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Résumé en français  

En plus de leur rôle dans la solubilisation des lipides alimentaires, les acides biliaires sont 

des molécules de signalisation régulant leur propre métabolisme, l'homéostasie du glucose 

et des lipides, la dépense énergétique, la fonction cardiovasculaire et l’inflammation, en 

modulant le Farnesoid X Receptor (FXR) et le Takeda G protein coupled Receptor 5 (TGR5). 

En effet, des modifications dans les concentrations des acides biliaires sont associées aux 

maladies métaboliques et ce sont des candidats pour participer à la pathophysiologie de ces 

maladies ou prédire leur progression. 

Dans la première partie de cette thèse nous avons étudié les modifications des acides 

biliaires dans le contexte de l'obésité, l'insulinorésistance, le diabète de type 2 et la 

stéatohépatite non alcoolique. Nous avons montré que les acides biliaires sont corrélés avec 

l’homéostasie du glucose chez l’Homme, mais qu’ils ne sont pas des prédicteurs de la 

bascule du prédiabète en diabète de type 2 dans un étude de cohorte.  

La deuxième partie de cette thèse est dédiée à l’étude des acides biliaires dans la chirurgie 

bariatrique. Nos résultats ont montré que la chirurgie bariatrique réduit la recapture 

hépatique des acides biliaires, provoquant leur augmentation dans la circulation systémique, 

et que ce n’est pas l’anse biliaire mais l’anse commune qui est responsable des 

modifications métaboliques après la chirurgie bariatrique chez le minipig. Ensuite, nous 

avons montré chez l’Homme que les acides biliaires liés aux lipoprotéines de haute densité 

(HDL) augmentent après la chirurgie bariatrique, et que cette augmentation est corrélée avec 

la restauration de leurs fonctions vaso-protectrices. 

 
Key words in French: 
Acides biliaires, FXR, TGR5, Obesité, Diabète de type 2, NAFLD, Chirurgie bariatrique. 

 

Cette thèse a été préparée à l’UMR1011 Inserm, Institut Pasteur de Lille, 
Université de Lille - EGID. 1 rue du professeur Calmette. 59000 Lille, France. 
 

 

 

  



 
 

2 
 

Title in english: Role of bile acids on the pathophysiology of obesity, insulin-resistance, type 

2 diabetes, non-alcoholic fatty liver disease and in the context of bariatric surgery. 

Abstract in English  

In addition to their role in the solubilization of dietary lipids, bile acids are signaling molecules 

regulating their own metabolism, glucose and lipid homeostasis, energy expenditure, 

cardiovascular function and inflammation via the activation of the Farnesoid X Receptor 

(FXR) and the Takeda G protein coupled Receptor 5 (TGR5). Indeed, changes in bile acid 

concentrations are associated with metabolic diseases and therefore they are candidates to 

participate in the pathophysiology of these diseases or predict their progression. 

In the first part of this thesis, we studied bile acid changes in the context of obesity, insulin 

resistance, type 2 diabetes and non-alcoholic steatohepatitis. We demonstrated that bile 

acids are correlated with glucose homeostasis in humans, but that they are not predictors for 

the progression from prediabetes to type 2 diabetes in a longitudinal cohort study.  

In the second part of this thesis, we studied the bile acids in the context of bariatric surgery. 

Our results showed that bariatric surgery reduces the hepatic recapture of certain bile acids, 

causing them to increase in the systemic circulation. Additionally, we showed that it is not the 

bile limb but the common limb the one responsible for metabolic changes after bariatric 

surgery in the minipig. Finally, we showed in humans that bile acids linked to high-density 

lipoproteins (HDL) increase after bariatric surgery, and that this increase is correlated with 

the restoration of their vasoprotective functions. 

 

Key words in English  
Bile acids, FXR, TGR5, Obesity, Type 2 diabetes, NAFLD, Bariatric surgery.  

This thesis was prepared at the UMR1011 Inserm, Institut Pasteur de Lille, University 
Lille - EGID. 1 rue du professeur Calmette. 59000 Lille, France. 
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Résumé substantiel en Français 

La prévalence croissante de l'obésité et de ses complications représente un problème de 

santé publique majeur dans le monde entier, avec de graves comorbidités métaboliques, une 

diminution de la qualité de vie et des coûts économiques importants pour la société 

(Srivastava et Apovian 2018 ; Ng et al. 2014). La compréhension de la pathophysiologie de 

ces maladies permet de développer de nouvelles stratégies thérapeutiques. Cette thèse 

porte sur l'étude des acides biliaires dans le contexte de ces maladies, leur utilité clinique 

comme biomarqueurs et leurs modifications après la chirurgie bariatrique. 

Les acides biliaires sont des molécules stéroïdes synthétisées dans les hépatocytes à partir 

du cholestérol par une série de réactions enzymatiques qui constituent deux voies. La « voie 

classique » est responsable de la synthèse de la plupart des acides biliaires et est initiée par 

le cytochrome P450 (CYP) cholestérol 7α-hydroxylase (CYP7A1), et les concentrations 

plasmatiques de la molécule 7α-hydroxy-4-cholesten-3-one (C4) sont corrélées avec le taux 

de synthèse des acides biliaires par cette voie, faisant du C4 un marqueur de la voie 

classique. Le reste des acides biliaires est synthétisé par la « voie alternative » qui débute 

avec la CYP 27α-hydroxylase (CYP27A1). Les produits hépatiques finaux de ces voies sont, 

chez les humains, l'acide chénodésoxycholique (CDCA), l'acide cholique (CA) et l'acide 

hyocholique (HCA). Chez les rongeurs, le CDCA peut être 6β-hydroxylé par le CYP2C70, 

pour former les espèces muricholiques (MCA) (Takahashi et al., 2016). Les acides biliaires 

sont conjugués à la glycine ou à la taurine, pour former les acides biliaires glyco- et tauro-

conjugués, respectivement. 

Les acides biliaires sont ensuite sécrétés dans la bile et sont dirigés à travers les voies 

biliaires vers la vésicule biliaire, où ils sont stockés et concentrés pendant la période inter-

digestive. Les acides biliaires sont libérés en période post-prandiale à l'intérieur du 

duodénum pour participer à la solubilisation et à l'absorption des lipides alimentaires. Dans 

l'intestin, le microbiote intestinal déconjugue les acides biliaires conjugués via les Hydrolases 

de Sel Biliaire (BSH) produisant des acides biliaires libres et de la glycine ou de la taurine. 

De plus, les bactéries intestinales peuvent déshydroxyler et/ou épimériser les acides biliaires 

primaires pour former les acides biliaires secondaires (ainsi CA devient l'acide 

désoxycholique (DCA), CDCA devient l'acide lithocholique (LCA) et l’acide 

ursodésoxycholique (UDCA), HCA devient l’acide hydéoxycholique (HDCA)). 

Principalement dans l'iléon, les acides biliaires sont recapturés par le pôle apical des 

entérocytes et retournent dans le foie par la veine mésentérique supérieure et la veine porte 

hépatique. Quand le sang circule dans les sinusoïdes hépatiques, les transporteurs d'acides 

biliaires exprimés dans la membrane sinusoïdale des hépatocytes (sodium/bile acid 
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cotransporter, NTCP; organic-anion-transporting polypeptides, OATPs; organic anion 

transporters, OATs) les recapturent, complétant la « circulation entéro-hépatique des acides 

biliaires ». Ainsi, les acides biliaires sont utilisés pour la solubilisation des lipides plusieurs 

fois par jour, circulant efficacement entre le foie et l'intestin, et seulement 5% des acides 

biliaires échappent à la recapture intestinale et sont perdus dans les selles, pour être 

remplacés par la synthèse hépatique de novo à partir du cholestérol. De même, une petite 

fraction des acides biliaires échappe à la recapture hépatique pour atteindre le cœur par la 

veine cave inférieure, pour être distribuée dans la circulation systémique et atteindre ainsi les 

tissus périphériques (Pour une revue générale sur la synthèse et le métabolisme des acides 

biliaires voir : Lefebvre et al. 2009 ; Kuipers, Bloks, and Groen 2014 ; Chávez-Talavera et al. 

2017). 

En plus de leur rôle dans la solubilisation des lipides alimentaires, les acides biliaires sont 

des molécules de signalisation qui régulent leur propre métabolisme, l'homéostasie du 

glucose et des lipides, la dépense énergétique, la fonction cardiovasculaire et l'inflammation 

en modulant l’activité du récepteur nucléaire Farnesoid X (FXR) et du récepteur Takeda G-

protein coupled Receptor 5 (TGR5). Les puissances différentes des espèces d'acides 

biliaires pour moduler FXR et le TGR5 suggèrent que des changements dans leurs 

proportions pourraient moduler l'homéostasie métabolique, et par conséquent les voies de 

signalisation des acides biliaires sont reconnues comme cibles thérapeutiques potentielles 

dans le traitement des troubles liés à l'obésité (Schaap, Trauner, & Jansen, 2014). 

Le but de cette thèse était d'étudier les variations des acides biliaires dans la 

physiopathologie de différents contextes métaboliques, tels que l'obésité, 

l'insulinorésistance, le diabète de type 2 et l’hépatopathie grasse non alcoolique (NAFLD), et 

post chirurgie bariatrique.  

Cette thèse est présentée sous la forme d'une compilation de revues et d'articles originaux, 

L’introduction générale est présentée dans la revue que j'ai écrite avec Anne Tailleux, 

Philippe Lefebvre et Bart Staels, sur la physiologie des acides biliaires, leur signalisation à 

l’état physiologique et dans le contexte des maladies méta-inflammatoires, ainsi que leurs 

applications pour le traitement des maladies métaboliques (Chávez-Talavera & Tailleux 2017 

Gastroenterology). La partie décrivant les hypothèses de travail, la méthodologie et les 

résultats et les conclusions se décline en deux : La première partie porte sur les acides 

biliaires dans l'obésité, la résistance à l'insuline, le diabète de type 2 et la NAFLD. La 

seconde partie porte sur les acides biliaires dans la chirurgie bariatrique chez les humains et 

les miniporcs. 
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Partie I. Les acides biliaires dans le contexte de l'obésité, l'insulinorésistance, le 

diabète de type 2 et la NAFLD. 

L'introduction de ce chapitre consiste en une revue que j'ai écrite avec le soutien de Joel 

Haas, Anne Tailleux et Bart Staels (Chávez-Talavera et al. Curr Opin Lipidol. 2019). Dans 

cette revue, nous avons résumé et discuté les études cliniques actuellement disponibles sur 

l'analyse des acides biliaires chez des patients souffrant d'obésité, d'insulinorésistance (IR), 

de diabète de type 2 et d'hépatopathie grasse non alcoolique (NAFLD). Les différentes 

études sont présentées dans un tableau, dans lequel le lecteur peut voir la grande 

hétérogénéité entre les paramètres métaboliques des populations étudiées choisies pour les 

études, ce qui pourrait expliquer les résultats très discordants rapportés. Ces maladies sont 

difficiles à étudier séparément, car elles sont souvent comorbides et leur gravité respective 

peut varier d'un patient à l'autre. Le large spectre de gravité de ces maladies métaboliques 

pourrait être responsable d'altérations particulières du métabolisme des acides biliaires 

présentes seulement à certains stades de l'histoire naturelle de chaque maladie. Par 

conséquent, le choix de l'état clinico-biologique des populations étudiées pourrait être crucial 

pour comprendre les résultats contradictoires et permettre leur interprétation appropriée. 

Bien que la littérature actuelle ne prouve pas clairement un rôle causal, les articles analysés 

dans notre revue montrent que les altérations des acides biliaires sont associées aux 

composantes du syndrome métabolique. Afin d'étudier un contexte métabolique particulier, 

les études cliniques devraient envisager de faire correspondre la sévérité de l'obésité, de l'IR 

ou du NAFLD entre les groupes, de sorte que les groupes comparés ne diffèrent entre eux 

que par le contexte métabolique étudié. 

En nous basant sur les altérations des acides biliaires présentes chez les patients 

obèses et insulinorésistants que nous avons résumées dans notre revue Chávez-Talavera et 

al. Curr Opin Lipidol. 2019, nous nous sommes demandés si les acides biliaires avaient une 

association prédictive avec la conversion du prédiabète en diabète de type 2, dans une 

étude prospective, en collaboration avec l'équipe du Pr. Bertrand Cariou de l’UMR 1087, 

l’Institut du Thorax, Université de Nantes. Pour répondre à cette question scientifique, nous 

avons utilisé la cohorte IT-DIAB, qui est une étude prospective observationnelle de 5 ans 

conçue pour identifier de nouveaux biomarqueurs du risque de diabète de type 2 dans une 

population prédiabétique. J'ai participé à la sélection des patients et j'ai été responsable de 

la mesure des concentrations d'acides biliaires et de C4 dans le plasma, avec l'aide 

précieuse du Département de Spectrométrie de Masse (PSM-GRITA) de la Faculté de 

Pharmacie de l'Université de Lille, ainsi que de Matthieu Wargny de l'Université de Nantes, 

pour les  analyses statistiques des données. J'ai rédigé le manuscrit sous la supervision 
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étroite d'Anne Tailleux, Bart Staels et Bertrand Cariou, et je suis donc co-premier auteur de 

cette publication.  

En résumé, 205 patients atteints de prédiabète ont été inclus dans cette étude et ont été 

suivis chaque année pendant 5 ans. Les concentrations plasmatiques d'acides biliaires à 

jeun et de C4 ont été quantifiées dans le plasma prélevé à la première visite, et l'association 

entre les acides biliaires et le risque de bascule de prédiabète en diabète de type 2 a été 

déterminée en utilisant les modèles de risques proportionnels de Cox. Dans les analyses 

longitudinales, les espèces plasmatiques d'acides biliaires n'ont pas été associées 

indépendamment à la conversion au diabète de type 2 après ajustement aux facteurs de 

risque classiques du diabète de type 2. Cependant, le HCA total et le rapport entre l'HCA 

total et le CDCA total (reflétant le taux d'hydroxylation hépatique 6α) étaient négativement 

corrélés avec l'IMC et le HOMA-IR, ce qui suggère que cette espèce d'acide biliaire, souvent 

négligée, pourrait être liée au métabolisme du glucose (Chávez-Talavera et al., article 

soumis. Manuscrit 3, page 45). 

Pour la dernière partie de ce chapitre, j'ai pu contribuer à la mise-au-point et à la 

validation des mesures C4, qui n’était à cette époque pas encore validé  dans notre équipe, 

ainsi qu'à la discussion scientifique des travaux publiés par Legry et al. JCEM 2018. Comme 

nous le discutons dans notre revue (Chávez-Talavera et al. Curr Opinion LIpidol 2019), de 

nombreuses études cliniques ont rapporté des altérations des acides biliaires dans le 

contexte de la NAFLD, quel que soit le statut métabolique des populations étudiées. Nous 

savons aussi que les altérations des acides biliaires sont associées aux comorbidités 

métaboliques de la NAFLD. Par conséquent, l'association entre les altérations du 

métabolisme des acides biliaires et les lésions histologiques nécro-inflammatoires de NASH 

ont été étudiés et l'analyse transcriptomique du métabolisme des acides biliaires et des 

acides biliaires hépatiques à jeun ont été comparés entre les patients atteints de NASH et 

ceux qui n'en sont pas atteints. L'originalité de cette étude est que les patients ont été 

soigneusement appariés par rapport à leur IMC et HOMA-IR de sorte qu'ils ne varient que 

sur le statut NASH. Les résultats montrent qu'il n'y a pas de différence dans l'expression 

génique du métabolisme hépatique des acides biliaires ni dans les concentrations 

plasmatiques de C4 et FGF19, un marqueur circulant d’activation inestinale de FXR. De 

plus, les acides biliaires plasmatiques n'étaient pas corrélés avec les lésions hépatiques de 

NASH mais avec les paramètres d'homéostasie du glucose, ce qui suggère que les 

altérations des acides biliaires sont liées au phénotype métabolique associé à NASH, plutôt 

qu'aux lésions histologiques proprement dites (Legry et al. JCEM 2018). 
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Partie II. Les acides biliaires dans le contexte de la chirurgie bariatrique : étude chez 

l'Homme et dans un modèle préclinique de miniporc (Sus scrofa). 

La chirurgie bariatrique est le traitement le plus efficace contre l'obésité morbide, car 

elle induit une perte de poids et, par conséquent, améliore le métabolisme. De façon 

intéressante, plusieurs améliorations métaboliques consécutives à la chirurgie bariatrique 

surviennent avant la perte de poids corporel, et le mécanisme à l'origine de ces 

améliorations est inconnu. Parmi les candidats proposés pour participer à ces changements 

figurent les acides biliaires, puisque leurs concentrations systémiques sont augmentées et 

leurs proportions sont modifiées tôt après l'intervention chirurgicale dans de nombreuses 

études cliniques et précliniques.  

L'introduction de ce chapitre est une revue résumant les changements des acides 

biliaires chez l’humain subissant une chirurgie bariatrique, les mécanismes sous-jacents et 

leur rôle potentiel de signalisation dans les améliorations métaboliques après une chirurgie 

bariatrique (Chávez-Talavera et al. Appetite 2019 soumission en cours, Manuscrit 5, Page 

91).  

 

Puisque les acides biliaires sont des candidats pour participer aux améliorations 

métaboliques précoces à la suite du bypass gastrique Roux-en-Y (RYGB), nous nous 

sommes interrogés sur le mécanisme sous-jacent aux augmentations d'acides biliaires 

induites par la chirurgie bariatrique. Pour répondre à cette question, nous avons fait une 

collaboration avec l'équipe du Pr. François Pattou (UMR 1190, EGID, Université de Lille), qui 

dispose d'un modèle de RYGB validé dans le modèle de miniporc de type Göttingen. Nous 

avons utilisé ce modèle car il présente l'avantage d'être un mammifère omnivore de taille 

humaine, permettant un échantillonnage continu et une analyse simultanée du sang veineux 

systémique et du sang préhépatique portal. Grégory Baud, doctorant sous la supervision de 

François Pattou au moment de l'étude, a réalisé les interventions chirurgicales, et les 

dosages d'acides biliaires ont été réalisés par Emmanuelle Vallez, technicienne travaillant 

dans notre équipe. L’interprétation des données sur les acides biliaires et la recherche des 

mécanismes hépatiques sous-jacents m’ont été confiés, ainsi que la rédaction du manuscrit 

sous la direction de ma directrice de thèse et grâce à la formation et aux contributions de 

Sophie Lestavel, Bart Staels et François Pattou. Comme j'étais responsable de ce projet, je 

suis co-premier auteur de ce manuscrit. 

Puisque notre but était d'étudier le rôle du foie dans les changements des acides biliaires 

induits par le RYGB, nous avons analysé les acides biliaires dans le sang veineux portal et 

dans le sang systémique au cours d'un test de repas avant et après le RYGB, et nous avons 

aussi analysé l'expression des gènes du métabolisme hépatique des acides biliaires. Nous 
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avons démontré que, dans la période postprandiale, les acides biliaires portaux ne sont pas 

altérés après une chirurgie bariatrique, alors que les concentrations systémiques d'acides 

biliaires augmentent du fait d’une augmentation des espèces d'acides biliaires conjugués. 

Puisque l'organe entre le sang portal et la circulation systémique est le foie, et puisque le foie 

est l'un des principaux organes où se produit le métabolisme des acides biliaires, nous avons 

analysé dans les biopsies du foie l'expression des gènes du métabolisme des acides 

biliaires. Notre analyse a révélé une diminution de l'expression des gènes transporteurs 

responsables de la recapture hépatique des acides biliaires, ce qui suggère que le RYGB 

module sélectivement la recapture hépatique des acides biliaires et contribue à leurs 

changements plasmatiques après une chirurgie bariatrique (Chávez-Talavera & Baud et al. 

Int J Obes 2017).  

Pour la section suivante de ce chapitre, nous nous sommes concentrés sur les acides 

biliaires intestinaux, puisqu'ils participent à la régulation de l'homéostasie du glucose via 

leurs récepteurs dans l'intestin, et que l’anse biliaire est un candidat pour être responsable 

des améliorations métaboliques après une chirurgie bariatrique. Nous nous sommes donc 

demandé si l’anse biliaire est le médiateur des changements métaboliques d'une autre 

technique de chirurgie bariatrique : le bypass gastrique à anastomose unique (One 

Anastomosis Gastric Bypass, OAGB), et si les acides biliaires intestinaux participent à ces 

améliorations métaboliques. Pour répondre à cette question, nous avons poursuivi la 

collaboration avec François Pattou, en utilisant le modèle préclinique miniporc que dans 

l’étude précédente. Les miniporcs ont subi une OAGB ou une chirurgie de type sham avec 

ou sans résection de l’anse biliaire. Le phénotype métabolique des miniporcs a été 

déterminé un mois après la chirurgie, y compris la composition des acides biliaires 

intestinaux tout au long du tractus gastro-intestinal, ainsi que les acides biliaires 

plasmatiques. Dr. Camille Marciniak, doctorante sous la direction de François Pattou, a 

réalisé les interventions chirurgicales et j'ai dosé les acides biliaires plasmatiques et les 

concentrations en C4 et effectué les analyses des acides biliaires. J'étais responsable de 

l'analyse de toutes les données sur les acides biliaires et j'ai également contribué à 

l'interprétation et à la rédaction du manuscrit avec Camille Marciniak. Pour cela, je suis co-

premier auteur de ce manuscrit en préparation. 

Ces travaux ont donné des résultats inédits dans le domaine des acides biliaires. D’abord, 

nous montrons pour la première fois que l'OAGB augmente les concentrations systémiques 

d'acides biliaires, de façon similaire au RYGB. Ensuite, nous décrivons que l'homéostasie du 

glucose s'améliore simultanément avec un déplacement des proportions intestinales intra-

luminales de HDCA vers HCA après l’OAGB. Enfin, nous avons étudié le rôle de l’anse 

biliaire et de l’anse commune dans l'amélioration du métabolisme et dans les changements 
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des acides biliaires intra-luminaux intestinaux sur l'OAGB. Nos données montrent que la 

résection de l’anse biliaire (ou du segment intestinal correspondant dans le modèle sham) 

reproduit les changements métaboliques et d'acides biliaires après l'OAGB sans résection, 

ce qui suggère que la longueur de l’anse commune, mais pas celle de l’anse biliaire, 

intervient dans ces effets (Chávez-Talavera & Marciniak et al. Article en préparation, 

Manuscript 7, page 120).  

La dernière partie de ce chapitre est une étude chez l'Homme réalisée en 

collaboration avec l'équipe d'Elena Osto, du Laboratoire de biologie de la nutrition 

translationnelle de l'Université de Zurich, Zurich, Suisse.  

Les acides biliaires circulent dans la circulation sanguine liés aux composants plasmatiques 

de la fraction dépourvue de lipoprotéines, dont l'albumine présente la plus forte affinité 

(Rudman et Kendall 1957 ; Ceryak, Bouscarel, et Fromm 1993). Cependant, les acides 

biliaires sont également transportés par les lipoprotéines (Kramer et al. 1979 ; Steiner et al. 

2012). En effet, les acides biliaires transportés par les lipoprotéines, représentent 5 à 10 % 

des acides biliaires plasmatiques dans des conditions physiologiques (Buscher et al. 1987 ; 

Steiner et al. 2012 ; Hedenborg, Norman, et Ritzén 1988). De plus, les HDL sont connues 

pour exercer des effets vaso-protecteurs sur les cellules endothéliales, entre autres, en 

augmentant la production d'oxyde nitrique ou en inhibant l'apoptose. Ces propriétés des HDL 

sont connues pour être diminuées dans le contexte de l'obésité, et restaurées rapidement 

après le RYGB (Osto et al., 2015). Étant donné que les acides biliaires circulants changent 

aussi très tôt après le RYGB, nous avons étudié les acides biliaires liés aux HDL chez 

l'Homme avant et après RYGB et nous avons analysé si ceux-ci sont corrélés avec 

l'amélioration des propriétés vaso-protectrices des HDL. Nos données montrent que le 

RYGB augmente les acides biliaires liés aux HDL et que l'augmentation des espèces CA et 

CDCA est corrélée à la restauration des propriétés anti-apoptotiques des HDL après 

chirurgie (Chávez-Talavera & Jomard, et al. Article en préparation. Manuscrit 8, page 148). 
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INTRODUCTION AND GENERAL OVERVIEW OF THE THESIS 

The rising global prevalence of obesity and its complications represents a major public health 

problem worldwide, carrying severe metabolic comorbidities, decreased life quality and 

economic costs for society  (Ng et al., 2014; Srivastava & Apovian, 2018). The understanding 

of the pathophysiology of these diseases allows developing new strategies for their 

treatment. This thesis focuses on the study of bile acids in the context of these diseases, 

their clinical utility as biomarkers and their modifications upon bariatric surgery. 

Bile acids are steroid molecules synthetized within hepatocytes from cholesterol by a series 

of enzymatic reactions that constitute two pathways. The “classical pathway” is responsible 

for the synthesis of most of bile acids and is initiated by the cytochrome P450 (CYP) 

cholesterol 7α-hydroxylase (CYP7A1), the plasma concentrations of the molecule 7α-

hydroxy-4-cholesten-3-one (C4) are a correlated with the bile acid synthesis rate via this 

pathway. The remaining part of bile acids is synthesized by the “alternative pathway” that 

initiates with the CYP 27α-hydroxylase (CYP27A1). The hepatic end-products of these 

pathways are, in humans, the chenodeoxycholic acid (CDCA), cholic acid (CA), and the 

hyocholic acid (HCA). (In mice and rats, CDCA can be 6β-hydroxylated by the CYP2C70, to 

form the muricholic (MCA) species). Bile acids can be conjugated to glycine or taurine, to 

form the glyco- and tauro-conjugated bile acids, respectively.  

 

Figure 1. General structure of bile acids, positions of the hydroxyle groups that 
characterize them in the carbon 6 (R1), 7 (R2) and 12 (R3). Bile acids are called 
unconjugated or “Free” when there is a hydroxyle in the position X, whereas they are 
called “glyco-“ or “tauro-conjugated” when there is a glycine or a taurine in the 
position X. 
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Bile acids are further secreted into the bile and flow through the biliary tree into the 

gallbladder, where they are stocked and concentrated during the inter-digestive period. Bile 

acids are released postprandially inside the duodenum to participate to the alimentary lipid 

solubilization and absorption. Within the intestine, the gut microbiota deconjugate the 

conjugated bile acids via the Bile Salt Hydrolases (BSH), producing free bile acids and 

glycine or taurine. Additionally, the gut bacteria can dehydroxylate and/or epimerize the 

primary bile acids to form secondary bile acids (CA becomes deoxycholic acid (DCA), CDCA 

becomes lithocholic acid (LCA) or ursodeoxycholic acid (UDCA), HCA becomes 

hyodeoxycholic acid (HDCA)).  

 

Figure 2. Main steps of hepatic and intestinal bile acid synthesis. Intestinal microbiota 
7-dehydroxylation (*), 7-epimerization (#), 6-epimerization ($). From Chávez-Talavera et 
al. Appetite 2019. 

Predominantly in the ileum, bile acids are recaptured at the apical pole of enterocytes and 

return to the liver via the superior mesenteric and the portal veins. As blood flows through the 

hepatic sinusoids, the bile acid transporters expressed in the sinusoidal membrane of the 

hepatocytes (sodium/bile acid cotransporter, NTCP; organic-anion-transporting polypeptides, 

OATPs; organic anion transporters, OATs) recapture them, completing the so called “entero-

hepatic circulation” of bile acids. Thus, bile acids are used for lipid solubilization several 

times a day, cycling efficiently between the liver and the intestine, and only 5% of bile acids 

escape intestinal recapture and are lost in feces, to be replaced by hepatic de novo bile acid 

synthesis from cholesterol. Similarly, a small fraction of bile acids escape hepatic recapture 

to reach the heart via the inferior vena cava, to be distributed in the systemic circulation and 

reaching thus peripheral tissues, (for review on bile acid synthesis and metabolism (Chávez-
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Talavera, Tailleux, Lefebvre, & Staels, 2017; Kuipers, Bloks, & Groen, 2014; Lefebvre, 

Cariou, Lien, Kuipers, & Staels, 2009)). 

 

Figure 3. Entero-hepatic circulation of bile acids. Adapted from Chávez-Talavera & 
Spinelli, et al. Curr Opin Endocrinol Diabetes Obes. 2016.  

In addition to their role in dietary lipid solubilization, bile acids are signaling molecules 

regulating their own metabolism, glucose and lipid homeostasis, energy expenditure, 

cardiovascular function and inflammation by activating the nuclear Farnesoid X Receptor 

(FXR) and the Takeda G-protein coupled Receptor 5 (TGR5). The different potencies of bile 

acid species to activate FXR and TGR5 suggest that changes in their proportions could 

modulate metabolic homeostasis, and therefore bile acid signaling pathways are recognized 

as potential therapeutic targets for the treatment of obesity-related disorders.  
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Figure 4. Bile acids modulate their receptors FXR and TGR5 with different potencies. 
Since TGR5 is a membrane receptor, its activation can occur by simple proximity of 
the bile acids with the cell, whereas FXR requires internalization and translocation of 
the bile acids to the nucleus. 

The aim of this thesis was to study the variations of bile acids in the pathophysiology of 

different metabolic contexts, such as obesity, insulin resistance, type 2 diabetes and non-

alcoholic fatty liver disease (NAFLD), as well as in bariatric surgery. This thesis is presented 

as a compilation of reviews and original articles. The general introduction is presented in the 

review that I wrote with Anne Tailleux, Philippe Lefebvre and Bart Staels, about bile acid 

physiology, bile acid signaling in physiology and in the context of meta-inflammatory 

diseases, and the targeting of bile acid signaling pathways for the treatment of metabolic 

diseases (Chávez-Talavera & Tailleux 2017 Gastroenterology). 

This thesis is organized in two parts. The Part I is about bile acids in the context of obesity, 

insulin resistance, type 2 diabetes, and NAFLD. The Part II is about bile acids in the context 

of bariatric surgery in humans and minipigs. 
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PART I 

BILE ACIDS IN THE CONTEXT OF OBESITY, INSULIN RESISTANCE, 
TYPE 2 DIABETES, AND NAFLD. 

The introduction of this chapter consists on a review that I wrote with the support of Joel 

Haas, Anne Tailleux and Bart Staels (Chávez-Talavera et al. Curr Opin Lipidol. 2019. 

Manuscript number 2, page 36). In this review, we summarized and discussed the currently 

available clinical studies analyzing bile acids in patients with obesity, insulin resistance, type 

2 diabetes and non-alcoholic fatty liver disease (NAFLD). The different studies are 

summarized in a table, in which the reader is able to see the high heterogeneity between the 

metabolic parameters of the studied populations chosen for the studies, which might explain 

the highly discordant reported results. Such diseases are difficult to be studied separately, 

since they are often co-morbid and their respective severity can vary from patient to patient. 

The broad severity spectrum of these metabolic diseases could be responsible for particular 

bile acid metabolism alterations present only at certain stages of the natural history of each 

disease. Therefore, selection of the clinico-biological status of the studied populations might 

be crucial to understand the conflicting results and allow their appropriate interpretation. 

Although current literature does not clearly support a causal role, the articles analyzed in our 

review show that bile acid alterations are associated with the metabolic syndrome 

components. To be able to study a particular metabolic context, further clinical studies should 

consider matching body mass index (BMI), insulin resistance (IR) or NAFLD stages across 

the groups, so that the compared groups differ amongst them only in the studied metabolic 

context. 

Based on the bile acid alterations present in patients with obesity and insulin resistance that 

we summarized in (Chávez-Talavera et al. Curr Opin Lipidol. 2019. Manuscript number 

2, page 36), we wondered whether bile acids have a predictive association with the 

conversion from prediabetes to new-onset type 2 diabetes in a prospective cohort study, in a 

collaboration with the team of Pr. Bertrand Cariou from the UMR 1087, l’Institut du Thorax, 

University of Nantes. To answer this scientific question, we used the IT-DIAB cohort, which is 

a 5-year prospective, observational study designed to identify new biomarkers of type 2 

diabetes risk in a population with prediabetes. During a one-week stay in our collaborator’s 

laboratory, I participated to the selection of the patients. Then, I was responsible for the 

measurement of bile acid and C4 concentrations in plasma, with the precious help of the 

Mass Spectrometry Department (PSM-GRITA) of the Pharmacy Faculty at the University of 

Lille, and I also actively participated to the main analysis of the data along with Matthieu 
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Wargny at the University of Nantes. I drafted the manuscript with the close supervision of 

Anne Tailleux, Bart Staels and Bertrand Cariou, and therefore I am co-first author of this 

publication.  

Briefly, 205 patients with prediabetes were included in this study, and were followed each 

year during 5 years. Baseline fasting plasma bile acids and C4 concentrations were 

quantified and the association between bile acids and new onset type 2 diabetes was 

determined using Cox proportional hazards models. In the longitudinal analyses, plasma bile 

acid species were not independently associated with the conversion to type 2 diabetes after 

adjustment with classical type 2 diabetes risk factors. However, total HCA and the total 

HCA/total CDCA ratio (reflecting hepatic 6α-hydroxylation rate) negatively correlated with 

BMI and HOMA-IR, suggesting that this often neglected bile acid species could be linked 

with metabolic homeostasis (Chávez-Talavera. et al., Article submitted. Manuscript 

number 3, page 48). 

For the final part of this chapter, I could contribute to the technical standardization and 

validation of C4 measurements by our team, which at this time was not completed, and the 

scientific discussion of the work published by Legry et al. JCEM 2018 (Manuscript number 

4, page 74). As we discuss in our review (Chávez-Talavera et al. Curr Opinion LIpidol 
2019. Manuscript number 2, page 36), many clinical studies have reported bile acid 

alterations in the context of NAFLD, regardless of the metabolic status of the studied 

populations. We know also that bile acid alterations are associated with the metabolic co-

morbidities of NAFLD. Therefore, the association between bile acid metabolism alterations 

and the necro-inflammatory histological lesions of NASH was studied and fasting plasma bile 

acid and hepatic bile acid metabolism transcriptomic analyses were compared between 

NASH patients and no-NASH patients matched by BMI and IR. The originality of this study is 

that the patients were carefully matched so that they only vary on the NASH status; the 

results show that there are no differences in hepatic bile acid metabolism gene expression 

nor in the plasma concentrations of C4 and FGF19, a marker of intestinal FXR activation. 

Moreover, plasma bile acids were not correlated with the hepatic lesions of NASH but were 

correlated with glucose homeostasis parameters, suggesting that bile acid alterations are 

related with the metabolic phenotype associated with NASH, rather than with the histological 

lesions per se (Legry et al. JCEM 2018) (Manuscript number 4, page 74). 
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MANUSCRIPT NUMBER 2 

Chávez-Talavera & Haas et al. Bile Acid Alterations in Nonalcoholic Fatty Liver Disease, 

Obesity, Insulin Resistance and Type 2 Diabetes: What Do the Human Studies Tell?” 

Current Opinion in Lipidology, March.  2019.  
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ABSTRACT 

Objective: Bile acids (BAs) are signaling molecules controlling lipid and glucose metabolism. 

Since BA alterations are associated with obesity and insulin resistance, plasma BAs have 

been considered candidates to predict type 2 diabetes risk. We aimed to determine (1) the 

association of BAs with glucose homeostasis parameters and (2) their predictive association 

with the conversion from prediabetes to new-onset diabetes (NOD) in a prospective cohort 

study. 

Design: 205 patients with impaired fasting glucose were followed each year during 5 years 

in the IT-DIAB cohort study. Twenty-one BA species and 7α-hydroxy-4-cholesten-3-one (C4), 

a marker of BA synthesis, were quantified by LC/MS-MS in plasma from fasted patients at 

baseline. Correlations between plasma BA species and metabolic parameters at baseline 

were assessed by Spearman’s analyses and the association between BAs and NOD was 

determined using Cox proportional hazards models.  

Results: Among the analyzed BA species, only HCA and the total HCA/total CDCA ratio 

negatively correlated with BMI and HOMA-IR. The total HCA/total CDCA ratio also correlated 

negatively with HbA1C. However, plasma BA species were not independently associated with 

the conversion to NOD after adjustment with classical type 2 diabetes risk factors. The total 

HCA/total CDCA ratio, reflecting hepatic BA 6α-hydroxylation activity, was significantly 

associated with NOD, but this association was confounded by BMI and HOMA-IR.  

Conclusions: Fasting plasma BAs are not useful clinical biomarkers for predicting NOD in 

patients with prediabetes. However, an unexpected association between 6α-hydroxylated 

BAs and glucose parameters was found, suggesting a role for this pathway in metabolic 

homeostasis. 

 

Keywords: Bile acids, prediabetes, type 2 diabetes, hyocholic acid, C4 

Abbreviations: 12α-hydroxylated (12α-OH); 6α-hydroxylated (6α-OH); 7α-hydroxy-4-

cholesten-3-one (C4); Agence Nationale pour la Recherche (ANR);  Bile acids (BAs);  body 

mass index (BMI); chenodeoxycholic acid (CDCA); cholesterol associated with high density 

lipoproteins (HDL-c); cholesterol associated with low density lipoproteins (LDL-c); cholic acid 

(CA); CYP cholesterol 27α-hydroxylase (CYP27A1); CYP cholesterol 7α-hydroxylase 

(CYP7A1); cytochrome P450 (CYP); deoxycholic acid (DCA) electrochemiluminescent 

enzyme immunoassay (ECLIA); farnesoid X Receptor (FXR); fasting plasma glucose (FPG); 

glucagon-like peptide-1 (GLP-1); glycated hemoglobin (HbA1C); hazard ratio (HR); high 
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molecular weight (HMW); Homeostasis model assessment of insulin resistance (HOMA-IR); 

hyocholic acid (HCA); hyocholic acid (HCA); hyodeoxycholic acid (HDCA); insulin resistance 

(IR); interquartile range (IQR); liquid chromatography tandem mass spectrometry (LC-

MS/MS); methanol (MeOH); new onset diabetes (NOD); non-diabetic group (ND); 

Relationship between Insulin Sensitivity and Cardiovascular disease cohort (RISC); SFSTP 

(Société Française des Sciences et Techniques Pharmaceutiques); standard deviation (SD); 

Takeda G protein coupled Receptor 5 (TGR5); tandem mass spectrometry (MS/MS); total 

cholesterol (TC); triglycerides (TG); type 2 diabetes (T2D); ursodeoxycholic acid (UDCA). 

SUMMARY BOX 

What is already known about this subject?  

 Bile acids are signaling molecules modulating metabolic homeostasis.  

 Plasma BA changes are associated with obesity, insulin resistance and type 2 

diabetes.   

 It has been hypothesized for years that BAs could predict new onset type 2 diabetes 

(NOD).  

 The predicting value of plasma BAs for the risk of NOD has not been assessed in 

longitudinal analyses yet. 
 

What are the new findings? 

 Total HCA and total HCA/total CDCA ratio negatively correlated with BMI and HOMA-

IR.  

 Most plasma BA species and ratios were not associated with NOD in longitudinal 

analyses, except for the total HCA/total CDCA ratio. This association, however, was 

no longer maintained after adjustment for classical type 2 diabetes risk factors. 

 

How might this impact on clinical practice in the foreseeable future? 

 The novel association of 6α-hydroxylated BAs and glucose homeostasis opens a new 

research question and warrants further study on 6α-hydroxylated BAs and metabolic 

disorders.   
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 Fasting plasma BAs are not useful clinical biomarkers for predicting type 2 diabetes.  
 

INTRODUCTION 
Bile acids (BAs) are cholesterol-derived molecules synthesized in perivenous hepatocytes 

via two pathways [1]. In adult humans, the majority of BAs are synthesized via the classical 

pathway. Its rate-limiting enzyme is the cytochrome P450 (CYP) cholesterol 7α-hydroxylase 

(CYP7A1). Plasma concentration of its metabolite 7α-hydroxy-4-cholesten-3-one (C4) is a 

circulating biomarker of the hepatic classical BA synthesis pathway. A minor fraction of BAs 

is synthesized in the adult liver by the alternative pathway, initiated by CYP sterol 27α-

hydroxylase (CYP27A1). These pathways produce the primary BAs cholic acid (CA), 

chenodeoxycholic acid (CDCA) and hyocholic acid (HCA) (Figure 1). CA differs from CDCA 

and HCA through its 12α-hydroxylation (12α-OH) by the hepatic 12α-hydroxylase CYP8B1. 

BAs are subsequently conjugated to glycine or taurine and secreted through the hepatocyte’s 

canalicular membrane into the bile to promote dietary lipid solubilization and absorption. By 

the action of the gut microbiota, conjugated BAs are deconjugated via bile salt hydrolases 

(BSH) and dehydroxylated and/or epimerized via hydroxysteroid dehydrogenases, to be 

transformed from primary BAs into secondary BAs: CA into DCA (also a 12α-OH BA), CDCA 

into UDCA and LCA, and HCA into HDCA [2]. Most BAs are recaptured in the ileum, and the 

remaining BAs are lost in the feces. Reabsorbed BAs return, via the portal blood, to the liver, 

where the majority of BAs are actively taken up by BA transporters located in the sinusoidal 

membrane of hepatocytes. Within hepatocytes, BAs are re-conjugated and re-secreted into 

bile, completing their entero-hepatic circulation. However, a minor fraction of venous portal 

BAs escapes hepatic reuptake and spill over in the systemic circulation, hence reaching 

peripheral organs.  

Beside their physicochemical role in dietary lipid solubilization and absorption, BAs have 

emerged as signaling molecules that bind receptors, such as the Farnesoid X Receptor 

(FXR) and the Takeda G protein coupled Receptor 5 (TGR5), to initiate signaling pathways. 

As such, BAs not only modulate their own synthesis in the liver, but also lipid and energy 

homeostasis and inflammation [3,4]. Both preclinical and, mostly observational, human 

studies have demonstrated that BAs and their receptors are involved in the regulation of 

glucose metabolism by controlling, among others, insulin signaling, hepatic glucose 

production, glucose utilization and the secretion of glucagon-like peptide-1 (GLP-1) 

(reviewed in [3,5,6]). 

Plasma BA profiles are remodeled under several pathological conditions. Since FXR and 

TGR5 are activated by different BA species, changes in BA pool composition or size 

potentially modulate the metabolic pathways regulated by these receptors. Quantitative 

and/or qualitative BA alterations have been reported in obesity, insulin resistance (IR) and 
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type 2 diabetes (T2D). These features are strongly and bidirectionally associated with non-

alcoholic fatty liver disease (NAFLD). BA alterations have been associated therefore with 

NAFLD, but the current scientific evidence does not clearly support a causal role (reviewed in 

[7]). We previously found an inverse relationship between plasma CDCA and CA 

concentrations and insulin sensitivity assessed during a hyperinsulinemic euglycemic clamp 

in a variety of subjects, including healthy volunteers, obese and T2D patients [8]. In addition, 

Haeusler et al. have reported that the ratio of 12α-OH/non-12α-OH BAs, reflecting CYP8B1 

12α-hydroxylase activity, is regulated by insulin receptor signaling via Akt-FoxO1[9,10], 

hence being associated with hepatic insulin sensitivity in humans and mice [9,10]. 

Importantly, several studies in humans have reported that plasma BA levels or the 12α-

OH/non-12α-OH ratio increase after Roux-en-Y gastric bypass, biliopancreatic diversion and 

sleeve gastrectomy, but not after gastric banding [11,12]. While studies in either FXR- [13,14] 

and TGR5-deficient [15] mice support a critical role for BAs in the metabolic improvements 

after bariatric surgery, a causal role of BA changes in mediating the beneficial effects of 

bariatric surgery in humans remains debates [16]. 

These data establish that BA metabolism alterations occur in obesity and/or IR in humans. 

Whether BAs play a causal role in the pathophysiology of the metabolic syndrome and 

progression to T2D is unknown. Although BAs have been proposed as biomarkers of IR and 

T2D risk, their clinical utility has not been evaluated in a longitudinal study yet. To address 

this question, we determined, for the first time, the predictive association of fasting plasma 

BAs with the conversion from prediabetes to new onset T2D (NOD) in a 5-year prospective 

cohort study (IT-DIAB study). Additionally, we investigated the correlations between 

circulating BA species and glycemic parameters in individuals with prediabetes.  
 

METHODS 
 
Study population 
The study population belongs to the IT-DIAB study (NCT01218061). Briefly, the IT-DIAB 

study is a 5-year prospective, observational study designed to identify new biomarkers of 

T2D risk in a population with prediabetes. The population was recruited in the occupational 

centers of three French cities: Nantes, Saint-Nazaire and Lille. The patient samples from Lille 

were not available for BA measurements and were therefore not included in the present 

analysis. The institutional ethics committee approved the protocol, and all the reported 

investigations have been carried out in accordance with the principles of the Declaration of 

Helsinki as revised in 2008. All patients underwent a baseline visit between June 2010 and 

February 2013, including a medical interview, signing of the informed consent and self-

administered questionnaire of diabetes risk score, physical examination (including body 
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weight, height, waist and hip circumference measurements) and blood sampling. The 

diabetes risk score and the fatty liver index (FLI) were computed as previously described 

[17,18]. Patients without history of diabetes and with impaired fasting glucose (FPG) (i.e. 

fasting plasma glucose (FPG) between 110 and 125 mg/dL) were eligible for the IT-DIAB 

study. The main non-inclusion criteria were a history of treatment with oral anti-diabetic 

agents or insulin (with the exception of gestational diabetes), severe coagulation disorder or 

thrombocytopenia (platelets levels < 100,000/mm3), severe renal insufficiency (defined using 

MDRD equation as eGFR <30mL/min.1.73m²), severe liver impairment (prothrombin ratio 

<50%), severe psychiatric disorders, alcohol abuse (estimated >30 g/day), patient’s 

opposition or inability to participate at least 5 years in the study. 

For the present analysis, we also secondarily excluded the population in which plasma 

samples was not available for BA measurements (n=7) and/or without follow-up visit (n=24), 

with concomitant statin (n=68) and/or fibrate (n=11) therapy, and/or with baseline HbA1C 

≥6.5% (n=16) or missing HbA1C (n=1). Ultimately, 205 patients with at least one follow-up visit 

were considered for the present analysis as shown in the flow chart (Supplemental figure 
1). 
 
Follow-up and conversion to new onset diabetes (NOD) 
The end of the follow-up occurred at the fifth yearly visit, or prematurely if the patient met one 

of the following criteria: patient’s withdrawal or loss to follow-up, inappropriate prescription of 

anti-diabetic agent, bariatric surgery or death. NOD was defined by a FPG value ≥126 mg/dL 

or a plasma glucose ≥200 mg/dL after 2-hour OGTT. 

 
Biochemical analyses 
During the baseline visit, peripheral venous blood samples were obtained in the morning 

after overnight fasting for biological analysis and the constitution of a biocollection. Standard 

biological analyses included FPG and HbA1C. Frozen heparinized plasma was used for 

insulin measurement by electrochemiluminescent enzyme immunoassay (ECLIA) using the 

Cobas e automated clinical analyzer system (Roche Diagnostics, Meylan, France). Plasma 

high molecular weight (HMW) adiponectin levels were measured by ECLIA on an automated 

clinical analyzer system Lumipulse G600 (Fujirebio, Les Ulis, France). Homeostasis model 

assessment of insulin resistance (HOMA-IR) was defined according to the equation 

proposed by Matthews et al. [19].  

 
Plasma bile acids and C4 quantification  
All measurements were performed on morning-collected fasting EDTA-plasma samples. 

Twenty-one BA species were quantified by liquid chromatography tandem mass 
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spectrometry (LC-MS/MS) as described previously [20]. Briefly, 50 µL plasma were mixed 

with 25 µL internal standard solution containing 5 deutered BAs (D4-CA, D4-GCA, D4-TCA, 

D4-CDCA, D4-GCDCA) at 0.5 µM in methanol (MeOH) and 225 µL cold MeOH, vortexed for 

30 seconds and stored for 20 min at -20°C. After centrifugation at 10,000 g for 10 min at 

+4°C, the supernatant was evaporated. The pellet was then dissolved in MeOH/water (v/v) 

and injected in the LC-MS/MS system for BAs separation and quantification. BAs were 

separated on a Symmetry C18 Luna column (250 mm× 2.1 mm, particle size 5 μm; 

Phenomenex, Le Pecq, France). The oven temperature was set at 30°C. Solvent A was 20 

mM ammonium acetate, adjusted to pH 8 and solvent B was 70% acetonitrile/30 % MeOH. 

Solvents were delivered at a total flow rate of 500 μL.min−1. After 5 min plateau 

establishment with 35% B, the gradient profile was changed linearly from 35 % B to 90% B in 

30 min, followed by a 2 min plateau with 90% B. Column re-equilibration was performed for 4 

min. The injection cycle was 41 min. The quantification of 21 different BAs was then 

performed by high-performance liquid chromatography (UFLC-XR device; Shimadzu, Kyoto, 

Japan) coupled to tandem mass spectrometry (MS/MS) (QTRAP 5500 hybrid system, 

equipped with a Turbo VTM ion source; Sciex, Foster City, CA, USA). Instrument control, 

data acquisition and processing were performed using the associated Analyst 1.5.2 software 

(Sciex, Concord, ON, Canada). The standard curves range from 1.5 nM to 2000 nM 

(TCDCA, GDCA, GCDCA, TDCA, GLCA, TUDCA, GCA, TLCA and GUDCA), 3 nM to 2000 

nM (for TCA, THCA, GHCA GHDCA and THDCA) and 15 nM to 2000 nM (CA, UDCA, LCA, 

DCA, CDCA, HDCA and HCA).  

Plasma 7alpha-hydroxy-4-cholesten-3-one (C4) was determined as previously described 

[20]. Briefly, 100 μL of plasma were mixed with 500 μL of purified water, 50 μL of the 0.06 µM 

D7-C4 internal standard solution and 60 μL of 1M hydrochloric acid. Solid-phase extraction 

was performed using cartridges SPE (Bound Elut C18 200 mg) pre-conditioned with MeOH. 

The analyte was eluted with MeOH and the eluted solution, evaporated. The residue was 

dissolved in 80 μL MeOH and mixed with 10 μL ammonium acetate buffer at 10 mM, pH 6.5, 

upon which the sample was centrifuged at 13 400 g and 10°C for 10 min. The supernatant 

was evaporated. The pellet was then dissolved in 100 µL of MeOH/water (v/v) and 2 μL 

injected into the LC-MS/MS system. The isolation of C4 was carried out on a Kinetex 

Coreshell C18 column (100x2.1 mm, 5 µm Phenomenex, Le Pecq, France). The oven 

temperature was 30°C. Solvent A was formic acid 0.1% and solvent B was acetonitrile. 

Solvents were delivered at a total flow rate of 500 µL/min. After a 2 min plateau with 75% B, 

the gradient profile was changed from 75% B to 95% B linearly in 5 min, followed by a 2 min 

plateau with 95% B. The column was re-equilibrated for 3 min. The injection cycle was 12 

min. MS analysis was carried out in positive ionization mode. The ion source parameters 

were set as follows: ion spray voltage, 5500V; nebulizer gas (air) and curtain gas (nitrogen) 
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flows, 50 and 20 psi, respectively; source temperature, 650°C with auxiliary gas flow (air), 50 

psi; declustering potential, 100V; collision cell exit potential, 15V; collision energy, 31V. The 

mass spectrometer was operated at a unit resolution for both Q1 and Q3 with a dwell time of 

100 ms in each transition. Instrument control, data acquisition and processing were 

performed using the associated Analyst 1.5.2 software (AB Sciex, Concord, ON, Canada).  

The standard curve ranges from 1 nM to 200 nM. All the analytical methods were validated 

using the SFSTP (Société Française des Sciences et Techniques Pharmaceutiques) 

guidelines. 

 
Statistical analyses 
Categorical variables are presented using population size (%) and related between-group 

comparisons were tested using Fisher’s exact test. Quantitative variables are presented 

using mean ± standard deviation (SD) or median (interquartile range, IQR) in case of skewed 

distribution, with appropriate comparison tests for non-paired series (respectively, Student’s 

T-test or Wilcoxon rank-sum test). The association between two quantitative variables is 

presented using the Spearman’s R correlation coefficient. 

For the longitudinal study, Kaplan-Meier survival curves were drawn using conversion to 

NOD as the event of interest, and the terciles of the distribution of different explanatory 

variables to define the studied groups. The association between the different BAs and the 

conversion to NOD was also studied using the Cox model based on the proportional hazard 

hypothesis, before and after adjustment on the classical risk factors: age, BMI, FPG and 

HbA1C.  

A p value < 0.05 was deemed statistically significant. All analyses were performed using R 

software version 3.5.1 (The R Foundation for Statistical Computing, R Core Team, Vienna, 

2018), with the RStudio interface. 

 
RESULTS 
 
Study participants 
The baseline clinical-biological parameters of the analytical study population of IT-DIAB are 

shown Table 1. In accordance with inclusion criteria, all participants had prediabetes at 

baseline with IFG (mean FPG ± SD: 116 ± 4 mg/dL) and a median HbA1C at 5.8% (39.9 

mmol/mol). The participants were middle aged (mean age ± SD: 56.0 ± 9.9 years), 

overweight (mean BMI ± SD: 29.4 ± 6.3 kg/m2), with 68.8% males. Participants had insulin 

resistance with a mean ± SD HOMA-IR at 3.82 ± 2.74 and NAFLD with median FLI > 60% 

(median, [IQR]: 62.4 [36.0-83.4])[18]. 
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Plasma bile acid species and conversion to type 2 diabetes 

To determine the potential clinical relevance of plasma BAs as biomarkers of T2D risk, we 

analyzed whether baseline BAs predict the risk of conversion to NOD in this population with 

prediabetes after a median follow-up of 59.6 months (min: 0.7 - max: 73.1). Interestingly, 

Kaplan-Meier survival curves show that patients upper the third tertile of the ratio of total 

HCA/total CDCA displayed a significantly lower risk of conversion to NOD (p=0.0039) 

(Figure 2F). In the univariate Cox model, the total HCA/total CDCA ratio was significantly 

associated with NOD conversion (HR: 0.77 [0.60; 0.98]; p=0.035), but the association was no 

longer significant after adjustment (Table 2). By contrast, none of the other plasma BA 

parameters (total plasma BAs (including total free, total conjugated, total primary and total 

secondary BAs), total CA, total CDCA, total DCA concentrations) nor the 12α-OH/non-12α-

OH BA ratio were associated with the risk of NOD, both in univariate and multivariate Cox 

models (Figure 2B, 2C). Particularly, plasma total HCA and C4 concentrations also failed to 

be significantly associated with the conversion to NOD (HR: 0.83 [0.64; 1.07] and 1.19 [0.95; 

1.50], respectively) (Figure 2D, 2E). However, well-known risk factors for diabetes (BMI, 

FPG, HbA1C and HOMA-IR) (Table 2) were significantly associated with NOD conversion in 

both univariate and multivariate Cox models (Figure 2A).  

 
Cross-sectional associations between plasma bile acid species and metabolic 
parameters at baseline 
To further investigate the link between BA metabolism and glucose homeostasis, we next 

assessed the correlations between plasma BA species and the metabolic parameters in the 

IT-DIAB participants at baseline (Table 3; significant correlations are plotted in 
Supplemental Figure 2).  

Total concentration of the 6α-hydroxylated HCA negatively correlated with BMI, HOMA-IR 

and FLI, suggesting that 6α-hydroxylation could be implicated in the pathophysiology of 

obesity, insulin resistance and NAFLD. These correlations were even more significant for the 

total HCA/total CDCA ratio, reflecting the rate of hepatic 6α-hydroxylation of CDCA to form 

HCA, which in addition negatively correlated with HbA1C (Table 3). Inversely, plasma C4 

levels were significantly and positively associated with BMI, HOMA-IR and FLI. There was 

also a strong inverse correlation between C4 and total HCA (R=-0.33; p<0.0001) 

(Supplemental Figure 3), indicating the existence of a regulated balance of the classical 

and alternative pathways in prediabetes. The correlations between the metabolic parameters 

and the individual BA species are presented in the Supplemental Table 2.  
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CONCLUSIONS 
This is, to the best of our knowledge, the first longitudinal study assessing the clinical 

relevance of plasma BAs as biomarkers of T2D risk in a population with prediabetes. Our 

results indicate that peripheral BAs do not predict the transition from prediabetes to NOD. 

Indeed, in our cohort, baseline plasma concentrations of the different BA species were not 

independently associated with the risk of NOD after a 5-year longitudinal follow-up. In 

addition, qualitative BA pool parameters, such as the 12α-OH/non-12α-OH (previously 

reported to reflect hepatic insulin resistance [9]) or conjugated/free BA ratios, did not predict  

NOD conversion.  

It is noteworthy that the total HCA/total CDCA ratio, reflecting the rate of hepatic 6α-

hydroxylation of CDCA to form HCA, predicted the risk of NOD in univariate survival 

analyses. However, the predicting value of the total HCA/total CDCA ratio did not resist to 

adjustment for classical T2D risk factors (age, BMI, FPG and HbA1C), indicating that these 

BAs rather co-segregate with metabolic alterations in prediabetes. Accordingly, a negative 

correlation of baseline total HCA concentrations was observed with BMI, insulin resistance 

(i.e. HOMA-IR), and FLI. HOMA-IR and BMI associate with FLI, as expected, since FLI is a 

good predictor of NAFLD, and since NAFLD is a common co-morbidity of the metabolic 

syndrome. Therefore, our results show that although BAs do not predict NOD, 6α-

hydroxylated (6α-OH) BAs negatively correlate with metabolic alterations predisposing to 

T2D, suggesting a potential pathophysiological link between glucose metabolism and hepatic 

6α-hydroxylation. 

The synthesis routes of the 6α-OH HCA (also known as γ-muricholic acid) differ between 

species. In humans, hepatic 6α-hydroxylation of CDCA via CYP3A4[21] produces HCA. Due 

to its minor concentrations, HCA is often neglected in human plasma BA analyses 

notwithstanding its high concentrations in human fetal bile [22]. The total HCA/total CDCA 

ratio can be considered a marker of 6α-hydroxylation activity in human liver. Our data 

revealed a negative correlation of BMI and HOMA-IR with total HCA (Table 3), due to 

conjugated HCA species, in line with previous reports[23,24], thus identifying a potential role 

of hepatic 6α-hydroxylation activity in glucose homeostasis. In line, previous studies reported 

an association between a polymorphism in CYP3A4 and the risk of T2D in a Japanese 

population[25] and reduced expression and activity of CYP3A4 in livers from diabetic 

donors[26,27]. While the underlying molecular mechanisms remain to be elucidated, these 

data strongly suggest a link between HCA synthesis, CYP3A4 activity (the enzyme 

catalyzing the synthesis of HCA and HDCA from CDCA and LCA, respectively) and 

metabolic homeostasis. Interestingly, HCA and its secondary intestinal microbiota-derived 

HDCA species are the major BA species in pigs [28], rendering this animal model suitable for 

the study of these BA species. In contrast, HCA concentrations are minor in rodents due to 
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the predominant transformation of CDCA into α-muricholate, rendering mice and rats less 

appropriate to study 6α-OH BAs and less relevant for human physiology.  

While plasma C4, a marker of the rate of the classical BA synthesis pathway, failed to be 

significantly associated with the risk of NOD, it was positively correlated with both BMI and 

HOMA-IR, a signature of metabolic syndrome, as previously described[29,30]. Conversely, 

plasma C4 levels were negatively correlated with adiponectin reinforcing the hypothesis for a 

link between the classical BA synthesis pathway and insulin resistance. Interestingly, C4 was 

positively associated with FLI, further confirming the role of BAs in hepatic fat metabolism. In 

line with this observation, inhibiting BA synthesis with the FXR agonist obeticholic acid has 

recently demonstrated its clinical efficacy in lowering steatosis in a randomized controlled 

trial [31]. C4 and total HCA were negatively correlated, suggesting that metabolic syndrome 

simultaneously drives increased BA synthesis via the classical pathway while inhibiting the 

6α-hydroxylation of CDCA.  

In the RISC (Relationship between Insulin Sensitivity and Cardiovascular disease) cohort, 

the 12α-OH/non-12α-OH BA ratio was associated with insulin sensitivity [10]. Surprisingly, 

the 12α-OH/non-12α-OH BA ratio was neither associated with HOMA-IR nor with the risk of 

NOD in the IT-DIAB study. This divergence could be due to the differences in the range of 

insulin resistance between the patients from IT-DIAB and those in the previously published 

studies, since our study included only individuals with prediabetes (i.e. with IFG), whereas 

the RISC cohort included a broader range of patients. Furthermore, we assessed insulin 

resistance by calculating HOMA-IR, whereas it was assessed during hyperinsulinemic 

euglycemic clamps in the RISC cohort. 

The main strengths of our study are the prospective design and the duration of the follow-up, 

with substantial numbers of patients converting to NOD, and the quality and the frequency of 

the data collection, including a consultation with a physician and biological follow-up at least 

on a yearly basis, allowing timely detection of the primary outcome. Also, complete and 

precise assessment of the BA profiles with 21 species, as well as C4, was obtained. Our 

study presents some limitations however. Only fasting plasma BA samples were measured 

and post-prandial samples are lacking. The observational design of the study allows us to 

conclude on associations, but not on causality. Finally, the exploratory correlations analysis 

did not take into account the α-risk inflation, and the statistical significance of the results 

should be considered with caution. 

In conclusion, while some quantitative and qualitative BA alterations are associated with 

metabolic parameters, most plasma BA species are not useful biomarkers to predict NOD in 

patients with prediabetes. The role of the 6α-hydroxylation pathway, with CYP3A4 activity 

and HCA synthesis, in the pathophysiology of T2D is intriguing and requires further 

confirmation. The total HCA/total CDCA ratio, as a surrogate of hepatic 6α-hydroxylation, 
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could be a good biomarker of metabolic complications such as T2D even though it does not 

useful to predict NOD. 
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Figure 1. Primary bile acid synthesis pathways. 

Legend: Primary BAs are synthesized from cholesterol within hepatocytes by two 
pathways. The classical pathway synthesizes most of BAs and its rate-limiting 
enzyme is the CYP7A1, whose synthesis rate biomarker is the metabolite C4. The 
alternative pathway’s rate-limiting enzyme is the CYP27A1. The end products of 
these pathways are the primary BAs: CA is a 3α-, 7α-, 12α-OH BA whose synthesis 
is mediated by the 12α-hydroxylase CYP8B1. CDCA is 3α-, 7α-OH and is produced 
via both the classical and the alternative BA synthesis pathways via the enzyme 
CYP27A1. HCA is 3α-, 6α-, 7α-OH and is synthesized upon 6α-hydroxylation of 
CDCA via the CYP3A4. 
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Figure 2. Survival curves for conversion from prediabetes to type 2 diabetes in the 
IT-DIAB study. 

Legend: Survival curves for conversion to new onset diabetes according to HOMA-
IR (A), total bile acids (B), 12αOH/non12αOH BA ratio (C), C4 (D), total HCA (E) and 
total HCA/total CDCA ratio (F). Kaplan-Meier’s survival curves, each parameter being 
presented by groups created using tertiles as thresholds (T1 < first tertile < T2 < 
second tertile < T3). BA clusters are defined in the Supplemental table 1. 
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Table 1 
 N=205 Available 

data 
Clinical characteristics   

Age (y) 56.0 ± 9.9 205/205 
Sex (female) 64 (31.2 %) 205/205 
BMI (kg/m²) 29.4 ± 6.3 205/205 

Diabetes risk score 13.9 ± 4.7 205/205 
Waist circumference (cm)  97.3 ± 14.2 203/205 

Hip circumference (cm) 104.8 ± 13.3 201/205 
Waist:hip ratio 0.93 ± 0.08 201/205 

   
Lipid profile   

Total cholesterol (mg/dL) 225.3 ± 38.5 205/205 
Triglycerides (mg/dL) 133.9 ± 81.7 204/205 

LDL-c (mg/dL) 144.6 ± 35.1 201/205 
HDL-c (mg/dL) 53.7 ± 15.7 204/205 

Non-HDL-c (mg/dL) 171.2 ± 41.0 204/205 
   

Glucose homeostasis   
FPG (mg/dL) 116 ± 4 205/205 

HbA1c (%) 5.8 (5.5-6.0) 205/205 
HbA1c (mmol/mol) 39.9 (36.6-42.1) 205/205 

Insulin (mUI/L) 10.6 (7.2-16.4) 189/205 
HOMA-IR 3.82 ± 2.74 189/205 

Adiponectin (µg/L) 3.94 ± 2.27 190/205 
   

Fatty liver index 62.4 (36.0-83.4) 199/205 
 

Table 1. Baseline characteristics of the studied population.  

Legend: Data are presented as population size (%), mean ± SD or median (25th – 75th 

percentile), according to their distribution.  

Body mass index (BMI); FPG: fasting plasma glucose; Homeostasis model assessment of 

insulin resistance (HOMA-IR). 
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Table 2 
 HR (95%CI) 
 Not adjusted Adjusted 

Adjustment factors   
Age (+1 SD) 1.14 (0.88; 1.48)  
BMI (+1 SD) 1.32 (1.08; 1.61)**  
FPG (+1 SD) 1.62 (1.28; 2.06)***  

HbA1c (+1 SD) 1.66 (1.26; 2.19)***  
   

Bile acid clusters tested‡   
Total BAs (+1 SD) 0.99 (0.78; 1.26) 0.93 (0.71; 1.22) 

Total free BAs (+1 SD) 0.99 (0.78; 1.26) 0.96 (0.74; 1.24) 
Total glyco-conjugated BAs (+1 SD) 1.05 (0.84; 1.33) 1.00 (0.78; 1.27) 
Total tauro-conjugated BAs (+1 SD) 0.94 (0.73; 1.22) 0.89 (0.67; 1.18) 

Total CA (+1 SD) 0.97 (0.76; 1.23) 0.93 (0.70; 1.23) 
Total CDCA (+1 SD) 0.98 (0.77; 1.25) 0.90 (0.70; 1.17) 

Total DCA (+1 SD) 1.07 (0.84; 1.36) 1.00 (0.79; 1.26) 
Total LCA (+1 SD) 0.96 (0.75; 1.22) 0.98 (0.75; 1.28) 

Total UDCA (+1 SD) 1.05 (0.85; 1.30) 1.09 (0.88; 1.36) 
Total HCA (+1 SD) 0.84 (0.65; 1.08) 0.89 (0.68; 1.16) 

Total HDCA (+1 SD) 0.72 (0.40; 1.31) 0.73 (0.36; 1.49) 
Primary/Secondary BA ratio (+1 SD) 0.86 (0.66; 1.11) 0.81 (0.62; 1.07) 

Conjugated/Free BA ratio (+1 SD) 0.92 (0.71; 1.19) 0.91 (0.70; 1.18) 
12αOH/non-12αOH BA ratio (+1 SD) 1.01 (0.80; 1.27) 1.01 (0.80; 1.27) 
Total HCA/Total CDCA ratio (+1 SD) 0.78 (0.61; 1.00)* 0.88 (0.67; 1.16) 

C4 (+1 SD) 1.17 (0.93; 1.48) 1.08 (0.84; 1.37) 

HOMA-IR (+1 SD)     1.41 (1.17; 1.69)*** 1.33 (1.03; 1.72)** 
 

Table 2. Association between bile acid clusters at baseline and the conversion to new onset 

diabetes during the 5-year follow-up.  

Legend: Cox proportional hazards models before and after adjustment on baseline values 

for age, BMI, fasting plasma glucose and HbA1C. No significant interaction was found 

between sex and the other parameters of interest. The multivariate model with HOMA-IR was 

not adjusted on baseline FPG because of obvious co-linearity. ‡ To better fit with the model, 

all BA values were transformed using square root function except for total HDCA. Significant 

values displayed as: *p<0.05, **p<0.01 or ***p<0.001. BA clusters are defined in the 

Supplemental Table 1. BAs: bile acids; C4: 7α-hydroxy-4-cholesten-3-one; FPG: fasting 

plasma glucose; HOMA-IR: Homeostasis model assessment for insulin resistance; Data 

shown as HR (95% CI): Hazard-Ratio with 95% confidence interval.  
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Table 3 

 Spearman’s correlation coefficient 

 BMI WHR FPG HbA1c HOMA-IR FLI 

Total BAs 0.01 0.07 0.05 0.04 0.09 0.08 

Total free BAs 0.04 0.15* 0.07 0.02 0.09 0.13 

Total glyco-conjugated BAs -0.02 0.03 0.07 0.01 0.07 0.07 

Total tauro-conjugated BAs 0.04 -0.12 0.09 0.02 0.18* 0.07 

Total CA 0.05 0.04 0.07 0.05 0.12 0.05 

Total CDCA 0.03 0.06 0.03 0.09 0.11 0.07 

Total DCA 0.0 0.06 0.12 -0.03 0.05 0.05 

Total LCA -0.10 -0.01 0.08 -0.10 0.03 -0.09 

Total UDCA 0.01 0.12 0.01 -0.02 0.04 0.09 

Total HCA -0.20** -0.01 0 -0.11 -0.16* -0.15* 

Total HDCA -0.06 0.05 0.06 -0.06 -0.04 0.01 

Primary/Secondary BA ratio 0.01 -0.06 -0.04 0.10 0.07 -0.07 

Conjugated/Free BA ratio -0.07 -0.15* 0.01 -0.02 -0.03 -0.09 

12αOH/non-12αOH BA ratio 0.03 -0.01 0.07 -0.06 -0.06 0.03 

Total HCA/Total CDCA ratio -0.27*** -0.06 -0.05 -0.20** -0.30*** -0.25*** 

C4 0.32*** 0.14 -0.05 0.11 0.34*** 0.35*** 

 

Table 3. Correlation between bile acids and the clinical-biological parameters of the studied 

population at baseline. 

Legend: Spearman’s correlation coefficient (R) is presented for each pair of parameters. 

Significant values are presented in bold: *p<0.05, **p<0.01 or ***p<0.001. BA clusters are 

defined in the Supplemental Table 1. BAs: bile acids; BMI: body mass index; C4: 7α-hydroxy-

4-cholesten-3-one; FLI: Fatty Liver Index; FPG: fasting plasma glucose; HOMA-IR: 

homeostasis model assessment for insulin resistance; WHR: waist-hip ratio.  
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Supplemental table 1  

Bile acid cluster  Acronym and definition 

Free cholic acid CA 

Free chenodeoxycholic acid CDCA 

Free hyocholic acid HCA 

Free deoxycholic acid DCA 

Free lithocholic acid LCA 

Free ursodeoxycholic acid UDCA 

Free hyodeoxycholic acid HDCA 

Total free BAs 
CA+ CDCA + HCA + DCA + LCA + UDCA + 
HDCA 

Glyco-cholic acid GCA 

Glyco-chenodeoxycholic acid GCDCA 

Glyco-hyocholic acid GHCA 

Glyco-deoxycholic acid GDCA 

Glyco-lithocholic acid GLCA 

Glyco-ursodeoxycholic acid GUDCA 

Glyco-hyodeoxycholic acid GHDCA 

Total glyco-conjugated BAs 
GCA + GCDCA + GHCA + GDCA + GLCA + 
GUDCA + GHDCA 

Tauro-cholic acid TCA 

Tauro-chenodeoxycholic acid TCDCA 

Tauro-hyocholic acid THCA 

Tauro-deoxycholic acid TDCA 

Tauro-lithocholic acid TLCA 

Tauro-ursodeoxycholic acid TUDCA 

Tauro-hyodeoxycholic acid THDCA 

Total tauro-conjugated BAs  
TCA + TCDCA + THCA + TDCA + TLCA + 
TUDCA + THDCA 

Total Conjugated BAs Total Glyco-BAs + Total Tauro BAs  

Total BAs Total Free BAs + Total Conjugated BAs 

Total CA CA + GCA + TCA 

Total CDCA CDCA + GCDCA + TCDCA 

Total HCA HCA + GHCA + THCA 

Total DCA DCA + GDCA + THCA 

Total LCA LCA + GLCA + TLCA 

Total UDCA UDCA + GUDCA + TUDCA 

Total HDCA HDCA + GHDCA + THDCA 

Total primary BAs Total CA + Total CDCA + Total HCA 

Total secondary BAs 
Total DCA + Total LCA + Total UDCA + 
Total HDCA 

Conjugated/Free BA ratio Total Conjugated BAs / Total Free BAs 

Primary/secondary BA ratio Total primary BAs / Total secondary BAs 

12α-hydroxylated BAs Total CA + Total DCA 

Non-12α-hydroxylated BAs 
Total CDCA + Total HCA + Total LCA + Total 
UDCA + Total HDCA 

12α-hydroxylated/non-12α-
hydroxylated BA ratio 

12α-OH BAs / Non-12α-OH BAs  

 
Supplemental Table 1. Definition of the bile acid clusters. 

Legend: BAs: bile acids. 
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Supplemental table 2 

 
Spearman’s correlation coefficient 

 
BMI WHR FPG HbA1c HOMA-IR FLI 

CA 0.02 0.08 0.11 0.06 0.09 0.04 

GCA 0.04 0 0.04 -0.03 0.17* 0.08 

TCA 0.08 -0.10 0.08 -0.01 0.22** 0.08 

CDCA 0.04 0.10 0.05 0.10 0.10 0.11 

GCDCA -0.02 0.05 0.06 0.03 0.07 0.07 

TCDCA 0.02 -0.12 0.08 0.06 0.16* 0.03 

DCA 0.04 0.11 0.07 0 0.05 0.09 

GDCA -0.02 0 0.14* -0.06 0.04 0.04 

TDCA 0.05 -0.06 0.13 -0.05 0.13 0.13 

UDCA 0.06 0.12 0.02 -0.04 0.09 0.12 

GUDCA -0.03 0.09 0.02 0.01 0.01 0.06 

TUDCA -0.04 -0.07 0.02 -0.04 0.04 0 

HCA -0.09 0.03 0 -0.10 -0.06 -0.05 

GHCA -0.22** -0.07 0.04 -0.08 -0.18* -0.18* 

THCA -0.16* -0.14* 0.11 0 -0.06 -0.20** 

HDCA -0.10 -0.03 0.01 -0.08 -0.07 -0.03 

GHDCA -0.03 0.15* 0.06 -0.04 0.04 0.03 

THDCA 0.04 0.02 0.11 0.07 0.03 0.02 

 
Supplemental Table 2. Correlation between bile acids and metabolic parameters at 

baseline, details for free, gluco-conjugated and tauro-conjugated bile acid species. 

 

Legend: Spearman’s correlation coefficient is presented for each pair of parameters, and 

only significant p values displayed as: *p<0.05, **p<0.01 or ***p<0.001. BA clusters are 

defined in the Supplemental Table 1. BAs: bile acids; C4: 7α-hydroxy-4-cholesten-3-one; 

FPG: fasting plasma glucose; G-: Gluco-conjugated; FLI: Fatty liver index; HOMA-IR: 

Homeostasis model assessment for insulin resistance; HR (95% CI): Hazard-Ratio with 95% 

confidence interval; T-: tauro-conjugated; TC: total cholesterol; TG: triglycerides; WHR: 

waist-hip ratio. 
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Supplemental Figure 1. Flow-chart of the selection of the patients for the bile acid study of 

the IT-DIAB cohort. 
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Supplemental Figure 2. Dot plots of all the significant correlations between BAs and clinic-

biological parameters in Table 2.  
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Supplemental Figure 3. Correlation between HCA and C4 (7α-hydroxy-4-cholesten-3-one) 

at baseline. 
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PART II 

BILE ACIDS IN BARIATRIC SURGERY: STUDY IN HUMANS AND IN 
PRECLINICAL MODELS OF MINIPIG (Sus scrofa). 

The bariatric surgery is the most effective treatment for morbid obesity, since it 

reduces body weight and consequently, improves metabolism. Interestingly, many of the 

metabolic improvements following bariatric surgery occur before the body weight loss occurs, 

and the mechanism driving those improvements is unknown. Among the candidates 

proposed to participate to these changes are the bile acids, since their systemic 

concentrations increase and their proportions were reported to be modified early after the 

surgery in many clinical and pre-clinical studies (See the Table in the Manuscript 1, page 
17).  

This chapter’s introduction is a review summarizing the reported bile acid changes in 

humans undergoing bariatric surgery, the mechanisms underlying the bile acid changes and 

the potential signaling role of bile acids in the metabolic improvements after bariatric surgery 

(Chávez-Talavera et al. Appetite 2019 submission in course. Manuscript 5 page 91).  

Since bile acids are one of the candidates proposed to mediate the early metabolic 

improvements following the Roux-en-Y gastric bypass (RYGB), we wondered what the 

mechanism underlying such bile acid increases is.  

To address this question, we made a collaboration with the team of Pr. François Pattou 

(UMR 1190, EGID, University of Lille), that has validated a Göttingen-like minipig model of 

RYGB. We used this model since it presents the advantage to be an omnivorous human-

sized mammal, allowing continuous sampling and simultaneous analysis of pre-hepatic portal 

and systemic venous blood. Dr. Grégory Baud, PhD student of François Pattou at the time of 

the study, performed the surgeries, and the bile acid dosages were performed by 

Emmanuelle Vallez, technician working in our team. I was trusted to interpret the bile acid 

data and search for the underlying hepatic mechanism, and write the manuscript under the 

direction of my PhD advisor and thanks to the intellectual training and contributions from 

Sophie Lestavel, Bart Staels and François Pattou. Since I was the responsible for this project 

I am co-first author of this manuscript. 
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Figure 3. A. The Roux-en-Y gastric bypass (RYGB) is one of the most frequently 
performed bariatric procedures, consisting on the creation of a small gastric pouch 
from the cardiac portion of the stomach, the rest of the stomach being excluded. 
Then, the small intestine is segmented 50cm distal to the ligament of Treitz; the 
proximal segment constitutes the biliopancreatic limb. The distal segment is 
anastomosed to the small gastric pouch and constitutes the alimentary limb. The 
biliopancreatic limb is anastomosed with the alimentary limb to form the common 
limb, and the length of the latter is variable depending on the surgeon and healthcare 
facilities (Nguyen & Varela, 2017) B. The One anastomosis gastric bypass (OAGB): 
Also known as minigastric bypass, encompasses a series of techniques characterized 
by the absence of the alimentary limb, the permanence of the excluded stomach (as in 
the RYGB) and the presence of a long biliopancreatic limb, it is therefore a less 
agresive malabsorptive procedure since the common limb is not so short (Mahawar et 
al., 2016). Adapted from Chávez-Talavera et al. Appetite 2019. 

Since our aim was to study the role of the liver in the RYGB-induced bile acid changes, we 

analyzed the portal venous blood and the systemic blood bile acids during a meal test before 

and after RYGB, and analyzed hepatic bile acid metabolism gene expression. We 

demonstrated that, postprandially, the portal bile acids are unaltered following bariatric 

surgery, whereas the systemic bile acid concentrations increase due to increased conjugated 

bile acid species. Since the organ between the portal and the systemic circulation is the liver, 

and since the liver is the one of the main organs where bile acid metabolism occurs, we 

analyzed in liver biopsies the expression of the bile acid metabolism genes. Our analysis 

revealed decreased expression of hepatic bile acid reuptake transporter genes, suggesting 

that selective hepatic reuptake occurs upon RYGB, and contributes to the plasma bile acid 

changes following bariatric surgery (Chávez-Talavera & Baud et al. Int J Obes 2017. 
Manuscript 6, page 114).  
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For the next section of this chapter, we focused on the intestinal bile acids, since they 

participate to the regulation of glucose homeostasis via their receptors in the intestine, and 

since the biliary limb has been hypothesized to mediate the metabolic improvements 

following bariatric surgery. We wondered whether the biliary limb mediates the metabolic 

changes of another bariatric surgery technique: the One-Anastomosis Gastric Bypass 

(OAGB) (Figure 3B), and whether intestinal bile acids participate to such metabolic 

improvements.  

To answer this question, we continued the collaboration with François Pattou, and used the 

minipig preclinical model. Minipigs underwent OAGB or sham surgery with and without 

resection of the biliary limb. The minipigs were metabolically phenotyped 20 days after the 

surgery, including intestinal bile acid content all along the gastrointestinal tract and plasma 

bile acids. Dr. Camille Marciniak. PhD student under the supervision of François Pattou 

performed the surgeries and I made the intestinal bile acid analyses, dosed the plasma bile 

acids and C4 concentrations. I was responsible for the analysis of all the bile acid data and 

equally contributed to the interpretation and drafting of the manuscript with Camille 

Marciniak, for which I am co-first author of this article in preparation. 

This work yielded novel results on the bile acid field. First, we show for the first time that the 

OAGB increases systemic bile acid concentrations, similarly as the RYGB. Next, we describe 

that glucose homeostasis improves simultaneously with a shift in the intestinal intra-luminal 

proportions of HDCA towards HCA upon OAGB. Finally, we studied the role of the biliary and 

the common limbs in the metabolic improvements and in the intestinal intra-luminal bile acid 

changes upon OAGB. Our data show that the resection of the biliary limb (or the 

corresponding intestinal segment in the sham model) reproduced the metabolic and bile acid 

changes as OAGB without resection, suggesting that the length of the common limb, but not 

that of the biliary limb, mediates such effects (Chávez-Talavera & Marciniak et al. Article in 

preparation. Manuscript 7, page 120).  

The final part of this chapter is a study in humans performed in collaboration with the 

team of Elena Osto, from the Laboratory of Translational Nutrition Biology at the Univesity of 

Zurich, Zurich, Switzerland. For this section, the reader should know that bile acids circulate 

in the bloodstream bound to plasma components of the lipoprotein-depleted fraction, and the 

albumin exhibits the highest affinity to bind them (Ceryak, Bouscarel, & Fromm, 1993; 

Rudman & Kendall, 1957). However, bile acids are also transported by lipoproteins (Kramer, 

Buscher, Gerok, & Kurz, 1979; Steiner et al., 2012). Indeed, total bile acids, transported by 

VLDL+LDL and HDL, represent 5-10% of the total plasma bile acids in physiological 

conditions (Buscher, Beger, Sauerbier, & Gerok, 1987; Hedenborg, Norman, & Ritzén, 1988; 

Steiner et al., 2012). Additionally, the HDL are known to exert vaso-protective effects on the 
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endothelial cells by, among others, enhancing nitric oxide production or inhibition of 

apoptosis (Osto et al. 2015). These properties of HDL are known to be decreased in the 

context of obesity, and restored early upon RYGB. Since circulating bile acids also change 

early upon RYGB, we studied the bile acids bound to HDL in humans following RYGB and 

whether they are correlated with the improvement of the vaso-protective properties of HDL. 

Our data show that RYGB increases the bile acids bound to the HDL and that the increase in 

CA and CDCA is correlated with the restoration of HDL anti-apoptotic properties following 

surgery (Chávez-Talavera & Jomard, et al. Article in preparation. Manuscript 8, page 

148). 
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Abstract (142/250) 

Bariatric surgery is the most effective and long lasting treatment for morbid obesity, 

improving metabolism not only by inducing body weight loss, but also by early, weight-loss 

independent mechanisms. Bile acids are signaling molecules regulating metabolic 

homeostasis whose plasma concentrations increase upon many bariatric surgery techniques 

in humans. The aim of this review is to discuss the human studies reporting changes in 

fasting and post-prandial bile acids plasma concentrations upon the most common bariatric 

surgery techniques, and how human studies support the hypothesis that bile acids participate 

to the early effects of bariatric surgery. Additionally, we will present the currently available 

preclinical models of mouse, rat and pig in bariatric surgery, their pros and cons for the 

translational study of bile acid signaling and physiology, and the mechanistic experiments in 

vivo linking bile acid signaling with the metabolic effects of bariatric surgery.  

Keywords 

Bile acids, RYGB, VSG, LAGB, bariatric surgery, minipig  
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Introduction 

The rising global prevalence of obesity and its complications represents a major public health 

problem worldwide, carrying severe metabolic comorbidities, decreased life quality and 

economic costs for society  (Srivastava and Apovian 2018; Ng et al. 2014). Treatment of 

obesity consists on inducing weight loss, which can be achieved through lifestyle 

modifications, aiming to modify nutritional behavior and physical activity. Additionally, FDA-

approved anti-obesity medications are available as adjunct therapy for patients failing to 

respond to lifestyle modifications alone. Most of these anti-obesity drugs induce only 

approximately 3–7% net weight loss (For review (Srivastava and Apovian 2018)). Although 

modest weight loss may provide clinical benefits, achieved weight loss by these methods is 

often not durable (Heymsfield and Wadden 2017). 

Bariatric surgery is the most effective and sustained treatment for morbid obesity and its 

comorbidities (Nguyen and Varela 2017). There are many different techniques varying from 

purely restrictive to malabsortive, of which the Roux-en-Y gastric bypass (RYGB) and the 

sleeve gastrectomy (SG) are the most performed in the world. The techniques involving a 

bile diversion are characterized by the bypass of intestinal segments, whose different regions 

are well known to have a selective role in the absorption of specific nutrients. Bile diversion 

techniques are more effective in the long term for excess weight loss and reversal of 

comorbidities (Ramos-Molina et al. 2018). The biliopancreatic diversion - duodenal switch 

(BPD-DS) and the Roux-en-Y gastric bypass (RYGB) are the most commonly performed bile 

diversion techniques, due to their greater body-weight loss effects (Buchwald et al. 2009). 

However, the ideal length of the limbs to obtain best results and minimize adverse effects 

risk has not yet been established (Pinheiro et al. 2008). Other bariatric surgery techniques 

consist on surgically restricting the size of the stomach with or without resection of the 

excluded part, or on implementing exogenous tools that physically restrict the passage of the 

food to the gastric lumen. In this review, the main surgical techniques are gathered in 3 

groups: bile diversion (RYGB, one-anastomosis gastric bypass (OAGB), BPD-DS), gastric 

resection (BPD-DS and SG) and gastric restriction (adjustable gastric band (AGB)) (Figure 

1).   

In addition to body weight loss, bariatric surgery also improves obesity-related co-morbidities 

such as type 2 diabetes (T2D) (D. E. Cummings and Rubino 2018), non-alcoholic 

steatohepatitis (Lassailly et al. 2015), high blood pressure (Owen, Yazdi, and Reisin 2017) 

and cardiovascular disease (Sjöström et al. 2012; Tailleux et al. 2015). Such improvements 

are often attributed to the body weight loss. However, some of these improvements appear 

before the patient loses weight (Carbajo et al. 2017; Sweeney and Morton 2014), and several 

potential mechanisms have been postulated: 1. Negative caloric balance (Isbell et al. 2010); 
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2. Food exclusion from the gastric antrum, duodenum and proximal jejunum, leading to 

decreased ghrelin secretion, resulting in improved insulin levels and glucose tolerance (Patel 

et al. 2014; Murata et al. 2002); 3. Increased rate of nutrient presentation the distal intestine, 

stimulating glucagon-like peptide 1 (GLP-1) and PYY release (Sethi and Parikh 2015); 4. 

Beneficial alterations in the gut microbiota (Liou et al. 2013); 5. Alterations in neural signaling 

(Patel et al. 2014); 6. Changes in glucose intestinal absorption (Baud et al. 2016); 7. 

Alterations in bile acid pool size, composition and signaling (Patel et al. 2014; Sethi and 

Parikh 2015). In this review we will present and discuss the reported changes in BA plasma 

concentrations and signaling upon bariatric surgery in humans and in the pre-clinical models 

of mice, rats and pigs in bariatric surgery, and how the currently available data support the 

hypothesis that BA signaling could be implicated in the metabolic improvements of bariatric 

surgery.  

Bile acid metabolism 

BAs are a family of molecules synthesized in hepatocytes from cholesterol by two pathways 

(Figure 2): the classical pathway produces the majority of BAs, it is initiated by the enzyme 

cytochrome P450 cholesterol 7α-hydroxylase (CYP7A1), and a biomarker of this pathway’s 

activity rate is the plasma concentration of 7α-hydroxy-4-cholesten-3-one (C4). The 

remaining fraction of BAs is synthesized through the alternative, or acidic pathway, initiated 

by cytochrome P450 27α-hydroxylase CYP27A1. These pathways produce the primary BAs, 

i.e. BAs synthesized within the hepatocytes, that in humans and pigs can be subsequently 

hydroxylated by either the 12α-hydroxylase CYP8B1, producing the cholic acid (CA), the 6α-

hydroxylase (CYP3A4) (Deo and Bandiera 2008) producing hyocholic acid, or none of the 

previous, producing chenodeoxycholic acid (CDCA) (of note, the major plasma BA families in 

humans are CA and CDCA). Exclusively in murine models, CDCA and UDCA can be 6β-

hydroxylated by the 6β-hydroxylase CYP2C70 (Takahashi et al. 2016), producing the primary 

BAs α- and β-muricholic acid (MCA), respectively, whereas murine HCA is produced by 

bacterial transformation in the intestine. Noteworthy, the activity of the 12α-hydroxylase 

CYP8B1 is regulated by the insulin receptor-Akt pathway and the ratio of 12α-

hydroxylated/non-12α-hydroxylated BAs is associated with changes in hepatocytes’ insulin 

sensitivity (Haeusler et al. 2013).  

BAs are subsequently conjugated to glycine or taurine and actively secreted by the bile salt 

export pump (BSEP) into the bile, which is stored and concentrated in the gallbladder during 

the inter-digestive period and released in the duodenum after meal ingestion to contribute to 

the emulsification and absorption of dietary fat. Along the gastrointestinal tract, the gut 

microbiota dehydroxylates and epimerizes the primary BAs to synthesize secondary BAs: CA 

into DCA, CDCA into LCA and UDCA, and HCA into HDCA in humans (Figure 2). 
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Additionally, in murine models β-MCA is transformed into ωMCA, and HCA is a secondary 

BA species (for review (Hofmann and Hagey 2008)). Free BAs are re-absorbed passively 

throughout the whole intestine, but the apical-sodium-dependent BA transporter (ASBT) 

expressed mainly in the distal ileum, takes up conjugated BA species. BAs are translocated 

to the basolateral pole of the enterocytes by the ileal bile acid binding protein (IABP) and 

secreted into the mesenteric venous blood via the organic solute transporter (OST) complex 

α/β, and then transported back to the liver in the portal blood. Approximately 5% of BAs 

resist intestinal reabsorption and are lost in feces and replaced by hepatic de novo synthesis. 

As BAs pass through the hepatic sinusoids, the hepatocytes reabsorb most conjugated BAs 

through their transporters: sodium/bile acid cotransporter (NTCP), organic-anion-transporting 

polypeptides (OATPs) and organic anion transporters (OATs), whereas free BAs can pass 

through the plasma membrane by passive diffusion. Although hepatic BA reuptake is highly 

efficient, a fraction of BAs spills into the systemic circulation reaching peripheral organs, 

where they act as signaling molecules by activating the nuclear farnesoid X receptor (FXR) 

and the Takeda G protein coupled receptor (TGR5), together regulating metabolic 

homeostasis, BA synthesis and meta-inflammation. The different BA species activate FXR 

and TGR5 with different potencies. Consequently, quantitative and qualitative variations of 

the BA pool composition could change the activity of these receptors and modulate metabolic 

pathways regulated by them (for review (Oscar Chávez-Talavera et al. 2017; Kuipers, Bloks, 

and Groen 2014)).  

Importantly, BA variations in the metabolic syndrome and in the context of bariatric surgery 

have been studied in humans and in pre-clinical models of mouse, rats and pigs. It should be 

taken into account that the BA species proportions and types between these animal species 

present important variations, with diverse advantages and disadvantages (Spinelli et al. 

2016). The rodent models present as advantage that their husbandry is cheaper and easier, 

and the availability of genetically-modified animals for mechanistic studies and the simplicity 

of the surgical procedures allowing larger sample sizes compared to larger mammals. 

However, muricholic species are the most abundant BAs in murine models, and increasing 

evidence suggests that they are important regulators of murine metabolic homeostasis via 

antagonistic effects of Tβ-MCA on FXR, rendering BA data on murine models not entirely 

translatable to humans. The development of CYP2C70 knock-out murine models would 

theoretically suppress 6β-hydroxylation and thus α- and β- MCA species synthesis, resulting 

in a “humanized BA pool” that could render BA results in these mice more clinically relevant. 

Another pre-clinical model for the study of BAs and bariatric surgery is the pig (Sus scrofa) 

strain Gottingen-like minipig (Baud et al. 2016), this strain is smaller than ordinary pigs, and 

presents as advantage a human size along with greater similarity to humans’ anatomy and 

nutrition, and the possibility of larger blood sampling volumes, allowing complex metabolic 
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tests with simultaneous sampling from catheters allowing access to different sites (e.g. portal 

or central venous catheters). Additionally, pigs don’t synthesize the rodent α- and β- MCA 

species, rendering their BA pool more similar to humans. However, pigs’ husbandry is 

expensive and requires larger space, surgical procedures are heavier and require special 

operating rooms, there are not currently available many pig knock-out models for 

mechanistic studies and pigs present a BA pool mainly represented by HCA and its derived 

secondary BA HDCA, which are minor BA species in humans, whose signaling on 

metabolism via FXR and TGR5 has not been studied and which are often neglected on 

plasma BA analysis. However, recent interest has emerged on 6α-hydroxylated BAs since 

they have been negatively associated with obesity and glucose homeostasis parameters in 

personal unpublished data and by other teams (Wewalka et al. 2014). 

Patients undergoing bariatric surgery present co-morbidities associated with bile acid 
alterations. 

Several studies have associated plasma BAs with obesity in humans, reporting vastly 

heterogeneous results (Prinz et al. 2015; Brufau et al. 2010; Friedrich, Marschall, and 

Lammert 2018; Glicksman et al. 2010; Haeusler et al. 2016; Cariou et al. 2011; Ahmad, 

Pfalzer, and Kaplan 2013; Steiner et al. 2011), likely due to differences in the characteristics 

of the studied populations and the high inter- and intra- individual variability of BAs (Steiner 

et al. 2011) and the fasting/fed metabolic status (Oscar Chávez-Talavera et al. 2019). 

Overall, obesity seems to be associated with increased fasting plasma BAs but with blunted 

meal-induced increases. Furthermore, morbidly obese patients undergoing bariatric surgery 

often present comorbidities that are associated with BA changes, such as insulin resistance 

(Haeusler et al. 2013; W. Sun et al. 2016; Ginos et al. 2018; Wewalka et al. 2014; Cariou et 

al. 2011; Kimberly et al. 2017) and type 2 diabetes (Brufau et al. 2010; Vincent et al. 2013; 

Jørgensen et al. 2015; Haeusler et al. 2013; Gerhard et al. 2013; Sonne et al. 2016; Suhre et 

al. 2010). Even though there are inconsistencies in the published data, BA metabolism 

alterations occur in obesity and its comorbidities in humans (for review (Oscar Chávez-

Talavera et al. 2019)). Additionally, obese patients often present hypertriglyceridaemia 

treated with fibrates (PPARα agonists), which have been associated in vitro, in vivo and in 

humans with decreased BA synthesis via a PPARα-FXR crosstalk (Pineda Torra et al. 2003). 

Furthermore, approximately 25% of the patients undergoing bariatric surgery have had the 

gallbladder removed (Papasavas et al. 2006), and the impact of cholecystectomy in plasma 

BAs is unknown. Finally many obese patients undergoing bariatric surgery are treated with 

metformin, associated with altered gut microbiota (Forslund et al. 2015) that could impact 

intestinal BA transformation. A recent study suggested that the metabolic effects of 

metformin occur by decreasing Bacteroides fragilis abundance, leading to increased GUDCA 



 
 

97 
 

levels, which could inhibit FXR signaling (L. Sun et al. 2018). These results need to be 

further confirmed, but it cannot be excluded that metformin treatment on diabetic patients 

undergoing bariatric surgery could change BA pool composition and bias results of BAs and 

bariatric surgery.  

Therefore, when studying BAs in the context of bariatric surgery, it is important to consider 

that the association of BA changes to metabolic improvements could be influenced by the 

metabolic improvements themselves or by the pharmacological treatments and not 

exclusively by the surgical intervention. 

 

Plasma bile acid variations in the different bariatric surgery techniques 

Bile diversion surgeries. 

Bile diversion techniques surgically shift to the distal part of the intestine the anatomic place 

on which bile encounters chymus, and enhance the delivery of biliopancreatic secretion to 

the distal bowel. Clinical studies have demonstrated increased BAs upon bile diversion 

techniques (see below). The increase is reproducible in pre-clinical models, allowing to 

explore the underlying mechanisms. For instance, bile diversion alone reproduced the effects 

of RYGB on glucose metabolism in rats and mice (Goncalves et al. 2015; Flynn et al. 2015). 

Moreover, drainage of endogenous bile into the terminal ileum of rats enhanced satiety gut 

hormone response, reduced food intake, and lower body weight (Pournaras et al. 2012). 

Furthermore, a recent study reported that gallbladder bile diversion to the ileum reproduces 

the glycemic improvements of bariatric surgery in wild-type and TGR5 knock-out mice, but 

not in intestinal-specific FXR knock-out mice, or in presence of the GLP-1R antagonist 

exendin-9 or bile acid sequestration, pointing at the GLP-1-FXR intestinal axis as a crucial 

mediator of the metabolic improvements of bariatric surgery (Albaugh et al. 2019). The 

surgical modification is not entirely necessary, since the duodenal-jejunal bypass liner 

(DJBL), bypassing proximal intestine through a simple physical barrier between ingested 

food and the proximal intestine epithelium, increased fasting and postprandial free BAs and 

postprandial GLP-1 plasma levels after 6 months of DJBL placement, this suggested that the 

GLP-1 increase does not depend on the BA augmentations since only GLP-1 but not BA 

levels are increased 1 week after DJBL implantation (van Nierop et al. 2019). 

Roux-en-Y gastric bypass (RYGB) 

Fasting plasma BAs increase upon RYGB in humans, but the reported BA species are 

heterogeneous between studies probably due to variations in the surgical technique, time 

upon surgery, nutritional state or patients BMI, IR and T2D status. Some of the studies have 

reported early increases in fasting plasma BAs (Jansen et al. 2011; Pournaras et al. 2012; 
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Nakatani et al. 2009; Spinelli et al. 2016; Jørgensen et al. 2015; Albaugh et al. 2015; 

Ferrannini et al. 2015; Fiamoncini et al. 2018), whereas other studies suggest that the 

increase is evident at one year upon RYGB (Simonen et al. 2012; Werling et al. 2013; 

Steinert et al. 2013; Dutia et al. 2015; Patti et al. 2009; Fiamoncini et al. 2018) or upon 20% 

loss of body weight (Kohli et al. 2013). Only few studies have reported no changes in fasting 

plasma BAs (Steinert et al. 2013; Dutia et al. 2015; Sachdev et al. 2016). Similarly, post-

prandial plasma BAs have been reported to increase both, early upon surgery (Ahmad, 

Pfalzer, and Kaplan 2013) and in the long term (Werling et al. 2013; Ahmad, Pfalzer, and 

Kaplan 2013; Kohli et al. 2013; Dutia et al. 2015; Sachdev et al. 2016; De Giorgi et al. 2015; 

Steinert et al. 2013; Jørgensen et al. 2015), along with qualitative increase in conjugated BA 

species (Sachdev et al. 2016; Werling et al. 2013). The BA changes following RYGB were 

not associated with the BMI decrease (Dirksen et al. 2013), nor with the insulin sensitivity. In 

line, the RYGB improves insulin resistance and increases the 12α-hydroxylated/non12α-

hydroxylated BA ratio (Dutia et al. 2015), in contradiction with the results in patients without 

surgery, showing a positive correlation of insulin resistance with the 12α-

hydroxylated/non12α-hydroxylated BA ratio (Haeusler et al. 2013). Conversely, plasma BA 

increase is greater in T2D patients presenting remission upon RYGB than in those patients 

whose T2D did not remit (Gerhard et al. 2013), and women with diabetes remission upon 

RYGB presented decreased fecal BAs compared to non-remitters (de Siqueira Cardinelli et 

al. 2019), suggesting that BAs could be implicated in RYGB-mediated T2D improvements. 

Intestinal FXR and TGR5 signaling could be implicated to these metabolic improvements, 

since BA levels positively correlate with plasma GLP-1 concentrations (Patti et al. 2009; 

Steinert et al. 2013) -regulated by FXR and TGR5 in the intestine-, and FGF19 levels -an 

intestinal FXR activation marker- increase upon RYGB (Gerhard et al. 2013; Jansen et al. 

2011). 

Plasma BA concentrations also increase upon RYGB in murine and pig pre-clinical models 

(Spinelli et al. 2016; Bhutta et al. 2015; O. Chávez-Talavera et al. 2017). Mechanistic studies 

in murine models have suggested that it could be due to increased hepatic de novo BA 

synthesis, increased intestinal BA reuptake along with gut microbiota modifications or 

increased portal blood waste potentially associated with lower hepatic BA recapture from 

portal blood (Goncalves et al. 2015; Bhutta et al. 2015; Liou et al. 2013; Ryan et al. 2014; 

Spinelli et al. 2016). Adittionally, the expression of hepatic bile acid recapture transporters 

decreased upon RYGB, along with increased BAs in minipigs (O. Chávez-Talavera et al. 

2017) and in rats (Bhutta et al. 2015). Recently, the BA composition all along the gastro-

intestinal tract was described in rats upon RYGB reporting no changes upon RYGB and 

VSG, notwithstanding alterations in the gut microbiota, suggesting that intestinal selective 

reuptake might not be involved in the systemic BA changes (Duboc et al. 2018). 
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Bilio-pancreatic diversion - duodenal switch (BPD-DS) 

BPD-DS is highly similar to RYGB, but the length of the limbs is markedly different. BPD-DS 

is highly malabsorptive since most of the intestine is bypassed. To daate, this technique is 

less used, since it has higher risk of side effects and higher mortality rates (Schauer et al. 

2015). Similarly as in RYGB, fasting plasma BA concentrations after BPD-DS occur (Ramos-

Molina et al. 2018; Ferrannini et al. 2015) and also when compared with BMI-matched non-

surgical subjects (Ferrannini et al. 2015). The underlying mechanisms may be similar to the 

RYGB, since the techniques have many similarities. 

One anastomosis gastric bypass (OAGB) 

The OAGB is a new technique with rising interest since it is a more rapid and safe procedure 

with effective results. However, the long-term effects are still unclear and the impact of this 

surgery on plasma BAs in humans is still unknown. Personal unpublished data demonstrate 

that OAGB increases plasma BAs similarly as RYGB in the preclinical model of minipig (data 

not shown). 

Gastric resection surgery:   

Vertical sleeve gastrectomy (VSG) 

It is unclear whether VSG alters plasma BAs due to the contradictory reported results. 

Increased plasma BAs have been reported in the fasting state early (Nakatani et al. 2009; 

Jahansouz et al. 2016) or 1 year after VSG (Steinert et al. 2013), and also postprandially 

(Khan et al. 2016) in humans. Contrarily, different teams showed unaltered total fasting 

(Haluzíková et al. 2013; Escalona et al. 2016; Belgaumkar et al. 2016) and post-prandial 

(Steinert et al. 2013) BAs upon VSG or not quantitative but just qualitative changes 

(Belgaumkar et al. 2016). However, similarly as in RYGB, BA and GLP-1 levels positively 

correlate after VSG in humans (Steinert et al. 2013). 

Notwithstanding the inconclusive data in humans, pre-clinical models of VSG support a 

mechanistic role of BAs in VSG effects. Since VSG increased plasma BAs in rats (B. P. 

Cummings et al. 2012) and in mice (Ding et al. 2016; Haluzíková et al. 2013; Myronovych et 

al. 2014), correlating with GLP-1 levels (Ding et al. 2016), FGF19 (Haluzíková et al. 2013) 

and with body weight loss (Myronovych et al. 2014). Additionally, studies in FXR- (Ryan et al. 

2014) and TGR5-deficient (McGavigan et al. 2015; Ding et al. 2016) mice suggest that BA 

receptors are necessary for the metabolic improvements of VSG. 

Gastric restraint surgery 

Laparoscopic adjustable gastric banding 
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This restrictive procedure doesn’t seem to induce long-lasting changes in fasting (Pournaras 

et al. 2012) and postprandial (Kohli et al. 2013) BAs in humans, although one study 

suggested that it decreased fasting BAs (Kohli et al. 2013). However, it cannot be excluded 

that transitory changes could occur, since two studies show that plasma BA increased 1 

month (Nakatani et al. 2009) and 3 months (Thöni et al. 2017) after LAGB, with BA levels 

returning to baseline 1 year  after (Thöni et al. 2017).  

Conclusion 

In humans, BAs increase upon bariatric surgery techniques involving enhancement and 

divertion of biliopancreatic secretions to the distal segments of the intestine (RYGB, BPD-

DS, SG) but not techniques involving gastric restriction alone (AG). Besides the quantitative 

increase, there are also qualitative changes. The human studies present vast heterogeneity, 

probably due to differences in the studied postoperative time points, surgical techniques, 

nutritional state of the patients, metabolic co-morbidities and treatments. Mechanistic studies 

in humans are hardly achievable, but BAs in bariatric surgery can be studied in pre-clinical 

models, the choice of the experimental animal species should be based on the needs of the 

experimental protocol and resemblance to humans for translational research. The causes of 

BA changes and the role of BAs in the multiple metabolic improvements of bariatric surgery 

in humans remain unknown. Although mice models suggest that BAs participate to bariatric 

surgery improvements, to date, there is no scientific clinical evidence proving that BA 

changes are responsible for the metabolic effects of bariatric surgery. 
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Figure 1 

 

Title: Most commonly used bariatric surgery procedures 

Legend: Technically, these bariatric procedures can be classified into three main groups: 

bile diversion surgeries, gastric resection surgeries and gastric restriction surgery. 

Bile diversion surgeries: The Roux-en-Y gastric bypass (RYGB) (A1): is one of the most 

frequently performed bariatric procedures, consisting on the creation of a small gastric 

pouch from the cardiac portion of the stomach, the rest of the stomach being excluded. Then, 

the small intestine is segmented 50cm distal to the ligament of Treitz; the proximal segment 

constitutes the biliopancreatic limb. The distal segment is anastomosed to the small gastric 

pouch and constitutes the alimentary limb. The biliopancreatic limb is anastomosed with the 

alimentary limb to form the common limb, and the length of the latter is variable depending 

on the surgeon and healthcare facilities (Nguyen and Varela 2017). The biliopancreatic 

diversion (BPD) (A2): consists on a first phase sleeve gastrectomy followed by an intestinal 

second phase, consisting of gut section around 250cm distal from the ligament of Treitz. The 

proximal end constitutes the biliopancretic limb and the distal end forms the alimentary limb, 

which is climbed up and anastomosed to the duodenum. These procedures form a very short 

common limb, approximately 50cm from the ileocecal valve (Marceau et al., 1998). The One 

anastomosis gastric bypass (OAGB) (A3): Also known as minigastric bypass, encompasses 

a series of techniques characterized by the absence of the alimentary limb, the permanence 

of the excluded stomach (as in the RYGB) and the presence of a long biliopancreatic limb 

(as in the BPD), it is therefore a less agresive malabsorptive procedure since, unlike BPD, 

the common limb is not so short (Mahawar et al., 2016).  
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B. Gastric resection surgery:  The Sleeve Gastrectomy (SG): This is the currently most 

performed technique in the world, consisting on a longitudinal resection of the stomach which 

starts from the antrum, at 5-6cm from the pylorus and finishing at the gastroesophageal 

junction. The gastric tube is measured with a bougie size 36 or 40-Fr, to get a final stomach 

size of approximately 150cc. In this technique the gastrointestinal circuit is not modified. 

(Rosenthal et al.,2012). 

C. Gastric restraint surgery: The Adjustable Gastric Band (AGB): The AGB does not modify 

the anatomy of the gastrointestinal tract. It consists on the placement of an adjustable 

silicone band around the upper portion of the stomach, accessing through the flaccid pars to 

the posterior wall of the stomach, creating thus a small gastric pouch above the gastric band 

(Beitner et al., 2016).   

 

 

Figure 2 

 

Title: Main steps of hepatic and intestinal bile acid synthesis. 

Legend: Main enzymes and steps involved in the hepatic and intestinal synthesis of bile 

acids. For details, see in the text. : Intestinal microbiota 7-dehydroxylation (*), 7-

epimerization (#), 6-epimerization ($). 
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Abstract  

Background & Aims: The alimentary limb has been proposed to be the main driver of the 

weight-loss independent metabolic improvements in the bariatric surgery procedure. 

However, the One Anastomosis Gastric Bypass (OAGB) procedure, consisting of one long 

biliary limb and a short common limb, induces stronger metabolic beneficial effects compared 

to RYGB in humans, despite the lack of  an alimentary limb. The aim of this study was to 

assess the role of the biliary and common limbs in the weight-loss and metabolic effects 

upon OAGB. 

Methods: OAGB and sham surgery, both with or without resection of the biliary limb were 

performed in Gottingen-like minipigs. 15 days after surgery, weight loss and metabolic 

changes were assessed. 

Results: OAGB decreased body weight, improved glucose homeostasis, increased 

postprandial GLP-1 and fasting plasma BAs, and qualitatively changed intestinal BAs. 

Resection of the biliary limb prevented the body weight loss effects of OAGB and attenuated 

the postprandial GLP-1 increase. Glucose homeostasis along with changes in plasma and 

intestinal BAs occurred upon OAGB regardless of the biliary limb length. Resection alone 

reproduced the glucose homeostasis effects and the changes in intestinal BAs.  

Conclusions: A long biliary limb is necessary for weight loss in OAGB, whereas the 

metabolic and BA changes are mediated  by the length of the common limb.  

Keywords: bariatric surgery, biliary limb, common limb, mini-bypass, bile acids 
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INTRODUCTION  

The rapidly rising global prevalence of obesity and its complications represent a major public 

health problem, decreasing quality of life and carrying substantial economic costs for society  

(Srivastava and Apovian 2018; Ng et al. 2014). Bariatric surgery induces substantial and 

sustained body weight loss, and is considered the most effective treatment for morbid 

obesity, since in addition to body mass loss, it also reverses obesity’s co-morbidities, such as 

type 2 diabetes and non-alcoholic fatty liver disease (Lassailly et al. 2015; Srivastava and 

Apovian 2018). Several bariatric surgery techniques have been developed over time, but the 

most studied and, until recently, most performed, is the Roux-en-Y gastric bypass (RYGB) 

(Buchwald, Buchwald, and McGlennon 2014). 

Many metabolic improvements upon RYGB are due to weight loss, but certain changes occur 

before the body weight loss (Carbajo et al. 2017; Sweeney and Morton 2014). The 

mechanisms are not entirely known, but it has been proposed that, in RYGB, the exclusion of 

a portion of the stomach and proximal part of the intestine to form a small gastric pouch 

(Supplemental Figure 1A) leads to reduced meal volumes and early satiety (Elder and 

Wolfe 2007), provoking caloric restriction (Mattison et al. 2017). Moreover, the duodenal 

diversion, present in RYGB, results in altered duodenal sensing of the nutrients (Breen et al. 

2012), and  bypassing the proximal part of the intestine causes accelerated nutrient transit, 

leading to enhanced postprandial release of incretins (e.g. glucagon-like peptide 1 (GLP-1), 

gastric inhibitory polypeptide (GIP)) and satiety peptides (e.g. peptide YY (PYY), 

oxyntomodulin (OXY)) (Laferrère et al. 2007; Oliván et al. 2009; Laferrère et al. 2010). 

Furthermore, bile diversion, also found in RYGB, decreases glucose absorption in the 

common limb (Baud et al. 2016). Other suggested mechanisms include hypertrophy of the 

alimentary limb with increased splanchnic glucose utilization and changes in glucose 

transporter expression (Cavin et al. 2016; Saeidi et al. 2013), beneficial modifications of the 

gut microbiota (Anhê et al. 2017) and changes in bile acid (BA) pool size and composition 

(Dutia et al. 2015; Spinelli et al. 2016; O. Chávez-Talavera et al. 2017), which modulate 

energy metabolism through activation of the farnesoid X receptor (FXR) and the Takeda G 

protein coupled receptor 5 (TGR5). 

Experimental data support a key role for the alimentary limb as mediator of the improvement 

of glucose homeostasis upon RYGB (Saeidi et al. 2013; Baud et al. 2016). However, results 

from a recently developped surgical technique, the One Anastomosis Gastric Bypass 

(OAGB) (Rutledge 2001), challenges these data. OAGB results in weight loss and beneficial 

metabolic effects, which are similar or even supperior to those elicited by RYGB (Carbajo et 

al. 2017; Wang et al. 2017). Similarly as RYGB, OAGB (Supplemental Figure 1A) excludes 

a portion of the stomach and the proximal intestine, but it differs from RYGB by the types of 
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limbs: while RYGB creates an alimentary limb, a short biliary limb and a common limb, 

OAGB does not have an alimentary limb and is composed solely by a long-loop biliary limb 

and a common limb (Supplementary Figure 1B). The mechanism of action of OAGB is not 

entirely clear, since OAGB lacks an alimentary limb, thought to be responsible for the RYGB-

induced metabolic effects. 

The superior metabolic effects of OAGB in comparison with RYGB point at a potential 

mechanistic role of the biliary limb (Miyachi et al. 2016), and therefore certain surgeons 

adjust the length of the biliary limb according to the BMI of their patients in OAGB 

(Charalampos et al. 2019) and RYGB (Mahawar et al. 2016). However, modulation of the 

length of the biliary limb consequently affects the length of the common limb, where 

biliopancreatic secretions and alimentary nutrients meet, and where absorption takes place. 

OAGB could also alter BAs, since unlike in the normal intestine, where BAs transit along with 

the chyme, the biliopancreatic secretions transit alone in OAGB. It is thus conceivable that 

similarly as in RYGB, the anatomic  variations of OAGB could induce changes in intestinal or 

circulating BAs and contribute to the early metabolic improvements following bariatric surgery 

by modulating the activity of the BA receptors FXR and TGR5. The aim of this study is to 

investigate the role of the biliary/common limbs in the effects of OAGB on body weight and 

metabolic effects. For that, we analyzed glucose homeostasis and BA composition in plasma 

and within the intestine of minipigs submitted to sham surgery or OAGB, with and without 

resection of an intestinal segment. We hypothesized that: OAGB impacts glucose 

homeostasis and BAs and that this also occurs in absence of the biliary limb. 

 
MATERIALS AND METHODS 

Animal facilities  

All animal procedures were performed in the University and Hospital Department for 

Experimental Research of the University of Lille, France, in accordance with French 

regulations for animal experimentation [approval code:CEEA 152012]. A total of 24 healthy 

adult female minipigs Göttingen-like weighing 53.9±1.7kg (Pannier’s breeding) were used. All 

pigs were kept in individual pens. All pens were equiped with a feeding through and a 

drinking nipple. Pigs were fed a standard diet (Uneal cooperative, Aire sur la Lys, France) at 

1.5% of their body weight per day, mixed with water (1 volume for 1 volume) for a pureed 

consistency, in two meals during the morning. 

Animals were fasted overnight and the surgical procedures were performed under general 

anaesthesia by midline laparotomy. For the experiment, animals were pre-medicated with an 

intramuscular injection of ketamine (Ketamine1000 ,  Virbac, Carros, France, 10 mg/kg of 
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body weight) and xylazine (Sédaxylan ,  CEVA Santé Animale, Libourne France, 2.5 mg/kg 

of body weight). A 2% concentration of isoflurane (Aerrane®, Baxter, France) was used 

during the surgery. A single-lumen radiopaque silicone catheter (Hickman; Bard, Trappes, 

France) was initially placed in a jugular vein and exteriorized on the neck of the animal for 

repeated non-invasive blood samples.                     

Surgical Procedures 

Animals were randomly assigned to either one of the four procedures (n=6-7 per group): 

sham, OAGB, sham with intestinal resection (Sham-res) or OAGB with resection of the 

biliaray limb (OAGB-res) (Figure 1A-D). 

OAGB and OAGB-res: after dissection of the oesogastric junction, a 100mL gastric pouch 

was constructed using linear staplers (Proximate®, green cartridges, Ethicon, Issy-les-

Moulineaux, France). As minipig intestine is approximately twice the size of that of humans, 

performed a distal OAGB to amplify the observed effects. The distal portion of the ileum (200 

cm before the ileo-caecal junction) was taken up and anastomosed to the gastric pouch 

(Proximate®, blue cartridges, Ethicon, Issy-les-Moulineaux, France) to form an omega loop. 

In the OAGB-res procedure, the proximal portion of the jejunum (50 cm from the 

duodenojejunal junction) was taken up and anastomosed to the gastric pouch. The intestine 

between the gastrojejunal anastomosis and the distal portion of the ileum (200 cm before the 

ileocaecal junction) was then resected and an entero-enteral anastomosis was performed.  

Sham and Sham-res: The Sham procedure consisted in oesogastric junction dissection, 

gastrotomy, enterotomy, and repair. The Sham-res procedure consisted in resection of the 

intestine, starting 50 cm from the duodeno-jejunal junction and down to 200 cm before the 

ileo-caecal junction and then entero-enteral anastomosis. 

Post-operative care 

After surgery, minipigs were closely monitored and treated with fentanyl transdermal 

(Recuvyra® 2.6 mg/Kg, Eli Lilly, Neuilly-sur-Seine, France). Antibioprophylaxy by 

lincomycine and spectinomycine (LINCO-SPECTIN®, 0.1mL/kg, ZOETIS, Malakoff, France) 

was administered for five days. Water intake started on the first postoperative day, and 

similar oral feeding was allowed 72 hours after surgery. At the end of the study, minipigs 

were euthanized by injection of Embutramide, Mebezonium and Tetracaine (T61®, 0.3 

mL/kg, INTERVET, Beaucouzé cedex, France). 

Mixed-meal test 

15 days after the surgery, after overnight fasting, mixed meal was adminisitered via a 

previously placed nasogastric tube over 10 minutes. The 200 ml liquid mixed meal test 
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(MMT) (Fortimel Energy, Nutricia Nutrition Clinique, Saint-Ouen, France) included a 20 g 

crushed solid energy bar of Ovomaltine (Ovomaltine, Wander SA, Neuenegg, Suisse) and 

was composed of 14 g fat, 14 g protein, 50 gr of carbohydrate (23 g simple sugars, and 27 g 

starch) for a total of 386 kcal, and included 30 g of D-Xylose (Sigma-Aldrich, Saint Louis, 

Etats-Unis). Venous blood samples were collected from a central venous catheter before and 

at 15, 30, 60, 90, 120 and 180 minutes after completion of the meal. Blood samples were 

immediately kept on ice until centrifugation at 5,000 rpm for 10 minutes. Plasma or serum 

aliquots were stored at -80°C until analysis.        

Intestinal liquid sampling 

During and 20 days after surgery, under general anesthesia, a 50 cm-long intestinal segment 

was clamped and 40 mL of distilled water were injected and then re-aspired from the 

intestinal lumen (20 cm-long segment and 20 mL for the short biliary limb). Intestinal liquid 

samples were aliquoted and immediately frozen at -80 °C until BA analysis.  

Liver and intestine biopsy sampling 

Right-lobe liver biopsies were taken by laparotomy under general anaesthesia from fasted 

minipigs before surgery and 20 days after the surgery. Intestine biopsies were taken by 

laparotomy under general anaesthesia from fasted minipigs at 20 days after surgery. All 

tissues were immediately snap frozen in liquid nitrogen and stored at -80°C until RNA 

extractions. 

Biochemical analysis 

Blood glucose was measured in duplicate immediatly after sampling using the amperometric 

glucoseoxydase method (glucose meter, FreeStyle Optium®, Abbott, Rungis, France). 

Plasma D-Xylose concentration was measured by a colorimetric micromethod with 

phloroglucinol as previously described (Eberts et al. 1979). Insulin was measured by ELISA 

(Access ultrasensitive Insulin, Beckman Coulter, Brea, USA), and total GLP-1 by RIA (GLP-

1T-36HK, Millipore-IDS, France). Plasma concentrations of BAs and 7alpha-hydroxy-4-

cholesten-3-one (C4) were determined after extraction by protein precipitation as previously 

published (Legry et al. 2017). Intestinal intra-luminal BA profiles were performed similarly as 

in plasma. Feces and caecal content of BA profiles were quantified after extraction on 

samples lyophilized at -80ºC to avoid bacterial BA transformation as previously described 

(Humbert et al. 2012). The 21 BA species were quantified by phase liquid chromatography 

associated to tandem mass spectrometry (LC-MS/MS) in the different biological samples.  

Due to the non quantitative intraluminal liquid sampling, the intra-luminal BA species 

concentrations are expressed as percentage or ratios of the total BAs. 
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Statistical analyses 

Results were expressed as mean ± SEM. Continuous variables were analyzed by the 

unpaired or paired  one-way ANOVA or Kruskal Wallis according to the data distribution.  

Variables measured during the mixed-meal test were compared to baseline values, and the 

areas under curves (AUC) were calculated using the trapezoidal method. One-way repeated 

measures ANOVA and post hoc Tukey’s multiple comparisons test were used to compare 

differences of AUC. A p value <0.05 was considered as significant. All statistical analyses 

were made using Prism 7 for Mac OS X (GraphPad La Jolla, CA, USA).  

 

RESULTS 

OAGB induces body weight loss only in presence of a long biliary limb  

Unlike the Sham surgery, OAGB progressively and strongly reduces body weight during the 

20-day follow-up after surgery (Figure 2). Shortening of the biliary limb (BL) in OAGB 

(OAGB-res) reduced but not abolished the body weight loss compared to OAGB. The 

intestinal resection alone also slightly reduced body weight in Sham-res. These results 

suggest that a long biliary limb contributes to the weight loss effect of OAGB. 

 

The improvements of glucose homeostasis are not driven by the length of the biliary limb but 

rather by a short common limb upon OAGB. 

Compared with Sham, OAGB improves oral glucose tolerance (Figure 3A, 3B), decreases 

intestinal D-xylose absorption (Figure 3C, 3D) and increases fasting (Supplemental figure 
2) and postprandial GLP-1  (Figure 3E, 3F), without changing insulin concentration (Figure 
3G, 3H) during a meal test. 

Compared with the Sham group, both groups with intestinal resection (Sham-res and OAGB-

res) improved oral glucose tolerance (Figure 3A, 3B), decreased D-Xylose absorption 

(Figure 3C, 3D), increased fasting GLP-1 plasma concentration -the difference is not 

statistically significant for OAGB-res (Supplemental Figure 2)- and increased postprandial 

GLP-1 (Figure 3E, 3F) during the meal test. Similarly as in OAGB, there are no changes in 

the insulinemia in both groups with BL resection. Taken together, these data suggest that 

glucose homeostasis improvements occur in presence of a short common limb regardless of 

the resection of the BL or the OAGB. 
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Intestinal intra-luminal BAs are not modified by biliary limb length but by the length of the 

common limb.  

In order to determine whether metabolic improvements are associated with BA changes, we 

measured BA profiles in different segments along the gastro-intestinal tract (GIT) from bile to 

feces in the Sham (Supplemental Figure 4A) and in OAGB (Supplemental Figure 4B) 
groups. As expected, in the Sham group, the free/conjugated BA ratio progressively 

increases from bile to feces (Supplemental Figure 3C). Compared to Sham (Supplemental 
Figure 3A, 3C), the OAGB group (Supplemental Figure 3B, 3D) displays strongly and 

significantly increased primary/secondary BA ratios and free/conjugated BA ratios in all the 

segments of the GIT due to a shift from HDCA (a major secondary BA) to HCA (a major 

primary BA) in bile (Supplemental Figure 4A), in all intestinal compartments (Supplemental 
Figure 4B-F) and in feces (Supplemental Figure 4G), whereas minor BA species in 

minipigs (CA, CDCA, DCA, LCA and UDCA) are poorly affected by OAGB (Supplemental 
Figure 4A-5G).  

Interestingly, both BL resection groups (Sham-res and OAGB-res) also display a higher 

primary/secondary BA ratio (Figure 3A) due to a shift from HDCA to HCA both in bile 

(Figure 3A, 3C) and cecum (Figure 3A, 3D) which are representative of the whole GIT 

similarly as upon OAGB. 

Interestingly, fasting plasma BAs do not reflect intestinal intra-luminal BAs as shown in 

(Supplemental Figure 5). OAGB increased total BA concentrations (Supplemental Figure 
5A) without changing neither the Free/Conjugated (Supplemental Figure 5B) nor the 

1ary/2ary BA retios (Supplemental Figure 5C). The shift from HDCA to HCA observed in 

the GIT was not found in plasma (Supplemental Figure 5E, 5D). 

 

DISCUSSION 

To elucidate the role of the biliary and common limbs on body weight loss and metabolic 

changes upon bariatric surgery, we performed OAGB, presenting a long biliary limb and no 

alimentary limb (Figure 1B, 1D). We studied these model with and without resection of the 

biliary limb, and compared it with sham surgery with and without resection of the intestinal 

segment that constitutes the biliary limb in OAGB, in a validated minipig model of bariatric 

surgery (Baud et al. 2016). 

First we showed that the OAGB induces body weight loss compared to Sham. The body 

weight lowering effects of OAGB are attenuated in the models with resection (OAGB-res vs 



 
 

130 
 

Sham-res), suggesting that the resected intestinal segment, that constitutes the long biliary 

llimb of OAGB, plays a crucial mechanistic role for the body weight lowering effects of 

bariatric surgery. Interestingly, oral glucose tolerance, D-xylose absorption and GLP-1 

secretion improved similarly in OAGB, Sham-res and OAGB-res compared to Sham, 

suggesting that the biliary limb is not necessary for the glucose homeostasis improvements 

but it’s necessary for the body weight effects of OAGB. 

The mechanism remains unknown. However, since OAGB but not RYGB induces nutrient 

malabsortpion (Robert et al. 2019), and since the main difference between OAGB and RYGB 

is the long biliary limb, we hypothesized that shortening the biliary limb could attenuate the 

malabsortion induced by the OAGB and therefore reduce the body-weight loss effect. The 

common limb -where most of nutrient absorption occurs- was similar in OAGB, Sham-res 

and OAGB-res, but the weight loss was different, supporting the hypothesis that the biliary 

limb length could modulate the body weight loss effect.  

The long biliary limb probably uses nutrients absorbed from the bloodstream to sustain itself 

and not only those coming from the instinal lumen, as described for the alimentary limb in 

RYGB (Saedi et al. 2014). Another possibility is that, when resected, the amount of energy 

necessary to sustain that intestinal segment would no longer be consumed, decreasing the 

intestinal energy expenditure, and attenuate the body weight loss. In line with this 

hypothesis, resection of the biliary limb in a rat model of duodenal-jejunal bypass prevented 

the weight loss effect induced by the surgery (Miyachi et al. 2016). 

The glucose homeostasis changes were similar in OAGB, OAGB-res, and Sham-res, where 

the biliary limb was either long (OAGB), short (OAGB-res) or absent (Sham-res), suggesting 

that the glucose metabolism improvements are not mediated by the biliary limb length. In 

contrast, the common limb was equally short in the three procedures, suggesting that it could 

be involved in glucose homeostasis ameliorations, but that it might not be crucial for the 

differential effects on GLP-1 and body weight loss. The improved metabolism in the sham-

res group is in line with recently published data in rats (Prada-Oliveira et al. 2019). 

Since BAs change in other bariatric surgery techniques, modulate metabolic homeostasis 

and are current candidates to mediate weight-loss independent improvements of bariatric 

surgery, we analyzed plasma and intestinal BAs upon OAGB with and without resection of 

the biliary limb. We report for the first time increased fasting plasma BAs upon OAGB, 

similarly as found upon other bariatric surgery techniques (Oscar Chávez-Talavera et al. 

2017). Fasting plasma BAs increased regardless of the biliary limb length, but the 

concentrations of the groups with intestinal resection seem to be lower and the mechanism 

remains unclear. Interestingly, intestinal resection in the Sham-res group alone was not 
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enough to increase BA concentrations, whereas it improved glucose homeostasis, and 

partially improved body weight, suggesting that circulating fasting plasma BAs might not be 

major drivers of the glucose homeostasis or body weight improvements upon the surgery, 

but this does not exclude that BAs in other compartiments could be implicated (e.g. in the 

intestinal lumen). In RYGB, the fasting plasma BAs increase is mainly due to conjugated BA 

species in minipigs (O. Chávez-Talavera et al. 2017). In contrast, in OAGB (and also in 

OAGB-res) the free/conjugated BA ratio is unaltered, and this qualitative discrepancy 

between surgical techniques suggests that the mechanism driving the BA increase is 

different. Additionally, a previous study reported that changes in 12α-OH/non-12α-OH BA 

ratio occur upon RYGB in humans (Dutia et al. 2015), but our data show that OAGB doesn’t 

alter this parameter in minipigs. Finally, preclinical data in rodents suggested that the BA 

receptors FXR and TGR5 (McGavigan et al. 2015) could mediate the metabolic 

improvements, since bile diversion to the ileum reproduced the metabolic effects of bariatric 

surgery in TGR5 knockout mice but not in intestine-specific FXR knockout mice. The authors 

showed that the GLP-1 - FXR axis (Trabelsi et al. 2015) could be implicated in such 

improvements (Albaugh et al. 2019), suggesting that BA signaling is a topic that has not 

been fully elucidated, probably participating to the bariatric surgery metabolic effects, and 

that should be further studied in different pre-clinical models to confirm whether the reported 

results are present also in humans. 

 

Conclusion 

In minipigs, a long biliary limb is necessary for weight loss after OAGB, but not for the 

metabolic effects, which seem to be mediated by the length of the common limb. Similarly as 

other bile-diverting procedures, OAGB increases systemic fasting plasma BAs. A short 

common limb was enough to induce metabolic changes regardless of the OAGB. Suggesting 

that it is a crucial player in the metabolic improvements following bariatric surgery, warranting 

further study. 
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Figure 1. 
Title:  Graphic representations of the surgical procedures. 

Legend: (A) Sham, (B) OAGB, (C) Sham-res,(D) OAGB-res. BL : Biliary limb in green, CL: 

Common limb in blue, resected biliary limb: white with green lining. Green arrow:  transit in 

the biliary limb (BL), blue arrow: transit in the common limb (CL). 



 
 

139 
 

 

Figure 2.  

Title:  Body weight loss after the surgical procedures 

Legend: Time-course of post-operative body weight expressed as percentage of 

preoperative body weight. Blue dot: Sham; open blue circle: Sham-res; Green dot: OAGB; 

open  green circle: OAGB-res. Data are expressed as mean+/-SEM. N=6-7/group. Two-way 

ANOVA, *p<0.05 vs Sham, ** p<0.01 vs Sham, ***p<0.001 vs Sham, @@ p<0.01 vs Sham-

res, # p<0.05 vs OAGB-res. 
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Figure 3. 

Title: Metabolic effects of the surgery procedures during the mixed-meal test 

Legend: (A) blood glucose excursion, (B) post-prandial glucose response, (C) D-Xylose 

aborption, (D) D-Xylose excursion curve, (E) plasma GLP-1 concentration, (F) GLP-1 

excursion curve, (G) insulinemia, (H) insulinemia excursion curve. Blue dot: Sham; halved 

blue dot: Sham-res; Green dot: OAGB; halved green dot: OAGB-res. Data are expressed as 

mean+/-SEM. N=6-8/group. One-way ANOVA, *p<0.05 vs Sham, ** p<0.01 vs Sham, 

***p<0.001 vs Sham, # p<0.05 vs OAGB-res. 
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Figure 4 

Title: BA profiles  in bile and caecal content after the surgical procedures 

Legend: (A) primary/secondary BA ratio in bile and caecal content, (B) Free/conjugated BA 

ratio in bile and caecal content, (C) total BA species in bile expressed as percentage of the 

total BAs, (D) total BA species in caecal content expressed as percentage of the total BAs.  

Blue: Sham; green: OAGB; blue with white strips: Sham-res; green with white stripes: OAGB-

res. Data are expressed as mean+/-SEM. N=5-6/group. A-D: Kruskal Wallis test, *p<0.05 vs 

Sham, ** p<0.01 vs Sham, @ p<0.05 vs Sham-res, @@ p<0.01 vs Sham-res, $ p<0.05 vs 

OAGB. 
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Supplemental Figure 1. 

Title: Comparision of surgical procedures 

Legend: (A) OAGB, (B) RYGB. 
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Supplemental Figure 2 

Title: Fasting plasma GLP-1 concentrations after the surgical procedures  

Legend: Fasting plasmatic GLP-1 15 days after surgery. Blue : Sham; green: OAGB; white 

with blue lining: Sham-res; white with green lining: OAGB-res. Data are expressed as 

mean+/-SEM. N=4-6/group. One way ANOVA, ** p<0.01 vs Sham.  
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Supplemental Figure 3 

Title: 1ary/2dary and Free/Conjugated BA ratios along the GI tract upon Sham (blue) or 

OAGB (green) surgery 

Legend: BL, Biliary limb; CL, common limb.  Data are expressed as mean+/-SEM. N=6-

8/group.  
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Supplemental Figure 4 

Title: BA species concentrations along the gastro-intestinal tract from bile to feces 

Legend: Intestinal intra-luminal sampling location in (A) Sham and (B) OAGB. BA species 

concentrations in (C) bile, (D) proximal BL, (E) distal BL, (F) proximal CL, (G) distal CL, (H) 

caecum, (I) feces. Data are expressed as mean+/-SEM. N=4-6/group. One way ANOVA, *** 

p<0.001 vs Sham.  
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Supplemental Figure 5 

Title: Plasma BA concentrations after the surgical procedures 

Legend: (A) Total BAs, (B) Free/conjugated BA ratio, (C) primary/secondary BA ratio, (D) 

total BAs species, expressed as concentrations, (E) total BAs species, expressed as 

pecentages. Blue: Sham; green: OAGB; blue with white strips: Sham-res; green with white 

stripes: OAGB-res. Data are expressed as mean+/-SEM. N=5-7/group. A-E: Kruskal-Wallis 

*p<0.05 vs Sham, ** p<0.01 vs Sham, @ p<0.05 vs Sham-res, @@ p<0.01 vs Sham-res, $ 

p<0.05 vs OAGB. 
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ABSTRACT 

Aim (background & objectives): Roux-en-Y gastric bypass (RYGB) reduces cardiovascular 

mortality and improves high density lipoprotein (HDL)-mediated vaso-protection. Bile acids 

(BAs) are signaling molecules increasingly recognized as regulators of cardio-metabolic 

homeostasis. BAs circulate in blood bound mainly to albumin and HDL. The signaling role of 

HDL-bound BAs (HDL-BAs) is unknown. We hypothesize that HDL could facilitate BA 

delivery to endothelial cells to regulate vaso-protective properties. Circulating BAs 

systematically increase upon RYGB, and are candidates to contribute to the early, weight-

loss independent metabolic improvements after surgery. We aimed to study whether RYGB 

changes the composition of HDL-BAs and their contribution to the RYGB-mediated 

improvement of HDL vaso-protective properties.  

Method: HDL were isolated from 25 morbidly obese patients before and 1 year after RYGB. 

The HDL-BA composition was determined by LC/MS-MS and the HDL vaso-protective 

properties were evaluated ex-vivo in human aortic endothelial cells (HAEC). The size of HDL 

particles were determined by NMR spectroscopy in plasma.  

Results: Interestingly, the increase in plasma total BA concentrations observed 1 year after 

RYGB also translated in HDL-BAs. Obesity-induced HDL dysfunction (HDL-mediated 

endothelial NO production, anti-apoptotic effects, cholesterol efflux capacity, VCAM-1 

expression and PON-1 activity) were reversed post-operatively. RYGB changed HDL-bound 

BAs, agonists of the nuclear farnesoid X receptor (FXR) (cholic acid (CA) and chenodeoxy-

CA (CDCA)), or TGR5 (deoxy-CA (DCA)). The specific enrichment of HDL-CA correlated 

with improved HDL's endothelial anti-apoptotic capacity (p=0.006), and there was a strong 

trend for HDL-CDCA (p=0.07). This suggests that an interaction between endothelial cells 

and BAs may underlie the improved HDL functionality after RYGB. Aditionally, RYGB 

increased HDL size, that significantly correlated with total HDL-CDCA (p<0.018). 

Conclusions: RYGB improves the vaso-protective function of HDL and increases HDL-BAs. 

The results suggest that HDL-BAs could contribute to the improved endothelial-protective 

effects of HDL via endothelial activation of FXR and TGR5. 
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INTRODUCTION 

Obesity is a global health concern, associated to several co-morbidities, including cardio-

vascular (CV) disease and Type 2 Diabetes Mellitus (T2DM)  (Flegal et al. 2013). An early 

hallmark of CV disease is dysfunction of endothelial cells (EC), widely considered the 

gatekeepers of vascular function (Anderson 1999). Roux-en-Y Gastric Bypass (RYGB) is 

currently the gold-standard for obesity treatment, not only able to reduce bodyweight, but 

also to improve co-morbidities, such as T2DM and to reduce CV morbidity (Romeo et al. 

2012; Sjöström et al. 2012) and mortality (Sjöström et al. 2007; Lent et al. 2017) compared to 

non-surgical body weight loss strategies. We showed that endothelial dysfunction and 

endothelial protective properties of high-density lipoprotein (HDL) were improved early after 

RYGB in a body-weight independent manner in part via Glucagon-like peptide-1 (GLP-1) 

mediated pathways (Osto et al. 2015). HDL are complex particles that carry a variety of 

different lipids, enzymes and proteins, which all have a potential signalling role. In recent 

years, research has been focusing on characterizing HDL structure and molecular 

composition to better understand what the determinants of HDL’s vaso-protective function 

are. It has been established that pathological states can alter HDL structure and composition, 

causing it to become a pro-inflammatory, pro-apoptotic particle, and thus contributing to 

dysfunction at the level of the EC (Lüscher et al. 2014; Besler et al. 2011). We and others 

have shown that metabolic intervention, such as diet (Tabet et al. 2016), exercise (Adams et 

al. 2013) and bariatric surgery (Osto et al. 2015), can restore HDL function. HDL particles 

can be divided into several subclasses based on shape and size (Kontush et al. 2015), with 

each subclass having a particular functional profile. Moreover, several studies have identified 

specific HDL components that can further influence functionality, including sphingosine-1-

phosphate content (Sattler et al. 2015), phospholipid content (Yancey et al. 2000), and 

apolipoprotein subtype (Wolfrum, Poy, and Stoffel 2005; Ruiz, Okada, and Dahlbäck 2017). 

However, the specific components of HDL owing to restored functionality post-RYGB have 

not been fully identified (Osto et al. 2015). Among different candidates, bile acids (BAs) could 

be implicated in the functional improvements of HDL after RYGB. 

Total plasma BAs are significantly increased in the systemic circulation post-RYGB (Spinelli 

et al. 2016; Chávez-Talavera et al. 2017), and their functional relevance after bariatric 

surgery is under intense investigation. Moreover, BA circulate bound to carrier proteins, with 

up to 10% being bound to lipoproteins (HDL, LDL, VLDL), with a preferential association to 

the HDL fraction (Steiner et al. 2012). HDL particles are known to interact with EC, and 

functionally induce nitric oxide (NO) production or inhibit apoptosis, among other protective 

properties (Besler et al. 2011). It is therefore conceivable that BA bound to HDL may have an 

additional or a synergistic signalling role.  
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BAs are signalling molecules, regulating their own synthesis from cholesterol in the liver, 

glucose and lipid metabolism. Among other functions, BAs have already been characterized 

to have beneficial effects in the vascular system (Porez et al. 2012; Chávez-Talavera et al. 

2017). Farnesoid-X-receptor (FXR) activation, a bile acid nuclear receptor, has been shown 

to improve EC function through increased transcription of endothelial nitric oxide synthase 

(eNOS) (J. Li et al. 2008). Further, Takeda G-protein coupled receptor 5 (TGR5) activation, 

has been shown to favour vasorelaxation by inhibiting the vasoconstrictor endothelin-1 

(Renga et al. 2010), and through increase in H2S-producing enzyme cystathionine -lyase 

(Renga et al. 2015). The aim of this study is to investigate whether HDL-BAs change upon 

RYGB and whether such changes contribute to the improvement of HDL endothelial 

properties in humans.  

 

METHODS 

Study population 

Studies were performed according to the principles of the Declaration of Helsinki. The Local 

Research and Ethics committee approved the study (KEK-ZH 2013 0260), and all patients 

gave written consent. The surgery group consisted of 25 patients undergoing primary 

laparoscopic proximal RYGB surgery. The RYGB procedure was performed as described in 

Weber et al. 2004. All patients underwent a clinical, biochemical and pre-operative 

evaluation, and all patients adhered to the study protocol and completed follow-up. Patients 

with unstable medical conditions such as recent coronary syndromes (within six months), 

congestive heart failure, systemic infection, acute illness, malignancy, or pregnancy, 

substance abuse, more than three alcoholic drinks per day, or psychiatric illness were 

excluded.  

Blood sampling 

Blood samples were obtained from fasting patients before RYGB and 1-year post RYGB 

surgery. Serum was collected in non-additive vacutainers, and plasma was collected in BD 

P800 vacutainers (containing DPPIV and protease inhibitors) that were kept at +4°C before 

and after blood collection.  

Biochemical analysis 

Plasma lipid profiles (total cholesterol, HDL-cholesterol and triglycerides) and fasting 

glycemia were measured in-house at the Institute for Clinical Chemistry, University Hospital 

Zürich on a Roche cobas® Integra 8000 device. LDL-cholesterol was estimated using the 
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Friedewald formula. Insulin and GLP-1 measurement were performed using a customized 

human duplex insulin/active GLP-1 Meso Scale Discovery 96-well plates following the 

provided protocol (Meso Scale Discovery, Gaithersburg. MD, USA). 

HDL isolation  

HDL was isolated from fresh, fasting plasma by density gradient ultracentrifugation (HDL 

density 1.063 to 1.21 g/cm3), as previsouly described (Riwanto et al. 2013 ; Besler et al. 

2011). Potassium bromide (Merck KGaA, Darmstadt, Germany) was used to adjust the 

density. Purity of HDL was assessed by SDS-PAGE and subsequent Coomassie Blue 

staining of the gel.  

Cell Culture 

Human aortic endothelial cells (HAEC) were obtained from (Lonza, Basel, Switzerland) and 

cultured in endothelial cell basal medium-2 (Lonza) supplemented with endothelial growth 

medium–SingleQuots as indicated by the manufacturer (37°C, 95% O2, 5% CO2). HAECs 

were grown to sub-confluency and rendered quiescent before experiments by incubation in 

medium containing 0.5% fetal bovine serum. For cholesterol efflux experiments, the murine 

macrophage cell line J774 was cultured on 75-cm2 flasks, in 10% FBS, 4.5g/l glucose RPMI 

medium 1640 (GIBCO, Life Technologies, Grand Island, NY, USA).  

Endothelial-protective properties of HDL 

Endothelial-protective properties of HDL were performed as described in (Osto et al. 2015). 

Briefly, HDL-stimulated (50µg/mL) NO production from HAECs was tested in-vitro with the 

4,5-diaminofluorescein (DAF-2, Sigma 205391-02) fluorescent probe. HDL (100µg/mL) anti-

apoptotic properties were assessed in HAECs using a commercial kit (Roche Biochemical 

Cell Death Determination ELISAPLUS). Arylesterase activity of HDL-associated paraoxonase-1 

(PON-1) was measured in whole serum by ultraviolet spectrophotometry. Endothelial protein 

expression of vascular cell adhesion molecule-1 (VCAM-1), anti-human VCAM-1 antibody 

BBA19 R&D System, was determined in tumor necrosis factor- (TNF-) (100pg/mL) stimulated 

HAECs treated with isolated HDL (100µg/mL) using in-cell Western blot. NADPH oxidase 

activity in HAECs treated with isolated HDL (50µg/mL) was measured using a commercially 

available kit (Abcam, ab65349). Cholesterol efflux capacity of HDL from J774 macrophage-

like cells was measured by determining 3H cholesterol extracellular to intracellular ratio after 

stimulation with 2.8% apolipoprotein B depleted serum. 

NMR analysis 
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Nuclear magnetic resonance spectroscopy (NMR) was used to determine lipoprotein 

subclass and abundance using a commercially available service (AXINON® lipoFIT®-S100) 

in 1 mL of human serum.  

BA determination in plasma and in HDL 

BAs were extracted from plasma or HDL after protein precipitation with iced methanol. 

Twenty-one BA species were quantified by liquid chromatography tandem mass 

spectrometry (LC-MS/MS) as described previously (Spinelli et al. 2016), using 5 deutered 

BAs (D4-CA, D4-GCA, D4-TCA, D4-CDCA, D4-GCDCA) as internal standard for 

quantification by high-performance liquid chromatography (UFLC-XR device; Shimadzu, 

Kyoto, Japan) coupled to tandem mass spectrometry (MS/MS) (QTRAP 5500 hybrid system, 

equipped with a Turbo VTM ion source; Sciex, Foster City, CA, USA). Plasma BA 

concentrations were expressed in concentrations (nM), whereas HDL-BAs were transformed 

to ng/L by multiplying the concentration times the molecular weight, and then normalized to 

the amount of proteins in the HDL solution from which BAs were extracted. The HDL-BAs are 

therefore expressed as BA(ng)/HDLprot(g). 

Statistical analysis. 

Data distribution was evaluated with D'Agostino & Pearson omnibus normality tests. 

Quantitative variables are presented as Median [inter quartile range (IQR)] due to the data 

non normal distribution, with appropriate non-parametric paired comparison tests (Wilcoxon 

rank-sum test). The Spearman’s R correlation coefficients were calculated to evaluate the 

association between two quantitative variables. A p value <0.05 was considered statistically 

significant. The analyses were performed using R software version 3.5.1 (The R Foundation 

for Statistical Computing, R Core Team, Vienna, 2018), with the RStudio interface or with 

Prism 6 for Windows (GraphPad La Jolla, CA, USA). 

 

RESULTS 

RYGB decreased BMI, improved glucose homeostasis, lipid profiles and vaso-
protective properties of isolated HDL 1 year after surgery.  

All patients were morbidly obese as indication for the bariatric surgery. As expected, RYGB 

significantly improved the BMI, glucose metabolism (fasting GLP-1, FPG, insulinaemia and 

HOMA-2R), lipid profiles (total cholesterol, LDL-C, HDL-C, plasma triglycerides (TG)) of the 

patients, and vaso-protective properties of the isolated HDL, as shown in Table 1.  

RYGB increases total plasma BAs and HDL-BAs 
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As expected, total plasma BAs concentrations increase upon RYGB (Figure 1a). 

Interestingly Total HDL-BAs also increased (Figure 1b). The RYGB-induced change in 

plasma Total BAs positively correlated with the changes in Total HDL-BAs (Figure 1c). This 

correlation is due to Total Free (Figure 1d), Total Glyco (Figure 1e) and Total Tauro (Figure 
1f) BA species, suggesting that RYGB changes similarly BAs in plasma and those bound to 

HDL.  

 

The increased content of CA in HDL is negatively correlated with apoptosis of HDL-
treated HAEC cells.  

In order to analyze whether the changes in HDL-BAs and the improvement of the HDL vaso-

protective properties induced by RYGB could be associated, correlations between HDL-BAs 

and the different endothelial properties of HDL were analyzed. The improvement in the HDL 

anti-apoptotic properties has a significant, negative correlation with the RYGB-induced 

increase in Total HDL-Free BAs and Total HDL-CA (Table 2, Supplemental Figure 1). 

Whereas a similar marginal correlation was found with Total HDL-CDCA. None of the other 

RYGB-improvements in endothelial vaso-protective properties of HDL were correlated with 

the RYGB-induced increase in HDL-BA species.  

 

RYGB increases HDL size, and the increase is correlated with the RYGB-induced 
increase in CDCA but not with the vaso-protective properties of HDL. 

RYGB significantly increased the size of HDL (Figure 2), this increase was correlated with 

the increase in the HDL content of conjugated but not free CDCA (Table 3). Neither the other 

HDL-BAs nor the improvement in vaso-protective properties of HDL were correlated with the 

change in size of HDL.  

DISCUSSION 

We have shown that RYGB simultaneously improves vaso-protective properties of HDL 

(Osto et al. 2015), decreases cardiovascular mortality (Sjöström et al. 2007; Lent et al. 2017) 

and qualitatively / quantitatively changes plasma BAs. We studied the relationship between 

these factors, and show for the first time that HDL-BAs increase upon RYGB, and that HDL-

BAs reflect circulating BAs in the lipoprotein-depleted fraction. The mechanisms of HDL-BA 

enrichment is still unknown, and how this enrichment may contribute to function. 
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Interestingly, the specific increase in HDL-CA is correlated with the improvement of the anti-

apoptotic properties of HDL after RYGB, suggesting that HDL-CA could be involved in one 

of these improvements. It should be taken into account that patients undergoing RYGB have 

both altered BAs concentrations (Cariou et al. 2011; Prinz et al. 2015), and that these BA 

alterations could contribute to the loss of endothelial vaso-protection of HDL in the context of 

obesity. 

Interestingly, we have shown that HDL size increases upon RYGB, and that this increase is 

correlated with the increased content of conjugated CDCA in HDL, suggesting that it could 

be responsible for the increased size upon RYGB. However, the increased size of HDL did 

not correlate with their vaso-protective properties in vitro. 

The mechanism by which HDL-bound BAs could signal on the endothelial cell has never 

been explored. BAs circulate in the bloodstream bound to plasma components of the 

lipoprotein-depleted fraction, and the albumin exhibits the highest affinity to bind them 

(Rudman and Kendall 1957; Ceryak, Bouscarel, and Fromm 1993). However, BAs are also 

transported by lipoproteins (KRAMER et al. 1979; Steiner et al. 2012). Indeed, total BAs, 

transported by VLDL+LDL and HDL, represent 5-10% of the total plasma BA pool in 

physiological conditions (Buscher et al. 1987; Steiner et al. 2012; Hedenborg, Norman, and 

Ritzén 1988). Whether the BAs bound to HDL have a signaling activity on the endothelium 

and how they gain access to their receptors in the endothelial cells is still an open question. 

To exert their signaling activity, BAs would require binding to their receptors. In the case of 

TGR5, BA binding could occur only by simple proximity to the cell membrane. Contrarily, in 

the case of the nuclear receptor FXR, BA internalization is required. Free BAs passively 

diffuse inside the cell but it is unknown how conjugated and more hydrophilic BAs are 

delivered to FXR in tissues that don’t express the known BA transporters for internalization. 

Additionally, the endothelial cells present within the entero-hepatic cycle are exposed to 

micromolar BA concentrations, allowing them to activate FXR and TGR5. However, 

nanomolar BA concentrations in the systemic circulation, to which peripheral endothelial 

cells are exposed, are below the EC50 of FXR and TGR5 (T. Li and Chiang 2014), and their 

binding to the receptor probably needs to be facilitated. In contrast to the albumin, the 

lipoproteins are internalized by most tissues, therefore lipoproteins could contribute to carry 

and deliver BA directly to their target extrahepatic cells and tissues and participate to the 

activation of FXR and TGR5.  

Given that TGR5 activation does not require the internalization of its ligands, we speculate 

that HDL binding to their receptors could approach BAs to TGR5 facilitating its activation. 
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Another possibility is that BAs could dissociate from HDL once the HDL is docked on the cell 

membrane and then be either passively transported across the plasma membrane (for 

lipophilic free BAs) or be transferred to their transporters.  

We also speculate that HDL could serve as a shuttle for BA entrance, either via holoparticle 

endocytosis of HDL or by facilitating BA transport across the membrane by unknown 

transporters (e.g. SR-B1, which could participate to the BA uptake as it promotes selective 

cholesteryl ester uptake from HDL). Moreover, similar to cholesterol, BAs could also be 

effluxed from the cells by the HDL. Overall, we speculate that the HDL could be an important 

mediator for transport and potentially reverse transport of BAs, and as such, participate in 

BA signaling. 

 

CONCLUSIONS 

The RYGB-induced increased content of CA in HDL is correlated with the improvement of 

HDL anti-apoptotic properties upon RYGB, suggesting that BAs bound to the lipoproteins 

could have a signaling role and participate in HDL functionality in endothelial cells. Our new 

results warrant further study exploring the signaling role of BAs bound to HDL in peripheral 

tissues and especially in the endothelium. 
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n=25 Before After p value 

Age (years) 45.1 [45.6 - 51.2]     
Sex (women/men) 16/9     

BMI 44.2 [40.2 - 48.2] 25/25 30.6 [25.9 - 34.4] 23/25 < 0,0001 

Glucose metabolism     
GLP-1 (pg/mL) 0.6 [0.2 - 0.8] 25/25 2.2 [1.2 - 6.8] 25/25 < 0,0001 

Insulin (U/mL) 16.1 [8.8 - 24.8] 25/25 214.7 25/25 < 0,0001 

HOMA2-IR 2.2 [1.2 - 3.3] 25/25 3.9 [2.5 - 5.4] 23/25 0.0011 

FPG (mg/dL) 96.9 [92.4 - 110.9] 25/25 85.9 [74.7 - 93.7] 24/25 0.0002 

Lipid profiles     
Total cholesterol (mmol/L) 4.7 [4.2 - 5.5] 25/25 4.2 [3.7 - 4.5] 21/25 0.0002 

LDL-C (mmol/L) 2.9 [2.6 - 3.6] 25/25 2.0 [1.7 - 2.5] 19/25 < 0,0001 

HDL-C (mmol/L) 0.1 [0.9 - 1.2] 25/25 1.4 [1.1 - 1.8] 22/25 < 0,0001 

TG (mmol/L) 1.5 [1.1 - 2.2] 25/25 0.8 [0.7 - 1.1] 20/25 0.0023 

Vaso-protective properties of HDL     
VCAM-1 expression 75.4 [58.8 - 83.1] 25/25 53.0 [47.6 - 59.6] 25/25 0.0008 

NO production 24.3 [-10.3 - 66.4] 25/25 89.72 25/25 < 0,0001 

Cholesterol efflux 100.0 [90.0 - 108.1] 25/25 112.2 [97.5 - 134.1] 25/25 0.0023 

Apoptosis 58.2 [34.6 - 73.3] 25/25 41.8 [36.7 - 44.9] 25/25 0.0136 

PON activity 249.5 [161.2 - 625.2] 25/25 7014.0 [5438.0 - 8166.0] 25/25 < 0,0001 

Table 1. Clinico-biological characteristics of the patients before and 1 year after 
RYGBP. 

RYGB decreased BMI, improved glucose homeostasis, lipid profiles and vaso-protective 

properties of isolated HDL 1 year after surgery.  

VCAM-1 expression: inhibition from TNF-α stimulated cells. NO: DAF-2 Fluorescence. 

Cholesterol Efflux: Cholesterol Efflux from J774 macrophages. Apoptosis: cytoplasmic DNA-

histone complexes. PON: paraoxonase activity.    

Data are presented as medians [IQR]. Wilcoxon tests. 
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 (After-Before) 
VCAM1 NO 

expression 
Cholesterol 

efflux 
Apoptosis PON activity 

 
R 

Total HDL-BAs 0.11 0.61 0.07 0.75 0.30 0.14 -0.36 0.07 -0.16 0.43 

Total  HDL-Free BAs -0.04 0.83 0.23 0.25 0.06 0.76 -0.52* 0.01 -0.25 0.22 

Total HDL-Glyco BAs 0.18 0.38 -0.07 0.75 0.32 0.11 -0.15 0.47 -0.01 0.95 

Total HDL-Tauro BAs 0.13 0.52 -0.02 0.94 0.33 0.10 -0.04 0.84 0.00 1.00 

Total  HDL-1ary BAs 0.01 0.95 0.03 0.90 0.23 0.27 -0.37 0.06 -0.14 0.51 

Total HDL-2dary BAs 0.17 0.42 0.14 0.50 0.24 0.24 -0.24 0.23 -0.21 0.29 

Total HDL-CA -0.05 0.81 0.09 0.65 0.23 0.26 -0.52** 0.01 0.11 0.58 

Total HDL-CDCA 0.02 0.94 0.00 1.00 0.22 0.28 -0.35 0.08 -0.14 0.50 

Total HDL-DCA 0.15 0.48 0.10 0.64 0.22 0.28 -0.20 0.33 -0.20 0.34 

Total HDL-LCA -0.19 0.35 0.21 0.31 0.02 0.92 -0.09 0.64 -0.38 0.06 

Total HDL-UDCA -0.17 0.42 0.08 0.69 -0.08 0.69 -0.35 0.08 -0.35 0.08 

Total HDL-HCA -0.23 0.26 -0.11 0.59 0.13 0.53 -0.35 0.08 -0.01 0.98 

Total HDL-HDCA 0.01 0.98 -0.26 0.20 0.03 0.87 0.00 0.99 0.13 0.54 

Total HDL-BAs 0.11 0.61 0.07 0.75 0.30 0.14 -0.36 0.07 -0.16 0.43 

Table 2. Correlation of the increase in HDL-bound BAs and the improvement of 
endothelial protective properties of HDL. 

Legend: Total HDL-Free BAs negatively correlate with apoptosis due to a significant 
correlation of Total HDL-CA and a marginally significant correlation of total HDL-CDCA 
(See Supplemental Figure 1). R: Spearman’s correlation coefficients. 
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Δ (After-Before)           HDL size 

 R p 

VCAM1 expression -0.038 0.869 

NO expression -0.175 0.449 

Cholesterol efflux 0.422 0.057 

Apoptosis -0.124 0.591 

PON activity 0.044 0.849 

   
Total HDL-BAs 0.534 0.013 

   
Total HDL-CA 0.279 0.221 

Total HDL-CDCA 0.510 0.018 

Total HDL-DCA 0.290 0.202 

Total HDL-LCA -0.050 0.828 

Total HDL-UDCA 0.067 0.773 

Total HDL-HCA 0.318 0.160 

Total HDL-HDCA 0.333 0.140 

Table 3. Correlation of RYGB-induced changes in HDL-BAs and size of HDL. 

Changes in HDL size is correlated with Total-HDL-CDCA but not with HDL vaso-
protective properties. 

 Legend: R: Spearman’s correlation coefficients. 
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Figure 1. Effect of RYGB on plasma and HDL-BAs. 

Legend: RYGB increased plasma BAs (a) and HDL-BAs (b). The increase 
(concentrations after minus concentrations before, noted Δ) was similar in plasma 
and in HDL for Total BAs (c), Total Free-BAs (d), Total Glyco-BAs (e), and Total 
Tauro-BAs (f).  

Data are presented as medians ± IQR or Δ (after - before). Wilcoxon test: ***p<0.001, 
****p<0.0001. R: Spearman’s correlation coefficients. 
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Figure 2. HDL size of patients before and after RYGB.  

Legend: HDL size increased after surgery.  

Data are presented as medians ± IQR, Wilcoxon test: ****p<0.0001. 

 

 

Supplemental Figure 1. Dot plots of the significant correlations in the Table 2. 
Spearman’s correlation coefficients. 
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GENERAL CONCLUSION 

The discovery of the BA receptors FXR in 1999 (Makishima et al., 1999) and TGR5 in 2003 

(Kawamata et al., 2003) opened a new area of interest for human physiology, revealing a 

novel role for BAs as actors of a complex and intricate inter-organ dialogue between the liver, 

the intestine, its microbiota, and the other peripheral tissues to modulate the metabolic 

homeostasis, in addition to their first discovered role in lipid solubilization. The role of BAs in 

cardiovascular diseases is complex and not yet entirely known.  

One of the major challenges for researchers in the BA field is the inter-species variability on 

BA pool composition of the pre-clinical models used for the study of metabolic diseases, 

which in addition display different proportions of BA families in their BA pool, could also 

present structural and functional differences of their BA receptors, making pre-clinical data 

hardly translatable to humans. Particularly, murine models are the most used pre-clinical 

animal model in medical research, however, they are not entirely appropriate for the study of 

BA physiology due to the recently described expression of the 6β-hydroxylase CYP2C70 

(Takahashi et al., 2016), responsible for the synthesis of α, β and ωMCA, major BA species 

in murine models but absent in humans, which, for some of them, elicit completely different 

effects on BA receptors (e.g. tauro-conjugated βMCA is a FXR antagonist). The development 

and metabolic phenotyping of rodent models invalidated for the expression of CYP2C70 will 

possibly allow in the future performing studies in mice with humanized BA pool, yielding 

results closer to the human physiology, although probably not entirely mimicking human BA 

signaling in mice. Similarly, the pre-clinical model of minipig used during my PhD, lacks of 

murine CYP2C70, but presents as major BA species the 6α-hydroxylated BAs HCA and 

HDCA, whose proportion in humans systemic circulation is inferior to 1%, and whose 

signaling role is still unknown, notwithstanding that this model allowed us to study portal 

blood, intestinal content and liver biopsies that would have been otherwise impossible to 

access in human patients. In conclusion, pre-clinical models are imperfect for BA study but 

indispensable for mechanistic research and potentially adaptable to resemble humans.  

To date, the main BA receptors (FXR and TGR5) are known to be highly expressed in 

different organs where their specific role remains not totally elucidated. It cannot be excluded 

that other molecules different than BAs could also activate them. Similarly, given the wide 

diversity of BA species in nature, it is conceivable that other BA receptors could exist in 

humans, and that BA species present in other animal species could keep vestigial signaling 

roles for humans, similarly as we expect that a humanized BA pool will evoke in mice human 

physiology.  
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The wide structural diversity of the different BA species present in humans, their respective 

specific proportions and their different affinities to modulate their receptors activities is 

intriguing. Intuitively, one could think that humans do not necessitate so many different BA 

species for the sole solubilization of dietary fat; the evolutionary conservation of BA synthesis 

pathways in humans, carrying a cost to synthesize the enzymatic machinery responsible for 

the BA diversity, as well as the energetic costs that the different BA species synthesis per se 

represent, suggests that all of these BA species have/might have had a particular role in 

humans either by activating their receptors, by their physicochemical properties and/or by 

their recently described inter-communication with the gut microbiota.  

Another unanswered question is whether and how BAs activate their receptors in many 

peripheral tissues, where their circulating concentrations are below the EC50 of their 

receptors. During my thesis we hypothesized that the lipoproteins -and particularly the HDL- 

could act as shuttles delivering BAs to the different peripheral tissues, and we speculated 

that it could occur by (I) internalization of the BAs at the same time than the HDL, (II) 

internalization of HDL components (as BAs), but not the entire HDL or (III) approaching BAs 

to the membrane receptor TGR5 without HDL internalization, with the help of HDL enchorage 

to the membrane via HDL-Rc such as SRB-1. Our results (manuscript 8) showing the 

interesting association of the increase in CA content of HDL with improved endothelial 

apoptosis ex vivo upon RYGB constitutes the proof of concept that BAs associated to HDL 

may modulate a physiopathological function. This association paves the way to new research 

aiming to determine the utility of HDL as vehicles directed to evoke beneficial effects of 

different BA species in the context of cardiovascular diseases in diverse cell types. For 

example, it is known that HDL interact with macrophages and foam cells for cholesterol 

efflux, it is conceivable that BAs bound to HDL could thusly interact with such cells (known to 

express FXR/TGR5) and modulate their function.   

The main contribution of this thesis in the BA field is the proof that BAs are not good 

biomarkers for predicting type 2 diabetes in patients with prediabetes. Although this 

hypothesis has been long and widely stated due to the association of BA alterations with 

metabolic diseases, it had never been tested until now. The lack of association of the BAs 

with the risk of progression of glucose-homeostasis disorders suggests that BA changes in 

these diseases might be one of the metabolic consequences but not necessarily driving 

forces for the pathogenesis of these disorders. The mechanisms driving such changes could 

be promiscuous signaling pathways of metabolic diseases interfering with BA metabolic 

routes, whose enzymes participate to other biological functions in humans. However, this 

thesis fails to prove whether BAs are drivers or markers in the metabolic diseases. Some 

mechanistic studies link BA metabolism with glucose homeostasis. Haeusler et al. (Haeusler, 
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Pratt-Hyatt, Welch, Klaassen, & Accili, 2012), reported that the hepatic insulin receptor 

modulates the 12α-hydroxylase CYP8B1 via FoxO1, therefore modifying the 12α-

hydroxylated/non-12α-hydroxylated BA ratio. However, our experimental conditions yielded 

results failing to reproduce the association of these BAs with insulin resistance in humans, 

mice and pigs. Moreover, the work by Hoogerland et al. (Hoogerland et al. Hepatology 2019), 

reports that bile acid synthesis in mice is controlled by the glucose-6-phosphate, the primary 

metabolite of glucose, by increasing the expression of CYP8A1 via carbohydrate response 

element-binding protein (ChREBP). Additionally, a recent study suggested that infusion of 

bile acids in the jugular vein leads to increased systemic bile acids and suppresses hepatic 

insulin sensitivity in lean mice, and this effect is lost when bile acids are infused in the portal 

vein, probably due to hepatic first-pass effect (Syring, K. E., et al. 2019).  Further studies 

should be aimed to study the mechanism causing the BA alterations reported in human 

glucose homeostasis disorders in order to reproduce them and determine whether they are 

“eggs or hens” in the natural history of metabolic diseases.  

In the field of NAFLD, we can conclude that BAs are unlikely suitable as biomarkers for the 

diagnosis or leading to the decision of biopsy taking in NAFLD patients, probably due to the 

large inter-individual variations, feeding state of the patietnts and circadian fluctuations in 

circulaging BAs. The lack of association of NAFLD lesions with BA changes is astonishing, 

since BA metabolism is zonated and since NASH lesions alter the normal zonation of the 

liver. Even though BAs were not associated with NASH per se, BA signaling is an attractive 

therapeutic target for NASH treatment, but whether BAs are a driving force in the 

pathogenesis and progression of NAFLD or just innocuous bystanders remains 

undetermined.  

In the particular context of bariatric surgery, we described that selective changes in hepatic 

BA recapture is a mechanism that contributes to explain the increased and altered BA 

concentrations following RYGB in minipigs. Interestingly, such results have been reproduced 

in rats (Bhutta et al., 2015) and in the context of bile diversion alone (Goncalves et al., 2015). 

Surprisingly, we failed to reproduce such changes in the ABOS cohort, suggesting that 

caution should be taken when translating pre-clinical data to humans. A recent study showed 

that NTCP deficiency (NTCP being one of the main BA transporters for hepatic reuptake) in 

mice protects from obesity and hepatosteatosis (Donkers et al., 2019), both of which are 

improved early by the RYGB. The mechanism underlying the gut-liver communication that 

alters hepatic BA reuptake remains an open question. Furthermore, the role of the intestine 

in the RYGB-induced BA modifications remains unknown, and further studies should focus 

on intestinal BA recapture and the role of the surgically modified intestinal limbs in the BA 

changes. The altered 1ary/2dary intra-luminal intestinal BA ratio described in my thesis 
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suggest that modifications in the gut microbiota occur upon bariatric surgery, which could 

contribute to the metabolic improvements by altering BA signaling in the entero-hepatic 

circulation or even in the circulating BA modifications upon surgery. 

The regulation of metabolism by BAs is very complex and its study requires a 

multidisciplinary approach, particularly from the microbiota experts. The recently described 

mutual regulation of BAs and the gut microbiota, and the dysbiosis present in metabolic 

diseases suggests that the BA alterations could change human metabolism in ways that are 

not described yet via microbial metabolites (e.g. gut microbiota-derived short chain fatty 

acids are known to modulate metabolism in humans), and contribute to the pathophysiology 

of metabolic disorders or improvements following bariatric surgery (also known to modify the 

gut microbiota). It remains undetermined whether modulation of the gut microbiota could 

elicit changes in the BA pool in humans that could have therapeutic effects for the treatment 

of metabolic diseases or even in cholestasis disorders. Since BAs exert antimicrobial 

properties, BAs could contribute to the metabolic regulation by changing the gut microbiota. 

Noteworthy, despite BAs are probably unsuitable biomarkers of metabolic diseases, and 

despite their role in the pathophysiology of metabolic diseases is still poorly evidenced, BA 

receptors and BA metabolic pathways undoubtedly remain good targets for the treatment of 

glucose and cholesterol homeostasis disorders, as well as NASH. Indeed, pharmacological 

modulation of FXR and TGR5, as well as the targeting of downstream BA signaling (ASBT, 

FGF19, CYP8B1, NTCP) will allow the development of better treatments for metabolic 

disorders. 
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Résumé 

En plus de leur rôle dans la solubilisation des lipides alimentaires, les acides biliaires sont 
des molécules de signalisation régulant leur propre métabolisme, l'homéostasie du glucose 
et des lipides, la dépense énergétique, la fonction cardiovasculaire et l’inflammation, en 
modulant le Farnesoid X Receptor (FXR) et le Takeda G protein coupled Receptor 5 (TGR5). 
En effet, des modifications dans les concentrations des acides biliaires sont associées aux 
maladies métaboliques et ce sont des candidats pour participer à la pathophysiologie de ces 
maladies ou prédire leur progression. 
Dans la première partie de cette thèse nous avons étudié les modifications des acides 
biliaires dans le contexte de l'obésité, l'insulinorésistance, le diabète de type 2 et la 
stéatohépatite non alcoolique. Nous avons montré que les acides biliaires sont corrélés avec 
l’homéostasie du glucose chez l’Homme, mais qu’ils ne sont pas des prédicteurs de la 
bascule du prédiabète en diabète de type 2 dans un étude de cohorte.  
La deuxième partie de cette thèse est dédiée à l’étude des acides biliaires dans la chirurgie 
bariatrique. Nos résultats ont montré que la chirurgie bariatrique réduit la recapture 
hépatique des acides biliaires, provoquant leur augmentation dans la circulation systémique, 
et que ce n’est pas l’anse biliaire mais l’anse commune qui est responsable des 
modifications métaboliques après la chirurgie bariatrique chez le minipig. Ensuite, nous 
avons montré chez l’Homme que les acides biliaires liés aux lipoprotéines de haute densité 
(HDL) augmentent après la chirurgie bariatrique, et que cette augmentation est corrélée avec 
la restauration de leurs fonctions vaso-protectrices. 
 
Cette thèse a été préparée à l’UMR1011 Inserm, Institut Pasteur de Lille, Université de 
Lille - EGID. 1 rue du professeur Calmette. 59000 Lille, France. 
 

Abstract 

In addition to their role in the solubilization of dietary lipids, bile acids are signaling molecules 
regulating their own metabolism, glucose and lipid homeostasis, energy expenditure, 
cardiovascular function and inflammation via the activation of the Farnesoid X Receptor 
(FXR) and the Takeda G protein coupled Receptor 5 (TGR5). Indeed, changes in bile acid 
concentrations are associated with metabolic diseases and therefore they are candidates to 
participate in the pathophysiology of these diseases or predict their progression. 
In the first part of this thesis, we studied bile acid changes in the context of obesity, insulin 
resistance, type 2 diabetes and non-alcoholic steatohepatitis. We demonstrated that bile 
acids are correlated with glucose homeostasis in humans, but that they are not predictors for 
the progression from prediabetes to type 2 diabetes in a longitudinal cohort study.  
In the second part of this thesis, we studied the bile acids in the context of bariatric surgery. 
Our results showed that bariatric surgery reduces the hepatic recapture of certain bile acids, 
causing them to increase in the systemic circulation. Additionally, we showed that it is not the 
bile limb but the common limb the one responsible for metabolic changes after bariatric 
surgery in the minipig. Finally, we showed in humans that bile acids linked to high-density 
lipoproteins (HDL) increase after bariatric surgery, and that this increase is correlated with 
the restoration of their vasoprotective functions. 
 

This thesis was prepared at the UMR1011 Inserm, Institut Pasteur de Lille, University 
Lille - EGID. 1 rue du professeur Calmette. 59000 Lille, France. 

 


