted: Intestinal samples
digested with active enzymes.
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In vitro antioxidant effect

The antioxidant effects of chicory decoction were measured in a cell-free model for the
superoxide anion and hydroxyl radical inhibition before and after SGID (Figure 3.2). In vitro
digestion did not impact the already high inhibitory effect of chicory decoction on superoxide
anion production (Figure 3.2A and 3.2B) but drastically increased the inhibition of hydroxyl
radical beginning from 0.5 mg.mL™ (Figure 3.2C and 3.2D).
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Figure 3.2. Oxygen free radicals inhibition by chicory in a cell-free model before and after SGID.
Superoxide anion (top graphs) and hydroxyl radical (bottom graphs) inhibition by raw decoction (A and C) and
digested chicory decoction (B and D) were observed by contrast with the effect of the negative control (T ED)
containing distilled water and the positive control containing cysteine (T cys). Each sample was tested at increasing
concentrations ranging from 0.25 to 1 mg of dry matter equivalent per final mL. Statistical analysis for n = 6
independent assays were performed with ANOVA: Fisher’s test, p < 0.0005 (A and B), p <0.05 (C and D); Tukey’s
test, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 (A, B and D) and Kruskal-Wallis test, p = 0.0017;
Dunn’s test, ** p < 0.01 (C).
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Cytotoxic effect

Before testing the effects of the different intestinal samples on cell-based assays, we performed
cytotoxic analyses on STC-1 and U937 cells to determine the highest non-cytotoxic
concentrations (Figures 3.3 and 3.4). Both cell lines were cultured in 96-well plates until sub-
confluence and then put in contact with digested and non-digested samples for 24 h. Statistical

analyses were performed to distinguish real cytotoxicity from apparent ones.

150
o Before SGID
< 100~
> . .
=
% o
s 30 H
0 [ I [ I [ ’_—:;‘ I [ [ I I I I T I T I I T I T I I
S T SR R RS SO RN S SRS OO IO P N NP SR S & D
A e AR A A S SIS @Q&* o S 5ot \@\x“\
Chic Fru CGA STL
© 2 After SGID
150 z *

100
50 ﬂ « X
0 .

Chic dig Fru dig CGA dig STL dig Blank dig

Viability (%)

Figure 3.3. Cytotoxic effect of chicory decoction and its compounds on differentiated macrophages
before and after SGID.

U937 cells were differentiated with PMA before being treated with increasing concentrations of raw chicory
decoction (Chic), non-digested fructose (Fru), non-digested chlorogenic acids (CGA) and non-digested
sesquiterpene lactones (STL) for 24 h (A). Samples underwent an in vitro simulated gastrointestinal digestion and
intestinal samples were put in contact with U937 cells for 24h (B). Control digestion (Blank dig.) was performed
under the same conditions. The cytotoxicity of samples was determined by a cell counting assay-8 and is expressed
as a percentage of the control (RPMI medium) viability. Statistical analyses were performed using Kruskal-Wallis
and Dunn’s multiple comparisons tests (* p < 0.05; ** p < 0.005; *** p < 0.0005; **** p < 0.0001 against RPMI

control). dig.: digested sample.
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Viability was measured by CCK-8 test and showed that U937 cell line could endure Chic and
Fru samples until 0.5 % (w/v) concentration (Figure 3.3) while STC-1 cells could withstand
two times more (1 % wi/v) (Figure 3.4). Compounds such as CGA and STL mixes could be

tested at a maximum concentration of 20 UM in both cell lines.
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Figure 3.4. Cytotoxic effect of chicory decoction and its compounds on enteroendocrine cells
before and after SGID.

STC-1 cells were treated with increasing concentrations of raw chicory decoction (Chic), non-digested fructose
(Fru), non-digested chlorogenic acids (CGA) and non-digested sesquiterpene lactones (STL) for 24 h (A). Samples
underwent an in vitro simulated gastrointestinal digestion and intestinal samples were put in contact with STC-1
cells for 24 h (B). Control digestion (Blank dig.) was performed under the same conditions. The cytotoxicity of
samples was determined by a cell counting assay-8 and is expressed as a percentage of the control (DMEM
medium) viability. Statistical analyses were performed using Brown-Forsythe and Welch ANOV A with Dunnett’s
multiple comparisons tests (A) and Kruskal-Wallis and Dunn’s multiple comparisons tests (B) (* p < 0.05; ** p <
0.005; *** p < 0.0005; **** p < 0.0001 against DMEM control). dig.: digested sample.
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In vitro intestinal hormone secretion regulation

The chicory flour decoction and its components (CGA, STL, Fru) were tested for their ability
to stimulate CCK secretion in STC-1 cells before and after SGID at the previously determined
highest non-cytotoxic concentration (Figure 3.4). Results showed that SGID does not affect
the capacity of the chicory decoction to increase the CCK secretion but that it significantly
provided it for STL and tended to for Fru (p = 0.0525) (Figure 3.5).
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Figure 3.5. Effect of chicory on cholecystokinin secretion by STC-1 cells.

STC-1 cells were incubated for 2 h with different final concentrations of chicory decoction (Chic), fructose (Fru),
chlorogenic acids (CGA) and sesquiterpene lactones (STL) before and after SGID, in DMEM. Digested bovine
hemoglobin (Hb, 0.5% dry matter final concentration) was used as positive control. DMEM and DMSO were used
as medium controls, and blank as control of digestion. CCK level was determined in cell media by EIA and
expressed as fold of control (DMEM) levels. Statistical analysis was performed using one-way ANOVA and
Dunnett’s multiple comparisons test (* p < 0.05, *** p = 0.0001, **** p < 0.0001 against DMEM control). Blank
0.5 %: control associated with Chic; Blank 1 % control associated with Fru; Blank 20 puM: control associated with

STL and CGA.
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In vitro evaluation of the anti-inflammatory effect

To evaluate the potential anti-inflammatory effect of chicory decoction and its effectors, the

secretion of the pro-inflammatory cytokines (IL-1p and IL-8) was determined in LPS-induced

macrophage at their highest non-cytotoxic concentration afore determined (Figure 3.3).
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Figure 3.6. Effects of chicory decoction on LPS-induced secretion of interleukin-1§ (IL-1p) and

interleukin-8 (IL-8) in human U937-macrophages before and after SGID. U937 were differentiated

with 60 ng.mL* of PMA for 48h before being put in contact with the different samples. Cytokine production was

measured after 2 h of incubation with culture medium (RPMI), LPS at 50 ug.mL%, or with a positive inflammation

inhibition control (LPS at 50 pg.mL? + dexamethasone at 20 uM) or with LPS (50 ug.mL?) + tested samples (N

= 3). Statistical analysis of the data was performed with one-way ANOVA and Dunnett’s multiple comparisons

tests to compare the LPS-RPMI control to the dexamethasone control and samples with GraphPad Prism software
(* p <0.05; ** p < 0.005; *** p < 0.001; **** p < 0.0001). Chic: 1 % of chicory decoction; Fru: 1 % of fructose;
CGA: 20 uM of chlorogenic acids mix; STL: 20 uM of sesquiterpene lactones mix; blank 1 %: control of digestion

associated with Chic and Fru; blank 20 uM: control of digestion associated with CGA and STL.
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Results showed that whatever the considered experiment, the secretion of the two cytokines
studied was increased by exposure to LPS alone compared to the non-inflamed control (Figure
3.6). The IL-8 pro-inflammatory cytokine was significantly downregulated by the addition of
glucocorticoid dexamethasone at the concentration of 20 uM but not the IL-1p despite a slight
decrease. Before SGID, the chicory decoction and its effectors all decreased the IL-8 secretion
similarly to the dexamethasone control. The levels of IL-1p were decreased in the presence of
chicory decoction and CGA and STL to comparable levels obtained to that of non-LPS-
inflamed condition. Fru did not induce any modification in the IL-1p secretion by macrophages
when compared to the LPS-RPMI control condition. After SGID, as expected, both digestion
controls did not induce any anti-inflammatory effect. Regarding the IL-8 secretion, the same
anti-inflammatory effect as before SGID was observed for chicory effectors but not for chicory
decoction. Chicory decoction, Fru, and STL decreased IL-1f secretion after SGID at a

comparable level to that of the LPS-RPMI control condition.

Discussion

Chicory flour was already described as a functional food in upper studies (Pouille et al., 2020;
Pouille et al., 2022) but little is known about its fate in the digestive tract. This work was carried
out to determine the extent to which gastrointestinal digestion has an impact on the composition
and the potential health effects of chicory and its major bioactive compounds (Fru, CGA, STL).
The INFOGEST consensus protocol was implemented to mimic the first three compartments
of the gastrointestinal tract in their physiological conditions and enzyme activities. Digested
chicory decoction obtained in active- and inactive-enzyme conditions in the oral, gastric and
intestinal compartments were analyzed for metabolomic profiling by *H-NMR and UPLC-
HRMS. Full-digested (intestinal compartment) chicory decoction, fructose, CGA and STL were
tested in vitro for their inhibitory action on ROS and cytokines production, and their effect on

CCK secretion.

The chicory composition changes during in vitro digestion

Metabolic analyses showed a compartment-dependent effect as the physicochemical and
enzyme conditions variably contributed to the specific modifications of the chicory decoction
compounds. In vivo, during digestion, the release of bioactive molecules from food begins in
the oral compartment. Food is first exposed to salivary a-amylase which degrades starch, and
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lipase which is responsible for triglycerides degradation (Pedersen et al., 2018). Mastication
also helps in breaking the ingested food matrix down into smaller portions making
macromolecules more accessible to enzyme action (Zou et al., 2016). In comparison, in this
study, this compartment was simulated with amylase at a neutral pH and a constant stirring. No
lipase was used according to the INFOGEST protocol (Brodkorb et al., 2019). The mastication
did not have to be simulated here because the chicory decoction and its effectors were in
suspension and solution and not incorporated into a solid matrix. Very minor modifications of

metabolomic profiles were observed after this phase of in vitro digestion (Figure 3.1).

The second step of digestion takes place in the stomach where operate four types of cells:
neuroendocrine, parietal, chief and foveolar cells. The neuroendocrine cells are responsible for
the secretion of histamine, gastrin, somatostatin, and the tight regulation of the production of
gastric acids by the parietal cells. In turn, chief cells cleave the pepsinogen into active pepsin
protease. The foveolar cells produce mucus protecting the gastric mucosa against gastric acids
(Hsu et al., 2022). Not all these conditions could be reproduced using the static INFOGEST
protocol. Gastric movements involved in the further breaking down of the food matrix could
not be reproduced either. Only physiological conditions such as pH, salts concentrations and
pepsin enzyme activity were emulated (Brodkorb et al., 2019). In our study, physiological
conditions but not enzymes of the gastric compartment triggered a shift in metabolomics
profiles (Figure 3.1). Indeed, the protein content of chicory decoction is very low (6 to 9 % of
dry weight) and the impact of pepsin activity therefore limited. Regarding the effectors studied,
it has been reported that fructose is not affected by the gastric environment (Dholariya et al.,
2021), and little is known about the fate of chicory STL in this compartment. Stomach acidity
is known to trigger a rapid degradation of alantolactone and costunolide (Yu et al., 2020) but
not of CGA, which seems to be stable in acidic conditions (Olthof et al., 2001, Baeza et al.,
2018).

After gastric digestion, the chyme reaches the small intestine where the large majority of
metabolism and absorption of bioactive molecules happens (Ogobuiro et al., 2022). The small
intestine is constituted of three different segments: duodenum, jejunum and ileum, where the
intestinal mucosa is folded in villi of varying lengths. On their surface are present enterocytes
involved in the absorption of food nutrients, goblet cells producing the mucus, enteroendocrine
cells secreting hormones and Paneth cells exerting a protective action against pathogens (Kong
et al., 2018). When the food bolus enters the first segment of the intestine, it is mixed with both

duodenum and pancreas secretion including pancreatic amylases, lipases, proteases and
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peptidases. Trypsinogen, chymotrypsinogen, procarboxypeptidase and proelastase are then
converted to their active form by the action of the duodenum enterokinases. The liver also
delivers bile that emulsifies hydrophobic lipids and helps the action of the hydrophilic
pancreatic lipases (Patricia et al., 2021). Not all intestinal conditions could be replicated in vitro
but the pH was adjusted to a physiological one (pH = 7-7.5) (Evans et al., 1988), and the chyme
was incubated in the presence of bile and pancreatin which is a mix of lipases, amylases and
proteases. Our results indicated that in this phase of digestion, enzymatic activity and/or

alkaline medium notably changed the metabolic profile of the chicory (Figure 3.1).

Concerning bioactive molecules of chicory, it is already known that fructose is transformed in
the small intestinal tract only, and converted into glucose and organic acids (Jang et al., 2018).
Depending on their structure, the STL are partially transformed during digestion. Some
compounds may be bioavailable in their original forms (Rocchetti et al., 2020) but also in a
transformed form due to interactions with plasma proteins, intracellular glutathione binding or
gut microbiota metabolism (Matos et al., 2021). Thus, it is estimated that a third of cyranopicrin
is degraded in the intestine as it was described in vitro (Colantuono et al., 2018), and that an
important amount of chicory lactucin and lactucopicrin is transformed in the large intestine by
microbial activities (Garcia et al., 2020). CGA were found to be degraded up to 50 % in the
small intestine (Crozier et al., 2010) through the slightly alkaline pH, and to form less complex
compounds such as caffeic, ferulic, quinic and coumaric acids (Selma et al., 2009, Vamanu et
al., 2020, Wojtunik-Kulesza et al., 2020). Non-absorbed phenolic compounds can reach the
colon where they are metabolized by microbiota’s enzymes to molecules with a lower
molecular weight making them more easily absorbable (Quatrin et al., 2020). Some CGA were

described as completely transformed during gastrointestinal digestion (Baeza et al., 2018).

SGID potentiates ROS scavenging effect of chicory decoction

As the intestine is the seat of nutrient sensing and absorption, the intestinal digested chicory
was considered the most physiologically relevant to measure its capacity to inhibit the
production of ROS in a cell-free model. Raw and digested chicory decoction were thus
compared and results showed their comparable effect on superoxide anion production (Figures
3.2A and 3.2B). However, a much more important inhibitory activity was observed on hydroxyl
radical (Figures 3.2C and 3.2D) which is known to be the most reactive ROS (Das &
Roychoudhury, 2014). The antiradical effect of many Asteraceae was associated with their

caffeoyl derivatives content (Fraisse et al., 2011), so we hypothesize that 3-mono-O-
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caffeoylquinic and 3,5-di-O-caffeoylquinic acids, two polyphenols already detected in chicory
decoction (Pouille et al., 2022), are the main bioactive molecules responsible for this effect.
Most studies showed an increase in the scavenging activity of foodstuffs containing dietary
polyphenols during the digestion process (Ovando-Martinez et al., 2018, Chen et al., 2017,
Cafias et al., 2022). This activity was directly linked to polyphenol content and mostly to CGA
(Mawalagedera et al., 2016). All together we could then presume that the release of CGA from
the chicory matrix and/or their transformation in a more scavenging form, occurs during the

intestinal phase of digestion and triggers an increased antioxidant activity of digestates.

Anti-inflammatory and intestinal hormone secretion stimulation effects of chicory

were preserved after SGID

The ability of chicory and its effectors to stimulate CCK secretion in enteroendocrine cells was
studied here as previous results on digested roasted chicory had shown promising results (Fouré
et al., 2018). In the present study, the SGID did not modify the already high efficiency of
chicory to stimulate CCK secretion in STC-1 enteroendocrine cells but raised the activity of
effectors, especially of the STL which trigger a significant increase of CCK after digestion
(Figure 3.5). CCK is known to be released from endocrine L-cells localized in the upper
intestinal tract mostly through lipid and protein intake (Dockray, 2012). This hormone is
involved in various physiological mechanisms of the digestive tract (Rehfeld, 2004), and highly
contributes to the regulation of food intake (Morton et al., 2006). Chicory flour seems to exert
a secretagogue effect on CCK in vitro. Being more active after digestion, all tested bioactive
molecules, especially STL, seem involved in this effect. We cannot exclude that other
constituents of the chicory could also be involved, such as lipids (< 0.2 % dry weight) or
proteins (6 - 9 % dry weight) (Leclercq, 1992). These preliminary results highlight the potential
implication of chicory in the regulation of food intake via intestinal nutrient sensing. Further
investigations have to be done to confirm in vivo this effect and to identify the responsible

molecules and the molecular mechanisms involved.

The effects of chicory decoction and its effectors at non-cytotoxic concentrations on
inflammation were studied before and after SGID by measuring the production of two pro-
inflammatory cytokines, IL-8 and IL-1p, in U937 monocytes differentiated into macrophages
and stimulated by LPS. Chicory flour, CGA and STL triggered a significant reduction of I1L-13
and 11-8 secretion before SGID (Figure 3.6) and preserved this action after SGID. Fructose

showed an inhibitory effect on IL-1p after digestion only. In the gastrointestinal tract fructose
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is transformed to organic acids such as lactate (Jang et al., 2018) which could exert anti-
inflammatory effects at low-dose (Zwaag et al., 2020) and explain this gain of activity.

The interleukin-1p plays a major role in the initiation and amplification of the inflammatory
response (Bocker et al., 1998) and is implicated in mediator release and leucocyte recruitment
(Martin & Wallace, 2006), while IL-8 is secreted in response to inflammatory stimuli and is
involved in the recruitment of neutrophils, basophils, T lymphocytes and polynuclear cells, and
also in neutrophil activation (Henkels et al., 2010). Nevertheless, cytokine production in
excessive quantity results for instance in tissue damage, toxicity and cell death in the case of
chronic inflammation (lyer & Cheng, 2012). In our study, the glucocorticoid dexamethasone
was used as a positive control of inhibition inflammation. Glucocorticoids are widely used for
the treatment of inflammation as they exert protective and anti-inflammatory actions notably

because they inhibit gene expression of pro-inflammatory cytokines (Medzhitov, 2010).

The results obtained are very encouraging as the effects of certain bioactive compounds are
comparable to those obtained with dexamethasone and as chicory and its effectors present very

interesting anti-inflammatory profiles before and after SGID.

Conclusion

Untargeted *H-NMR and UPLC-HRMS analyses were carried out on chicory decoction after
an oral, gastric and intestinal in vitro digestion to determine the impact of the gastrointestinal
tract on its metabolomic profile. Although the in vitro digestion is an imperfect simulation of
the in vivo process, we can observe the importance of physiological conditions of different
compartments and the one of digestive enzymes at the intestinal level for the release and/or the
transformation of the chicory matrix into more active molecules. In vitro tests for antioxidant
effect of chicory showed an increase of this effect after digestion. The anti-inflammatory effect
and the release of CCK hormone were also increased on in vitro cells after the chicory digestion
and also after several bioactive molecules digestion (fructose, CGA and STL). We can thus
presume that after digestion, the different absorbed molecules released from the chicory flour
matrix could better trigger their health effect. The colonic bacteria represent a second
mechanism of the chicory flour action and of its bioactives (Pouille et al., 2020, Pouille et al.,
2022). To be complete, future studies should make use of the SHIME® system and look at the

bioaccessibility of various chicory molecules.
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CONCLUSION GENERALE &
PERSPECTIVES



Ce travail porte sur une plante d’intérét alimentaire des Hauts-de-France, la chicorée
industrielle (Cichorium intybus var. sativum). L’ensemble des travaux a été réalisé avec la
farine de chicorée, un produit agroalimentaire encore peu commercialisé en Europe mais qui, a
terme, pourrait étre incorporé dans des recettes boulangéres, patissiéres ou des encas pour leur

apporter une nouvelle saveur, texture et des bienfaits sur la santé.

Nous avons pu démontrer le statut fonctionnel de la farine de chicorée. En travaillant avec deux
génotypes contrastés de chicorée (G12 et G35), nous avons pu démontrer que les deux
engendraient les mémes effets au niveau de 1’expression des genes, sécrétion hormonale et
modification du microbiote intestinal chez la souris, mais que le génotype plus riche en fructose,

CGA, STL et inuline avait des effets plus nuancés.

L’inuline testée séparément s’est avérée un prébiotique trés efficace. Sortant intacte du
processus de digestion, I’inuline affecte trés peu le profil d’expression des génes, son principal

mécanisme d’action passant probablement par les SCFA générés par les taxons microbiens.

Parmi les autres effecteurs fonctionnels potentiels de la chicorée, nous avons ciblé le fructose,
CGA et STL qui se sont avérés des composes bioactifs avec des effets partiellement redondants
et complémentaires. Nous avons pu prouver leurs effets in vivo sur le modéle murin mais aussi
in vitro sur des cellules humaines. Ces composés administrés seuls ou dans la matrice
alimentaire sous forme de décoction aqueuse de farine, pourraient exercer des effets
antitumoraux, antimicrobiens, anti-inflammatoires, antioxydants et impliqués dans la
régulation de I’homéostasie énergétique. Des modifications de la sécrétion de marqueurs
hormonaux liés a la régulation de la prise alimentaire a long (leptine) et court (CCK) terme ont
aussi été observées. Au niveau du microbiote intestinal les effets sont bénéfiques pour certaines
bactéries productrices de butyrate et autres SCFA ainsi que délétéres pour certaines bactéries a

potentiel pathogéne.

Suite a ces travaux, plusieurs perspectives a court terme ont été envisagees. Les techniques et
méthodes proposées au laboratoire n’ont pas permis de vérifier ’impact des microorganismes
du colon sur Iactivité des composés actifs de la chicorée. Le systeme dynamique SHIME® ou
Simulator of the Human Intestinal Microbial Ecosystem qui inclue I’incorporation d’un
microbiote intestinal a la digestion, a donc été envisagé (Van de Wiele et al., 2015). Ce
protocole de digestion in vitro, nous permettrait d’effectuer une digestion colique en
supplément de ce qui a déja été mis en place. Cette méthode nous aiderait en trois points: évaluer

les modifications apportées aux composés par RMN et LC-MS, déterminer par qPCR les
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variations de composition d’'une communauté microbienne connue, et quantifier par GC-MS
les SCFA produits par un microbiote sain favorisé par 1’ajout de chicorée. Il serait également
judicieux de compléter les informations connues sur I’absorption de ses composés. Il pourrait
donc étre envisagé d’effectuer un passage des produits de digestion a travers un mod¢le de
barriere intestinale in vitro. Le modéle en question, développé au sein du laboratoire par le Dr
Elodie Dussert, consiste en une co-culture de cellules entériques (Caco-2), d’une lignée de
cellules capables de produire du mucus (HT29-MTX) et de macrophages (U937) (données non
publiées). Cette culture permet alors d’estimer le taux de passage (biodisponibilité) des
composés phénoliques et terpéniques dans le compartiment basolatéral, et leur impact sur la
réponse inflammatoire dans un systéeme complexe plus proche de la réalité physiologique. Une
analyse de D’expression génique dans ces cellules pourrait également Etre associée a ce
protocole, et nous donnerait de plus amples informations sur les genes et sur les mécanismes

moléculaires impliqués dans les effets observés prenant naissance au niveau intestinal.

A plus long terme, d’autres modeles expérimentaux pourraient étre utilisés pour approfondir

les connaissances sur le potentiel nutrition-santé de la chicorée et les mécanismes mis en jeu.

De nos jours de nombreux modéles animaux sont deja utilisés en recherche, et dans le but de
respecter au mieux la regle des 3R, des modéles de plus en plus sophistiqués sont mis au point
pour les remplacer. Il existe ainsi des modeles d’organoides qui miment au plus pres les
conditions physiologiques d’un véritable organe dans une culture 3D. Ces organes miniatures
sont issus des connaissances sur la capacité des cellules souches pluripotentes a s’autoorganiser
en constructions multicellulaires et permettent des applications majeures comme I’induction de
pathologies par édition de génome ou la recherche de nouveaux composes thérapeutiques en
pharmacologie. De tels modéles ont été créés pour répliquer la morphologie et les pathologies
de I’intestin (Angus et al., 2020), du foie (Ramachandran et al., 2015), des reins (Ding et al.,
2020) et bien plus encore. Des tissus micro-fabriqués sur puces, les « organoides sur puce »
(‘organoids-on-a-chip’), ont vu le jour depuis quelques années et permettraient d’explorer les
mémes aspects dans un environnement plus contr6lé (Park et al., 2019). Ainsi, ces modéles,

bien qu’onéreux, seraient un plus dans 1’étude des effets de la chicorée et de ses composés.

En dehors du réle fonctionnel de la chicorée, son effet pharmacologique pourrait aussi étre
caractérise plus en détail. Des modéles murins pathologiques, telles que les souris
C57BL/6JOlaHsd, sont utilisés dans 1’étude de pathologies telles que 1’obésité, le diabete, les

maladies cardiovasculaires, le cancer... (www.envigo.com/model/c57bl-6jolahsd).
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Malgré cela, le modéle murin a ses limites. La pathogénese (Rangarajan & Weinberg, 2003,
Mestas Hughes, 2004), le métabolisme (Bergen & Mersmann, 2005, Kowalski & Bruce, 2014)
et le microbiote (Nguyen et al., 2015) de 1’étre humain et de la souris sont différents bien qu’ils
aient été estimés suffisamment proches pour étre comparés. Pour exemple, souris et Hommes
possédent un microbiote intestinal différent dans leur composition, tandis que leurs fonctions
clés demeurent similaires (Beresford-Jones et al., 2021). Pour remplacer le rongeur, des tests
pourraient alors étre réalisés chez le modéele porcin, plus proche de 1’étre humain (Vodicka et
al., 2005). Une derniére perspective serait, dans 1’idéal, de tester les effets de la chicorée

directement chez I’Homme.
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RESUME

Ce projet s’inscrit dans une problématique globale qui concerne la caractérisation du potentiel
nutrition-santé des produits agro-alimentaires issus de la biodiversité naturelle de la chicorée
ainsi que des varietés améliorées de celle-ci. L’enjeu consiste a valoriser les produits
conventionnels et surtout ceux a valeur d’aliment fonctionnel, qui procurent, au-dela des
fonctions nutritionnelles de base, des bienfaits physiologiques et qui réduisent le risque de
maladies chroniques.

L’objectif de ce projet de thése a été de tester différents produits issus de la chicorée industrielle
(Cichorium intybus var. sativum), notamment des farines produites a partir des racines, ainsi
que différentes classes de molécules qui entrent dans la composition de la plante, pour analyser
leurs effets sur la santé animale et humaine. Ce projet a inclus trois étapes de développement :
i) la caractérisation du potentiel fonctionnel des produits alimentaires (farines de chicorée et
inuline) au travers d’analyses nutrigénomiques, physiologiques et métagénomiques chez la
souris; ii) I’identification, in vivo et in vitro, des différentes classes de molécules responsables
des effets santé observeés (fructose, acides chlorogéniques et lactones sesquiterpéniques), et iii)
I’évaluation de I’impact de la digestion gastro-intestinale simulée in vitro sur le statut
fonctionnel des farines et de leurs composés. Les résultats obtenus ont mis en évidence les effets
antitumoraux, anti-inflammatoires, antimicrobiens, antioxydants, sur le microbiote intestinal
murin et activité potentiellement régulatrice de ’homéostasie énergétique, de la farine de
chicorée et de ses composés bioactifs (Pouille et al., 2020; Pouille et al., 2022).

ABSTRACT

This project is part of a broad issue concerning the characterization of the health and nutrition
potential of agri-food products derived from the natural biodiversity of chicory as well as its
improved varieties. This issue aims to promote conventional products and especially those with
functional food value, which therefore provide, beyond basic nutritional functions,
physiological benefits and reduce the risk of chronic diseases.

The objective of this thesis work was to test different products from industrial chicory
(Cichorium intybus var. sativum), in particular flours produced from the roots, as well as
different classes of molecules that enter the composition of the plant, to analyze their effects on
animal and human health. This project included three stages of development: i) the
characterization of the functional potential of food products (chicory flour and inulin) through
nutrigenomic, physiological and metagenomic analyses in mice; ii) an in vivo and in vitro
identification of the different classes of molecules responsible for the health effects observed
(fructose, chlorogenic acids and sesquiterpene lactones), and iii) the evaluation of the impact
of the in vitro simulated gastrointestinal digestion on the functional status of the flours and their
compounds. The results obtained highlighted the antitumoral, anti-inflammatory, antimicrobial,
antioxidant, on mice gut microbiota and the potential regulatory activity of energy homeostasis,
of chicory flour and its bioactive compounds (Pouille et al., 2020; Pouille et al., 2022).



