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Counteracting obesity through intestinal gluconeogenesis: the role of amino acids

Objective: Intestinal gluconeogenesis (IGN) is a key beneficial function in the maintenance of energy homeostasis. Its activation is essential for achieving the beneficial effects of diets rich in protein or fiber. Recently, the creation of a genetic model of activation of IGN has provided the proof of concept that IGN, per se, could represent an interesting therapeutic target against obesity and its complications.

For this purpose, it is now crucial to identify molecules capable of activating IGN and its beneficial effects.

Whereas, on the one hand, amino acids are products of protein assimilation that is known to activate IGN, and on the other hand, some of them are glucose forming, we hypothesized that certain amino acids may counteract obesity by activating IGN.

Methods:

We searched for amino acids capable of activating IGN as activators of gene and protein expression, or of glucose-6-phosphatase enzymatic activity, or as precursors of glucose.

We first performed an in vitro screening of several amino acids. For this, we used two modified Caco-2 cell models allowing us to evaluate the direct effect of amino acids on IGN at the transcriptional level, at the enzymatic activity level and at the level of glucose production. Next, certain amino acids, including glutamine, leucine, aspartic acid, and histidine, were added as supplements in a high-fat, high-sucrose diet (HF-HS), to determine whether they are able to activate IGN and its beneficial effects in vivo. The importance of IGN activation in the effects observed was then verified in IGN-deficient mice.

Results: Our results showed that the 10 amino acids tested are able to activate IGN in vitro at different levels. Indeed, each amino acid is able to activate either the expression of the G6pc1 gene, the enzymatic activity of glucose-6-phosphatase, or the production of glucose. In vivo studies in control mice have shown that the intake of glutamine, leucine, or histidine in the HF-HS diet, reduces body weight gain and increases IGN gene expression. Nevertheless, studies carried out in IGN-deficient mice (KOI mice) revealed that the effects of glutamine and leucine on body weight gain were not dependent on IGN. Indeed, the same effects were observed in IGN-deficient mice. However, the protective effect of these two amino acids on lipid metabolism appears to be dependent on IGN.

On the other hand, we showed that IGN plays a causal role in the preventing effect of histidine on body weight gain and in the protection from ectopic lipid accumulation in the liver under hypercaloric diet.

In contrast, aspartic acid unexpectedly showed deleterious effects, including increased food intake and body weight, without modification of IGN in mice.

Conclusion:

Glutamine, leucine, and histidine activate IGN in vitro and in vivo, and exhibit beneficial effects in WT mice. However, not all of the observed effects appear to be dependent on IGN. Under our experimental conditions, only histidine appears to be able to activate IGN and its beneficial effects in vivo. Our results concur to the concept that the products of protein digestion exert several beneficial effects in energy homeostasis, some of them being dependent of IGN, which may combine with the effects of peptides to account for the metabolic benefits of dietary protein.

Lutter contre l'obésité en ciblant la néoglucogenèse intestinale : le rôle des acides aminés

Objectif : La néoglucogenèse intestinale (NGI) est une fonction bénéfique clé dans le maintien de l'homéostasie énergétique. Son activation est essentielle dans l'obtention des effets bénéfiques des régimes riches en protéines ou en fibres. Récemment, la création d'un modèle génétique d'activation de la NGI a apporté la preuve de concept que la NGI, per se, pourrait représenter une cible thérapeutique intéressante contre l'obésité et ses complications. A cette fin, il est maintenant crucial d'identifier les molécules capables d'activer la NGI et ses effets bénéfiques.

Alors que, d'une part, les acides aminés sont des produits de dégradation des protéines connus pour activer la NGI, et que, d'autre part, certains d'entre eux forment du glucose, nous avons émis l'hypothèse selon laquelle certains acides aminés pourraient contrer l'obésité en activant la NGI.

Méthodes : Nous avons recherché des acides aminés capables d'activer la NGI en augmentant le niveau d'expression des gènes et des protéines régulatrices, ou de l'activité enzymatique de la glucose-6-phosphatase, ou en tant que précurseurs du glucose.

Nous avons d'abord effectué un criblage in vitro de plusieurs acides aminés. Pour cela, nous avons utilisé deux modèles cellulaires Caco-2 modifiés permettant d'évaluer l'effet direct des acides aminés sur la NGI au niveau transcriptionnel, au niveau de l'activité enzymatique et au niveau de la production de glucose. Ensuite, certains acides aminés, dont la glutamine, la leucine, l'acide aspartique et l'histidine, ont été ajoutés comme suppléments dans un régime riche en graisses et en sucres (HF-HS), afin de déterminer s'ils sont capables d'activer la NGI et ses effets bénéfiques in vivo. L'importance de l'activation de la NGI dans les effets observés a ensuite été vérifiée chez des souris déficientes en NGI.

Résultats : Nos résultats ont montré que les 10 acides aminés testés sont capables d'activer la NGI in vitro à différents niveaux. En effet, chaque acide aminé est capable d'activer soit l'expression du gène G6pc1, soit l'activité enzymatique de la glucose-6-phosphatase, soit la production de glucose. Des études in vivo chez des souris témoins ont montré que l'apport de glutamine, de leucine ou d'histidine dans le régime HF-HS, réduit la prise de poids et augmente l'expression des gènes de la NGI.

Néanmoins, des études réalisées chez des souris déficientes en NGI (souris KOI) ont révélé que les effets de la glutamine et de la leucine sur la prise de poids ne dépendaient pas de la NGI. En effet, les mêmes effets ont été observés chez les souris déficientes en NGI. Cependant, l'effet protecteur de ces deux acides aminés sur le métabolisme lipidique du foie semble dépendre de la NGI.

D'autre part, nous avons montré que la NGI joue un rôle causal dans l'effet préventif de l'histidine sur la prise de poids et dans la protection contre l'accumulation ectopique de lipides dans le foie lors d'une alimentation hypercalorique. En revanche, l'acide aspartique a montré de manière inattendue des effets délétères, notamment une augmentation de la prise alimentaire et du poids, sans modification de la NGI chez la souris.

Conclusion :

La glutamine, la leucine et l'histidine activent la NGI in vitro et in vivo, et présentent des effets bénéfiques chez les souris témoins. Cependant, tous les effets observés ne semblent pas dépendre de la NGI. Ainsi, dans nos conditions expérimentales, seule l'histidine semble être capable d'activer la NGI et ses effets bénéfiques in vivo. Nos résultats concordent avec le concept selon lequel les produits de la digestion des protéines exercent plusieurs effets bénéfiques sur l'homéostasie énergétique, certains d'entre eux étant dépendants de la NGI, ce qui pourrait se combiner avec les effets des peptides pour expliquer les bénéfices métaboliques des protéines alimentaires.

Mots clés : Néoglucogenèse intestinale; Obésité; Diabète; Stéatose hépatique; Acides aminés; Glutamine; Leucine; Histidine, Cible thérapeutique.

INTRODUCTION Chapter 1. Glucose and energy homeostasis

Body weight is maintained stable thanks to the equilibrium of the energy balance.

Energy homeostasis, composed of energy intake and energy expenditure, is closely associated with blood glucose levels. Long-term mismatch between energy intake and demand challenges both the maintenance of body weight and the regulation of glucose homeostasis. Normal blood glucose levels should be maintained within a narrow range (approximately 90-100 mg/dl), and either too high or too low exert deleterious effects. For example, chronic hyperglycemia can cause diabetes and cardiovascular disease, while blood glucose levels below 55 mg/dl for a few minutes induce brain damage and can cause death [1] . Therefore, energy homeostasis depends on the alignment of food intake and energy expenditure, which are intricately regulated by hormones and the central nervous system (CNS). The CNS and peripheral tissues cooperate to regulate appetite by sensing nutrients (like glucose, proteins and free fatty acids (FFA)) and releasing hunger-modulating hormones [2] . This chapter aims to review the control of food intake, glucose production and utilization under different conditions, as postprandial and postabsorptive states, and the regulation of energy homeostasis.

Food intake

The control of food intake results from a complex set of mechanisms, which requires close communication between central (including the hypothalamus and brainstem) and peripheral regions. Peripheral signals involved in the regulation of food intake include gut and pancreatic hormones and adipokines (hormones produced by the adipose tissue). Indeed, hormones released into the bloodstream by peripheral organs or tissues inform the brain, particularly the hypothalamus and the nucleus of tractus solitarius (NTS). More precisely, hormones inform the brain on the body's metabolic state so that it can initiate signals to regulate food intake and energy The green and red lines represent the orexigenic and anorexic pathways, respectively. The arcuate nucleus (ARC) contains mainly two main neural populations with opposing appetite-regulating functions: orexigenic neuropeptides, including neuropeptide Y (NPY) and agouti-related peptide (AgRP), and anorexigenic neuropeptides, including proopiomelanocortin (POMC) and cocaine-and amphetamine-regulated transcript (CART). The hormonal or nutritional information from the periphery, including insulin and leptin, have access to act on the neurons within ARC due to the absence of the blood-brain barrier. The ARC sends axonal projections to all other nuclei regulating food intake. PVN, paraventricular nucleus; LH, lateral hypothalamic area; VMN, ventromedial nucleus; DMN, dorsomedial nucleus; ME, median eminence; CRF, corticotrophin releasing factor; TRH, thyroid-releasing hormone; MCH, melanin-concentrating hormone.

Adapted from Prior et al [3] expenditure and thus maintain the energy balance.

Central control of food intake

The nervous centers involved in the regulation of food intake are mainly located in the hypothalamus and the brainstem, which therefore represent the major sites of integration of peripheral and central signals to ensure the maintenance of the body's energy homeostasis. Their location near the circumventricular organs and the cerebral ventricles allows the hypothalamus (median eminence and third ventricle) and the brainstem (area postrema and fourth ventricle) to receive hormonal or nutritional information from the periphery. At these sites, the absence of the blood-brain barrier and the easy access to cerebrospinal fluid allow the detection of numerous hormones (including insulin, leptin or ghrelin) and circulating nutrients in order to initiate an adapted nervous response for the regulation of food intake and energy metabolism [4,5] .

The hypothalamus and the brainstem communicate with each other, but also with other brain regions and indirectly with the periphery. The brainstem is a region of convergence of peripheral nervous afferents, but also of central afferents [6] .

The hypothalamus

The hypothalamus is an indisputable center for regulating appetite and energy homeostasis [7] , since it's able to initiate an adapted biological response thanks to its capacity to integrate nervous, hormonal and metabolic signals coming from the periphery and from other brain regions.

The hypothalamus consists of multiple nuclei with different roles: the arcuate nucleus (ARC), paraventricular nucleus (PVN), lateral hypothalamic nucleus (LH), ventromedial nucleus (VMN), and the dorsomedial nucleus (DMN) (Figure 1) [8] .

More precisely, due to its location between the base of the 3rd ventricle and the median eminence, ARC is a key site of hypothalamus for sensing hormones and nutrients in circulation [9] (Figure 1). The ARC contains two main neural populations with opposing appetite-regulating functions: orexigenic neuropeptides, including neuropeptide Y (NPY) and agouti-related peptide (AgRP), and anorexigenic neuropeptides, including proopiomelanocortin (POMC) and cocaine-and amphetamine-regulated transcript (CART) [8] . Specifically, NPY/AGRP neurons release corresponding orexigenic neuropeptides, which activate food intake. On the contrary, POMC neurons express and release α-melanocyte-stimulating hormone (α-MSH), an anorectic neurotransmitter, which consequently reduces food intake [10,11] .

The ARC is classically described as being mainly composed of the two categories of POMC/CART and NPY/AgRP neurons; however, studies have shown the existence of other neuronal populations. Indeed, the inhibitory neurotransmitter GABA (γ-aminobutyric acid) is expressed by NPY/AgRP and POMC/CART neurons, but also by a third neuronal population that is still poorly understood [10,11] . Through the expression of specific receptors, the activity of these neurons is regulated by peripheral hormones, including insulin and leptin [6] . In healthy individuals, insulin and leptin exert an anorexigenic effect by stimulating neurons co-expressing POMC/CART and inhibiting neurons co-expressing NPY/AGRP within the ARC (Figure 1). Then, the ARC sends axonal projections to all other nuclei regulating food intake [12] . Neurons in the PVN contain the anorexigenic neuropeptides corticotrophin releasing factor and thyroid-releasing hormone [13,14] , while neurons in the LH contain the orexigenic neuropeptides melanin-concentrating hormone as well as the orexin peptides [8] (Figure 1). These areas project to higher cortical areas to modulate behavior such as hunger and satiety [3] .

The nucleus of tractus solitarius

The NTS, located in brainstem is an important point of integration of central or peripheral signals for the regulation of food intake [15][16][17] . It receives hypothalamic afferents and visceral afferents from the vagus nerve and other cranial nerves. Indeed, it is the first relay of afferent vagal fibers that convey satiety signals from the gastrointestinal system, such as gastric distension or portal glycaemia [18,19] .

Nevertheless, the reception of information by the NTS is not limited to the nervous pathways, owing to its proximity with the area postrema and its capacity to integrate circulating peripheral signals by detecting nutrients and various hormones [including leptin, ghrelin and GLP-1 (glucagon-like peptide-1)], thanks to its location [16] . In order to control food intake, NTS neurons send projections to several brain regions including the hypothalamus, the mesolimbic reward system nuclei (including the ventral tegmental area, nucleus accumbens) and the parabrachial nucleus (PBN) or other brainstem nuclei (including the DMV) [20] . The NTS neurons can produce and release different peptides and/or neurotransmitters, such as: catecholamines, GLP-1, POMC, NPY, and cholecystokinin (CCK) [21] .

The parabrachial nucleus

The parabrachial nucleus (PBN) is located in the pontic part of the brainstem.

Because of the diversity of neurons that compose it, the PBN is involved in the regulation of multiple functions such as food intake, visceral discomfort, or pain [22] .

PBN neurons are activated following a meal, unpleasant, noxious and threatening stimuli (pinching, exposure to heat or cold, visceral pain) or during initiation of taste aversion [22,23] .

The activity of PBN neurons is modulated by the activation of different receptors expressed on their surface, including corticotropin-releasing hormone (CRH), leptin, NPY, oxytocin, CCK, galanin and melanocortin-4 receptors (MC4R) [22,24] . The activation of PBN neurons leads to the release of various neuropeptides, among which is CGRP (Calcitonin gene-related peptide) [22] . PBN neurons, and more particularly CGRP neurons, are involved in the regulation of food intake. Indeed, photo-activation of this neuronal population in fasted mice inhibits food intake during refeeding [25] .

Moreover, the activity of PBN neurons is regulated by afferents from the Peripheral control of food intake involves both short-term and long-term regulation.

The short-term regulation involves hormones secreted by the digestive tract, such as ghrelin, cholecystokinin (CCK), glucagon-like peptide 1 (GLP-1), peptide YY (PYY), oxyntomodulin (OXM), while the long-term control involves hormones produced by the adipose tissue and the pancreas, such as leptin, insulin and pancreatic polypeptide (PP). Indeed, hormones released into the bloodstream by peripheral organs or tissues inform the brain, particularly the hypothalamus and the nucleus of tractus solitarius (NTS), of the metabolic state of the body so that it can initiate signals to regulate food intake and energy expenditure and thus maintain the energy balance. AgRP, agouti-related peptide; ARC, arcuate nucleus; LHA, lateral hypothalamic area; NPY, neuropeptide Y; NTS, nucleus of the solitary tract; POMC, pro-opiomelanocortin; PVN, paraventricular nucleus;

Adapted from Yu et al [8] .

hypothalamus and the NTS. For example, the activity of PBN CGRP neurons is modulated, in part, by afferents from ARC neurons and NTS neurons [26] . While the PBN receives many neural afferents, efferents to other central regions allow it to regulate the activity of other neurons involved in the regulation of food intake. Indeed, CGRP neurons in the PBN are important mediators of gastrointestinal distress signals and are required in normal conditioned aversion processes [25,27] . Modulation of taste activities and conditioned aversion phenomena involve connections between the PBN and the amygdala, the locus of convergence of sensory signals associated with visceral discomfort and taste [22,[28][29][30][31][32][33] .

On the other hand, CGRP is not the only neuromediator involved in the regulation of food intake expressed by PBN neurons. Indeed, PBN neurons express various neurotransmitters involved in the regulation of food intake, such as CRH, melanocyte stimulating hormones or even orexins (for review [33] ). These different neurotransmitters have been highlighted in particular in the projections of taste-sensitive neurons from PBN to LH [33] .

In conclusion, the PBN, and more particularly the CGRP neurons, thanks to its numerous connections, notably with the hypothalamus, the NTS and the amygdala, is an important player in the regulation of food intake.

Peripheral control of food intake

Peripheral control of food intake involves both short-term and long-term regulation. While short-term regulation involves mainly signals from the digestive tract, long-term control involves mainly hormones produced by the adipose tissue and the pancreas (Figure 2).

Short-term hormonal regulation of food intake

After eating, the mechanical, chemical, and osmotic effects of food stimulate the gastrointestinal tract to initiate digestion and absorption, and also release satiety signals [34] . Indeed, the gastrointestinal tract is an endocrine organ that produces and releases many biologically active hormones and peptides [35] . Most of them are involved in the regulation of food intake. There are a number of hormones secreted by the gastrointestinal tract involved in the regulation of appetite, including ghrelin, CCK, PYY, GLP-1, and oxyntomodulin. In addition to this hormonal regulation, food intake is also controlled by gastric distension, which exerts a satiation effect.

Ghrelin is the only orexigenic hormone secreted by the gastrointestinal tract (mainly the gastric mucosa), also known as the hunger hormone (Figure 2). Ghrelin is involved in the regulation of many functions, including food intake, maintenance of body weight and fat mass, and carbohydrate metabolism [36] . Its secretion is induced by the decrease in blood glucose during fasting and is suppressed by its elevation after a meal [37] . Administration of ghrelin increases food intake, while the pathways of its action in the control of food intake have not yet been clearly identified and could involve vagal afferents or AgRP/NPY neurons of the ARC separately, or both (Figure 2) [38][39][START_REF] Kojima | Ghrelin is a growth-hormone-releasing acylated peptide from stomach[END_REF] .

Finally, in addition to its role in the short-term regulation of food intake, ghrelin decreases fat utilization in white adipose tissue (WAT) by activating lipogenesis and inhibiting lipolysis, which confers on it an important role in long-term body weight control [START_REF] Castaneda T R | Ghrelin in the regulation of body weight and metabolism[END_REF][START_REF] Strassburg | Long-term effects of ghrelin and ghrelin receptor agonists on energy balance in rats[END_REF][START_REF] Theander-Carrillo | Ghrelin action in the brain controls adipocyte metabolism[END_REF][START_REF] Wren | Ghrelin enhances appetite and increases food intake in humans[END_REF] . Of note, obese individuals have higher ghrelin concentrations than lean individuals [START_REF] Roux | Postprandial plasma ghrelin is suppressed proportional to meal calorie content in normal-weight but not obese subjects[END_REF] .

The intestinal hormone cholecystokinin (CCK), the first appetite-suppressing gastrointestinal hormone to be discovered, is secreted by I cells of the small intestine in response to lipids and proteins in the diet [START_REF] Bray | Studies on food intake of genetically obese rats[END_REF] . There are several bioactive isoforms that result from different hydrolysis of pre-procholecystokinin by pro-hormone convertases [START_REF] Rehfeld | Clinical endocrinology and metabolism[END_REF][START_REF] Rehfeld | The predominant cholecystokinin in human plasma and intestine is cholecystokinin-33[END_REF] . CCK controls digestion by regulating secretions from the exocrine pancreas and gallbladder, and controlling gastrointestinal motility [49,[START_REF] Richmond | Utilization of cholecystokinin cholescintigraphy in clinical practice[END_REF] . In addition, CCK also plays an important role in the regulation of food intake by modulating the size of the meal or the interval between meals depending on the isoform involved [START_REF] Gibbs | Cholecystokinin decreases food intake in rats[END_REF][START_REF] Smith | Satiating effect of cholecystokinin[END_REF] . Indeed, CCK-58 elicits both satiation and satiety, while CCK-8 only induces satiation [START_REF] Overduin | CCK-58 elicits both satiety and satiation in rats while CCK-8 elicits only satiation[END_REF] . The anorectic effects of CCK are mediated primarily through binding to its receptors on vagus nerve afferents that induce activation of neurons in the NTS involved in reducing food intake [START_REF] Appleyard | Proopiomelanocortin neurons in nucleus tractus solitarius are activated by visceral afferents: regulation by cholecystokinin and opioids[END_REF][START_REF] Maclean | Abrogation of peripheral cholecystokinin-satiety in the capsaicin treated rat[END_REF][START_REF] Moran | Gastrointestinal satiety signals II. Cholecystokinin[END_REF][START_REF] Moran | Vagal afferent and efferent contributions to the inhibition of food intake by cholecystokinin[END_REF][START_REF] Prinz | Control of food intake by gastrointestinal peptides: mechanisms of action and possible modulation in the treatment of obesity[END_REF][START_REF] South | Capsaicin application to central or peripheral vagal fibers attenuates CCK satiety[END_REF] . Specifically, in the NTS, POMC neurons and the melanocortinergic system primarily mediate the effects of CCK on food intake regulation (Figure 2) [START_REF] Appleyard | Proopiomelanocortin neurons in nucleus tractus solitarius are activated by visceral afferents: regulation by cholecystokinin and opioids[END_REF] . Nevertheless, peripheral administration of CCK also causes activation of neurons in some hypothalamic nuclei (including the PVN), also suggesting their involvement in the control of food intake by CCK [START_REF] Verbalis | Cholecystokinin activates c-fos expression in hypothalamic oxytocin and corticotropin-releasing hormone neurons[END_REF] .

Glucagon-like-peptide 1 (GLP-1

) is a hormone synthesized by L cells of the ileum and colon when a meal is eaten (Figure 2). In the intestine, GLP-1 is obtained by enzymatic cleavage of the gene coding for pro-glucagon by convertase 1. GLP1 receptors are widely expressed in the brain (ARC, PVN, and NTS), afferent vagal fibers, gastrointestinal tract and pancreas [START_REF] Yamato | Tissue-specific and glucose-dependent expression of receptor genes for glucagon and glucagon-like peptide-1 (GLP-1)[END_REF][START_REF] Ueno | GPR40 full agonism exerts feeding suppression and weight loss through afferent vagal nerve[END_REF] . When administered peripherally, the GLP-1 agonist (Liraglutide) is found in all circumventricular organs and its anorectic effects require the presence of central GLP-1 receptors, particularly at the POMC/CART neurons of the ARC [START_REF] Secher | The arcuate nucleus mediates GLP-1 receptor agonist liraglutide-dependent weight loss[END_REF][START_REF] Sisley | Neuronal GLP1R mediates liraglutide's anorectic but not glucose-lowering effect[END_REF] (Figure 2). Apart from its role in decreasing food intake, GLP-1 is a member of the incretin family, and is able to modulate pancreatic secretions (insulin and glucagon) and consequently carbohydrate homeostasis [START_REF] Holst | On the physiology of GIP and GLP-1[END_REF] . In addition, it is also capable of delaying gastric emptying [START_REF] Holst | On the physiology of GIP and GLP-1[END_REF] .

Oxyntomodulin is also a hormone secreted by L cells in the intestine postprandially (Figure 2) in proportion to energy intake. It has been shown to improve energy homeostasis by reducing food intake and increasing energy expenditure [START_REF] Cohen | Oxyntomodulin suppresses appetite and reduces food intake in humans[END_REF] . Its anorexigenic effect is mediated by the GLP-1 receptor, as evidenced by the absence of anorectic effects in GLP-1 receptor knockout mice [START_REF] Baggio | Oxyntomodulin and glucagon-like peptide-1 differentially regulate murine food intake and energy expenditure[END_REF] . Adapted from Lee et al [START_REF] Lee | Endoplasmic Reticulum (ER) Stress and Its Role in Pancreatic β-Cell Dysfunction and Senescence in Type 2 Diabetes[END_REF] .

Although oxyntomodulin has a much lower affinity for the GLP-1 receptor than GLP-1, they have a similar effect on appetite suppression [START_REF] Abdalla | Central and peripheral control of food intake[END_REF] (Figure 2).

The gut hormone peptide tyrosine tyrosine (PYY) is a member of the pancreatic polypeptide family, which also includes pancreatic polypeptide and NPY, synthesized by L cells of the ileum, colon, and rectum in amount proportional to the energy content of the meal (Figure 2). The post-prandial release of PYY is triggered by nutrient sensing within the gut and its blood concentration peaks 1-2 hours after a meal [START_REF] Adrian | Human distribution and release of a putative new gut hormone, peptide YY[END_REF] . There are two endogenous forms of PYY (PYY1-36 and PYY3-36) released into the circulation, with PYY3-36 being the predominant form [START_REF] Grandt | Two molecular forms of peptide YY (PYY) are abundant in human blood: characterization of a radioimmunoassay recognizing PYY 1-36 and PYY 3-36[END_REF] . PYY3-36 is able to activate the vagus nerve and penetrate the blood-brain barrier [START_REF] Koda | The role of the vagal nerve in peripheral PYY3-36-induced feeding reduction in rats[END_REF][START_REF] Nonaka | Characterization of blood-brain barrier permeability to PYY3-36 in the mouse[END_REF] . There are several G protein-coupled PYY receptors (Y1, Y2, Y4, Y5, and Y6) but the Y2 receptor has the highest affinity for PYY3-36. Expression of the Y2 receptor has been shown in central regions that control food intake [START_REF] Batterham R L | Inhibition of food intake in obese subjects by peptide YY3-36[END_REF][START_REF] Essah | Effect of macronutrient composition on postprandial peptide YY levels[END_REF][START_REF] Silva | Gut hormones and appetite control: a focus on PYY and GLP-1 as therapeutic targets in obesity[END_REF] . Therefore, peripheral injection of PYY3-36 induces expression of the neuronal activation marker c-Fos in the ARC, NTS and area postrema and reduces food intake in both rodents and humans [START_REF] Batterham R L | Inhibition of food intake in obese subjects by peptide YY3-36[END_REF][START_REF] Batterham R L | Gut hormone PYY3-36 physiologically inhibits food intake[END_REF][START_REF] Challis | Acute effects of PYY3-36 on food intake and hypothalamic neuropeptide expression in the mouse[END_REF] . More specifically, activation of the Y2 receptor in the hypothalamus, particularly in the ARC, leads to a decrease in food intake by activating POMC neurons and inhibiting NPY neurons [START_REF] Koda | The role of the vagal nerve in peripheral PYY3-36-induced feeding reduction in rats[END_REF][START_REF] Silva | Gut hormones and appetite control: a focus on PYY and GLP-1 as therapeutic targets in obesity[END_REF][START_REF] Batterham R L | Gut hormone PYY3-36 physiologically inhibits food intake[END_REF][START_REF] Abbott | The inhibitory effects of peripheral administration of peptide YY3-36 and glucagon-like peptide-1 on food intake are attenuated by ablation of the vagal-brainstem-hypothalamic pathway[END_REF] . In addition to its central role in regulating food intake, PYY delays gastric emptying and is also involved in increasing energy expenditure [START_REF] Price | Protein PYY and its role in metabolism[END_REF] . It's of note that obese individuals have low levels of PYY due to reduced postprandial secretion [START_REF] Renshaw | Peptide YY: a potential therapy for obesity[END_REF] . However, gastric bypass could increase circulating concentrations of PYY [START_REF] Näslund | Gastrointestinal hormones and gastric emptying 20 years after jejunoileal bypass for massive obesity[END_REF][START_REF] Bartolomé | Peptide YY secretion in morbidly obese patients before and after vertical banded gastroplasty[END_REF] .

Long-term hormonal regulation of food intake

Hormones released into the bloodstream by peripheral organs or tissues inform the brain, particularly the hypothalamus and the NTS, of the metabolic state of the body so that it can initiate signals to regulate food intake and energy expenditure and thus maintain energy balance.

Insulin is a hormone formed by two peptide chains (of 21 and 30 amino acids) linked by disulfide bridges, and secreted by pancreatic β-cells [START_REF] Woods | Insulin and the blood-brain barrier[END_REF][START_REF] Banks | The source of cerebral insulin[END_REF] (Figure 2). Insulin is a key hormone that informs about the metabolic state of the body. For example, its plasma concentration rises in response to increased blood sugar levels following a meal. Insulin has many functions, including the regulation of food intake, energy storage (hypoglycemic hormone), but also growth. Indeed, circulating insulin and central insulin administration (in the 3rd cerebral ventricle) have similar effects in reducing appetite and improving carbohydrate and energy homeostasis [START_REF] Nicolaidis | Metering of intravenous versus oral nutrients and regulation of energy balance[END_REF][START_REF] Woods | Suppression of food intake by intravenous nutrients and insulin in the baboon[END_REF] (Figure 2).

In β-pancreatic cells, the insulin gene encodes preproinsulin, a precursor that interacts with signal-recognition particles via its hydrophobic N-terminal signal peptide sequence [START_REF] Egea | Targeting proteins to membranes: structure of the signal recognition particle[END_REF] (Figure 3). This interaction leads to a series of reactions that are designed to facilitate the addressing of preproinsulin in the endoplasmic reticulum (ER) where it is cleaved to proinsulin by the action of peptidases and then modified by chaperone proteins [START_REF] Huang | Intracellular transport of proinsulin in pancreatic β-cells: structural maturation probed by disulfide accessibility[END_REF][START_REF] Munro | A C-terminal signal prevents secretion of luminal ER proteins[END_REF][START_REF] Patzelt | Detection and kinetic behavior of preproinsulin in pancreatic islets[END_REF] . Next, proinsulin is transported from the ER to the Golgi apparatus, where it is inserted into immature secretory vesicles in which it is cleaved into insulin and C-peptide. The latter are stored in mature secretory vesicles along with amylin and other β-cell secretory products [START_REF] Fu | Regulation of insulin synthesis and secretion and pancreatic Beta-cell dysfunction in diabetes[END_REF][START_REF] Nishi | Islet amyloid polypeptide. A new beta cell secretory product related to islet amyloid deposits[END_REF] . Insulin secretion is regulated by blood glucose concentration, which is sensed by the glucose transporter 2 (GLUT2) [START_REF] Thorens | GLUT2 in pancreatic and extra-pancreatic gluco-detection[END_REF] .

The mechanism of insulin secretion involves an increase in glucose utilization by the β-pancreatic cell and ATP production, and a decrease in the ADP/ATP ratio leading to the closure of ATP-dependent K + channels. This results in cellular depolarization that allows the opening of voltage-dependent Ca 2+ channels. The increase in intracellular calcium and other second messengers [cyclic AMP (cAMP)]

stimulates insulin release (Figure 3).

Once released, insulin binds and phosphorylates the insulin receptor (INSR) on 3 tyrosine [START_REF] Rosen | Phosphorylation activates the insulin receptor tyrosine protein kinase[END_REF] . The INSR then recruits and phosphorylates proteins involved in several signaling pathways, the two main ones being the IRS/PI3K/Akt-PKB and IRS/MAPK pathways (Figure 4). leads to the activation of multiple signaling pathways involved in the regulation of food intake and glucose metabolism. In parallel, IRS-2 recruits growth factor receptor-bound protein 2 responsible for the activation of the MAPK (Mitogen-activated protein kinases) pathway (Figure 4). On the other hand, when the plasma insulin concentration is high, the hormone can bind to IGF-1 (insulin-like growth factor-1) receptors. Of note, INSR are widely distributed in the brain, particularly in the hypothalamic nuclei involved in the regulation of food intake, including the ARC [START_REF] Bruning | Role of brain insulin receptor in control of body weight and reproduction[END_REF][START_REF] Havrankova | Insulin receptors are widely distributed in the central nervous system of the rat[END_REF][START_REF] Houten M V A N | Insulin-binding sites in the rat brain: in vivo localization to the circumventricular organs by quantitative radioautography[END_REF] . At this site, insulin binding to its receptor leads to a decrease in food intake by activating and inhibiting the POMC/CART and NPY/AgRP neurons, respectively [START_REF] Benoit | The catabolic action of insulin in the brain is mediated by melanocortins[END_REF][START_REF] Schwartz | Inhibition of hypothalamic neuropeptide Y gene expression by insulin[END_REF][START_REF] Sipols | Effect of intracerebroventricular insulin infusion on diabetic hyperphagia and hypothalamic neuropeptide gene expression[END_REF] . However, while the invalidation of INSR in POMC neurons has no effect on food intake, its invalidation in NPY neurons leads to a significant increase in food intake associated with an increase in NPY expression [START_REF] Könner | Insulin action in AgRP-expressing neurons is required for suppression of hepatic glucose production[END_REF][START_REF] Loh | Insulin controls food intake and energy balance via NPY neurons[END_REF] . Moreover, the regulation of food intake by insulin also involves NPY neurons located outside the hypothalamus. For example, administration of insulin directly into the amygdala decreases food intake by reducing NPY expression in this brain area [START_REF] Areias | Mechanisms of insulin resistance in the amygdala: influences on food intake[END_REF][START_REF] Castro | Diet-induced obesity induces endoplasmic reticulum stress and insulin resistance in the amygdala of rats[END_REF] . Therefore, NPY neurons play a key role in the central effects of insulin on food intake.

Leptin is the product of the Ob gene [START_REF] Zhang | Positional cloning of the mouse obese gene and its human homologue[END_REF] . Leptin levels produced by adipocytes are proportional with fat mass in normal physiology and are therefore used as a marker of adiposity [6,8] . Leptinemia decreases during starvation and increases sharply in the context of overeating and obesity [START_REF] Dalamaga | Leptin at the intersection of neuroendocrinology and metabolism: current evidence and therapeutic perspectives[END_REF] . Leptin secretion is increased by insulin, glucocorticoids or pro-inflammatory cytokines, whereas it is decreased by catecholamines [START_REF] Ahima | Leptin signaling[END_REF] .

The WAT was initially thought to be the only leptin-producing tissue. Leptin expression was subsequently expanded to multiple tissues, including stomach, placenta, mammary glands, and all adipose tissues in cases of adipose tissue expansion [START_REF] Arora | Role of neuropeptides in appetite regulation and obesity-a review[END_REF] . Nevertheless, while the secretion of leptin by WAT is constitutive (endocrine function of leptin), its secretion by the gastric cells (exocrine function of leptin) is regulated, responding very rapidly to stimuli, as food intake.

Leptin is an anorectic hormone that is involved in the regulation of many functions, including energy balance, thermogenesis, neural development and reproduction [START_REF] Ahima | Leptin regulation of neuroendocrine systems[END_REF] . The effects of leptin are mediated by specific receptors expressed both in the brain at the level of the hypothalamus, the pituitary gland and the brainstem but also in certain peripheral tissues such as the kidneys, lungs, liver and ovaries. Indeed, leptin is able to interact with different regions of the brain involved in the regulation of food intake, with hypothalamus being the primary center [START_REF] Klok | The role of leptin and ghrelin in the regulation of food intake and body weight in humans: a review[END_REF] . The binding of leptin to its receptor activates several signaling pathways, including JAK2/STAT3, IRS/PI3K (common with insulin), SHP2/MAPK and AMPK/ACC pathway.

There are six leptin receptors (LR) isoforms (LRa-f), which were divided into three classes: secreted (LRe), short (LRa, LRc, LRd, and LRf in mice), and long (LRb in mice) [START_REF] Myers | Mechanisms of leptin action and leptin resistance[END_REF] . Among these isoforms, the short-form LRs are involved in transporting leptin across the blood-brain barrier [START_REF] El-Haschimi | Two defects contribute to hypothalamic leptin resistance in mice with diet-induced obesity[END_REF] , while the secreted form affects leptin activity by binding to it [START_REF] Ge | Generation of soluble leptin receptor by ectodomain shedding of membrane-spanning receptors in vitro and in vivo[END_REF] . The role of each of these isoforms is still poorly understood, nevertheless, only the long form of the receptor (LRb) contains the intracellular domain necessary for the activation of JAK-STAT signaling, the major pathway involved in the regulation of energy homeostasis by leptin [START_REF] Wada | Leptin and its receptors[END_REF] . The LRb receptor is highly expressed in the brain and is involved in the regulation of food intake and energy metabolism [START_REF] Myers | Mechanisms of leptin action and leptin resistance[END_REF] . It is abundant in the hypothalamus (particularly in the ARC, LH, DMN and VMN), but also in other brain regions such as the NTS, the area postrema and the ventral tegmental area.

Finally, the development of hyperphagia and morbid obesity in mice deficient for A, 30% of glucose ingested is taken up by the liver and the remaining 70% is released into the systemic circulation. Skeletal muscle, adipose tissue, kidneys, brain and liver uptake 27%, 5%, 8%, 15% and 15% of glucose from blood circulation, respectively. B, Glucose entering in cells requires glucose transporters (GLUTs), which are not identical in different organs according to their physiological roles. GLUT, glucose transporter.

A and B are adapted from Shrayyef et al [START_REF] Shrayyef | Normal glucose homeostasis[M]//Principles of diabetes mellitus[END_REF] and Solis-Herrera et al [START_REF] Solis-Herrera | Pathogenesis of type 2 diabetes mellitus[END_REF] , respectively.

the leptin gene (Ob/Ob mice) or for its receptor (Db/Db mice), has shown the importance of leptin signaling in maintaining energy homeostasis [START_REF] Kelesidis | Narrative review: the role of leptin in human physiology: emerging clinical applications[END_REF] . Indeed, the hyperphagia induced by Ob gene mutation can be reversed by leptin injection [START_REF] Campfield | Recombinant mouse OB protein: evidence for a peripheral signal linking adiposity and central neural networks[END_REF][START_REF] Halaas | Weight-reducing effects of the plasma protein encoded by the obese gene[END_REF][START_REF] Pelleymounter | Effects of the obese gene product on body weight regulation in ob/ob mice[END_REF] .

However, administration of leptin did not show an appetite-reducing effect in obese individuals with high levels of leptin, because of leptin resistance [START_REF] Münzberg | Leptin-signaling pathways and leptin resistance[END_REF] .

The post-prandial period

When a meal is eaten, nutrients are absorbed throughout the digestive tract and are transported by the bloodstream to the various tissues where they are stored under different forms to meet the body's energy needs. The postprandial state refers to the period of several hours following a meal. This period lasts between 3 and 6 hours depending on the type of nutrients consumed.

Once absorbed, blood glucose quickly enters the cells where it is able to stimulate different metabolic pathways. Specifically, in the liver or muscle, some glucose is stored as glycogen via the glycogenesis pathway. In addition, excess glucose from the diet can be converted in lipids through the pathway of de novo lipogenesis (DNL) in the liver and adipose tissue. Lipids can be stored in the liver as droplets (minority), or exported in adipose tissue for storage (majority) [START_REF] Gluchowski | Lipid droplets and liver disease: from basic biology to clinical implications[END_REF] . In rodents, DNL takes place in the liver and adipose tissue, whereas in humans it takes place mainly in the liver [START_REF] Kim | Nutritional and insulin regulation of fatty acid synthetase and leptin gene expression through ADD1/SREBP1[END_REF][START_REF] Letexier | Comparison of the expression and activity of the lipogenic pathway in human and rat adipose tissue[END_REF] .

Fate of postprandial glucose in tissues

Blood glucose levels peak 60-90 minutes after a meal ingestion. Splanchnic tissues, mainly the liver, directly extract 30% of glucose derived from food digestion [START_REF] Shrayyef | Normal glucose homeostasis[M]//Principles of diabetes mellitus[END_REF] (Figure 5A). The remaining 70% of glucose are delivered into the muscle (27%), adipose tissue (5%), kidney (8%) and brain (15%). The liver then absorbs 15 % of glucose or other metabolites (such as lactate, alanine, and glutamine), whose carbon skeleton can also derive from the digested glucose coming from the blood stream [1] .

Glucose requires glucose transporters (GLUT) to enter in the cells. As shown in Figure 5B, GLUTs are not the same in different organs, according to their physiological roles. Indeed, glucose transport by facilitated diffusion is performed by different transporters, including GLUT1, GLUT2 or GLUT4. Specifically, GLUT1 is the main glucose transporter in the brain with a low Km of ~1 mmol/L, which is required to mediate basal glucose uptake. Furthermore, GLUT2 with a high Km of ~15-20 mmol/L predominates in liver and pancreatic β-cells, which allows these cells to respond to hyperglycemia as glucose sensors [START_REF] Solis-Herrera | Pathogenesis of type 2 diabetes mellitus[END_REF] . Finally, GLUT4 is found in adipose tissue and muscle with a Km of ~5 mmol/L, which is close to normal glycemia. The GLUT4 transporter is sequestered in cytoplasmic vesicles and translocated to the plasma membrane by insulin. Thus, insulin-dependent properties of GLUT4 enable adipose tissue and muscle to increase glucose uptake in response to increased postprandial insulin secretion [START_REF] Leto | Regulation of glucose transport by insulin: traffic control of GLUT4[END_REF] .

In response to meal-induced hyperglycemia and hyperinsulinemia, glucose rapidly enters the cells where it is immediately phosphorylated to glucose-6-phosphate (G6P) by a hexokinase (glucokinase in the liver) and then metabolized to provide energy or carbon skeletons to synthesis purposes [START_REF] Soty | Gut-brain glucose signaling in energy homeostasis[END_REF] .

Specifically, the G6P produced is able to stimulate the synthesis of glycogen (via glycogenesis) and of lipids (via DNL).

Glycogenesis

Glycogenesis takes place primarily in liver and muscle, although it is also found in other tissues such as brain, heart, kidney, adipose tissue, and erythrocytes [START_REF] González-Lucán | Glycogen metabolism in humans[END_REF] .

Glycogen is produced from glucose and serves as an energy reservoir for future use.

It's of note that only the glycogen stored in liver participates in the maintenance of the glycemia by glycogenolysis, whereas the glycogen of the other tissues is only for local consumption.

For glycogen synthesis, the G6P produced is converted to Uridine diphosphate-glucose (UDP-glucose) and incorporated into a glycogen chain by glycogen synthase, the key enzyme of the glycogen synthesis pathway. Insulin regulates glycogen synthesis by activating protein phosphatase 1 (PP1), which, through dephosphorylation activates glycogen synthase and inhibits glycogen phosphorylase responsible for glycogen breakdown (Figure 6). In addition, increased insulin signaling during the postprandial period stimulates the synthesis of glycogen by repressing the inactivation of glycogen synthase by inhibiting kinases such as GSK3 (glycogen synthase kinase-3) and PKA (protein kinase A) (Figure 6).

Moreover, the glycogen synthesis pathway is also regulated by the availability of G6P. Indeed, G6P activates glycogen synthase in an allosteric way, but also by stimulating its dephosphorylation by PP1. In addition, to ensure optimal glycogen storage, G6P inhibits its degradation pathway by stimulating or inhibiting glycogen phosphorylase by PP1 and phosphorylase kinase (PhK), respectively [START_REF] Ferrer | Control of glycogen deposition[END_REF] .

De novo lipogenesis

After the meal, mammals store glucose under the form of lipids by involving the DNL pathway. Hepatic DNL greatly affects blood triglyceride (TG) levels especially on high carbohydrate diet [START_REF] Nomura | The role of fructose-enriched diets in mechanisms of nonalcoholic fatty liver disease[END_REF] . Hepatic DNL is composed of a series of processes, including glycolysis, lipogenesis, desaturation, elongation, and esterification (Figure 7). First, after being delivered to the liver, glucose is converted to pyruvate through glycolysis. The latter is successively transformed in the mitochondria into acetyl-Coenzyme A (acetyl-CoA), and combined with citrate via the Krebs cycle. In the cytosol, citrate will be transformed into acetyl-CoA serving as substrate for the synthesis of fatty acids thanks to two key enzymes, Acetyl-CoA Carboxylase (ACC)

and Fatty acid synthase (FAS) (Figure 7). Acetyl-CoA carboxylase (ACC) catalyzes acetyl-CoA to form malonyl-CoA, a metabolite common to the lipid synthesis and Glycogen synthase and glycogen phosphorylase are activated by dephosphorylation and phosphorylation, respectively. Insulin stimulates glycogen synthesis by 1) phosphorylating PP1 (Protein phosphorylase 1), which will dephosphorylate glycogen synthase (active) and glycogen phosphorylase (inactive); and 2) by suppressing the inactivation of glycogen synthase by inhibiting kinases such as GSK3 (glycogen synthase kinase 3) and PKA (protein kinase A). G6P activates glycogen synthase in an allosteric way, but also by stimulating its dephosphorylation by PP1.

PP1, protein phosphatase 1; cAMP, cyclic AMP; GSK-3, glycogen synthase kinase-3; GLUT2, glucose transporter 2; UDP-glucose, uridine diphosphate glucose; G6P, glucose-6-phosphate; G1P, glucose-1-phosphate.

degradation pathways. Through its inhibitory action on carnitine palmitoyl transferase 1 (CPT1), malonyl-CoA inhibits β-oxidation by preventing acetyl-CoA transport across the mitochondrial membrane. There are two isoforms of ACC that are encoded by two distinct genes: ACC1 and ACC2. Isoform 1 is involved in DNL while isoform 2 is involved in the regulation of fatty acid β-oxidation [START_REF] Kim | Regulation of mammalian acetyl-coenzyme A carboxylase[END_REF] .

Then, the malonyl-CoA molecules obtained are cyclically added ( the liver [START_REF] Guillou | The key roles of elongases and desaturases in mammalian fatty acid metabolism: Insights from transgenic mice[END_REF] . Desaturation reactions are catalyzed by various desaturases that add double bonds at different positions (Δ5, Δ6, and Δ9). Among the Δ9 desaturases, stearoyl-CoA desaturase (SCD1) converts stearate to oleate and palmitate to palmitoleate, two major components of membrane phospholipids, TG, and cholesterol esters. Nevertheless, the role of SCD1 does not stop at fatty acid desaturation as it is also involved in the regulation of DNL [START_REF] Miyazaki | Hepatic stearoyl-CoA desaturase-1 deficiency protects mice from carbohydrate-induced adiposity and hepatic steatosis[END_REF] . Indeed, in the liver, it modulates the expression of ACC and FAS enzymes and is needed for the regulation of the lipogenic transcription factors SREBP-1c (Sterol regulatory element binging protein 1c) and ChREBP (Carbohydrate response element binding protein) [START_REF] Miyazaki | Hepatic stearoyl-CoA desaturase-1 deficiency protects mice from carbohydrate-induced adiposity and hepatic steatosis[END_REF] . Fatty acids obtained through DNL are esterified with glycerol to form TG. Then, TG will be assembled by Apolipoprotein B (ApoB) to form very low-density lipoprotein (VLDL) particles, which is the form of blood transport of the generated TG to the adipose tissue. It's of note that excessive TG synthesis and blocked excretion can lead to hepatic steatosis [START_REF] Sun | Dissociating fatty liver and diabetes[END_REF] .

Depending on nutritional status, the control of DNL involves two transcription factors SREBP-1c and ChREBP, which are regulated by insulin and glucose, respectively [START_REF] Zhang | Transcriptional regulation of de novo lipogenesis in liver[M]//Hepatic De Novo Lipogenesis and Regulation of Metabolism[END_REF] . Insulin activates both transcription and cleavage of the immature form of SREBP-1c, the predominant isoform of the SREBP transcription factor family Glucose that enters the cell via the GLUT2 transporter is immediately phosphorylated to glucose-6-phosphate (G6P) by glucokinase and converted to pyruvate via glycolysis in the cytosol. Then, in the mitochondria, the pyruvate is transformed into acetyl-CoA and then into citrate. Once in the cytosol, citrate is transformed into acetyl-CoA and used as a substrate for fatty acid synthesis by two key enzymes: acetyl-CoA carboxylase (ACC) and fatty acid synthase (FAS). The palmitate obtained is then modified by elongation and desaturation, then esterified to obtain triglycerides.

PEP, phosphoenolpyruvate; Elovl6, elongase 6; SCD1, stearoyl-CoA desaturase; DAG, diacylglycerol; GPAT, glycerol-3-phosphate acyltransferase; DGAT, diacylglycerol acyltransferase; TG, triglyceride; LPA, lysophosphatidic acid.

(Figure 8). In fact, insulin activates the transcription of the Srebp1c gene via the PI3K/Akt pathway, by stimulating the binding of the transcription factor LXRα (Liver x receptor) and of SREBP-1c on its own promoter [START_REF] Cagen | Insulin activates the rat sterol-regulatory-element-binding protein 1c (SREBP-1c) promoter through the combinatorial actions of SREBP, LXR, Sp-1 and NF-Y cis-acting elements[END_REF][START_REF] Fleischmann | Regulation of sterol regulatory-element binding protein 1 gene expression in liver: role of insulin and protein kinase B/cAkt[END_REF][START_REF] Owen | Insulin stimulation of SREBP-1c processing in transgenic rat hepatocytes requires p70 S6-kinase[END_REF][START_REF] Sun | Insulin dissociates the effects of liver X receptor on lipogenesis, endoplasmic reticulum stress, and inflammation[END_REF][START_REF] Vergnes | SREBP-2-deficient and hypomorphic mice reveal roles for SREBP-2 in embryonic development and SREBP-1c expression [S][END_REF] . SREBP-1c is then expressed at the ER membrane where it interacts with the SCAP protein (SREBP cleavage-activating protein) [START_REF] Hegarty | Distinct roles of insulin and liver X receptor in the induction and cleavage of sterol regulatory elementbinding protein-1c[END_REF] . This SREBP-1c/SCAP complex is first maintained in the ER by binding of SCAP to the protein Insig-2a (Insulin induced gene 2a) [START_REF] Hegarty | Distinct roles of insulin and liver X receptor in the induction and cleavage of sterol regulatory elementbinding protein-1c[END_REF] .

Dissociation of the SREBP-1c/SCAP-Insig-2a complex under the action of insulin or cholesterol depletion allows the release and migration of the SREBP-1c/SCAP complex to the Golgi apparatus, where it will be cleaved by the S1P and S2P proteases (Site 1/2 Proteases) in order to release the active form of SREBP-1c in the cytosol, which will be translocated to the nucleus. In the nucleus, this transcription factor induces the transcription of genes for glycolysis and lipogenesis [START_REF] Brown | A proteolytic pathway that controls the cholesterol content of membranes, cells, and blood[END_REF][START_REF] Eberlé | SREBP transcription factors: master regulators of lipid homeostasis[END_REF][START_REF] Postic | Contribution of de novo fatty acid synthesis to hepatic steatosis and insulin resistance: lessons from genetically engineered mice[END_REF][START_REF] Saklatvala | Control of lipid metabolism by regulated intramembrane proteolysis of sterol regulatory element binding proteins (SREBPs)[C]//Biochemical Society Symposia[END_REF] .

Glucose activates ChREBP by causing the dephosphorylation of its inactive cytosolic form (phosphorylated on serine 196), which is then translocated into the nucleus (Figure 8) [START_REF] Abdul-Wahed | Sweet sixteenth for ChREBP: established roles and future goals[END_REF][START_REF] Dentin | Hepatic glucokinase is required for the synergistic action of ChREBP and SREBP-1c on glycolytic and lipogenic gene expression[END_REF][START_REF] Ortega-Prieto | Carbohydrate sensing through the transcription factor ChREBP[END_REF][START_REF] Yamashita | A glucose-responsive transcription factor that regulates carbohydrate metabolism in the liver[END_REF] . In addition, ChREBP also undergoes post-translational modifications by acetylation and O-glycosylation, which increase its transcriptional activity [START_REF] Bricambert | Salt-inducible kinase 2 links transcriptional coactivator p300 phosphorylation to the prevention of ChREBP-dependent hepatic steatosis in mice[END_REF][START_REF] Guinez | O-GlcNAcylation increases ChREBP protein content and transcriptional activity in the liver[END_REF] . In the nucleus, heterodimerization of ChREBP with the max like protein x activates the transcription of genes involved in the DNL pathway (including Acca, Fasn, Scd1) [START_REF] Stoeckman | Mlx is the functional heteromeric partner of the carbohydrate response element-binding protein in glucose regulation of lipogenic enzyme genes[END_REF] . Two isoforms of ChREBP have been demonstrated: ChREBPα and β (for review [START_REF] Abdul-Wahed | Sweet sixteenth for ChREBP: established roles and future goals[END_REF] ). While the ChREBPα isoform corresponds to the long isoform, the ChREBPβ form lacks the LID domain, which is responsible for inhibiting the activity of this transcription factor in the presence of low concentrations of glucose.

This modification confers on ChREBPβ a constitutively higher transcriptional activity [START_REF] Herman | A novel ChREBP isoform in adipose tissue regulates systemic glucose metabolism[END_REF] . Interestingly, the response to glucose would be amplified thanks to the control exerted by ChREBPα on ChREBPβ [START_REF] Abdul-Wahed | Sweet sixteenth for ChREBP: established roles and future goals[END_REF][START_REF] Ortega-Prieto | Carbohydrate sensing through the transcription factor ChREBP[END_REF] . More specifically, ChREBPα would first be activated by glucose and then, in turn, would stimulate the expression of ChREBPβ thanks to its binding to a ChoRE (carbohydrate response element) domain identified in the exon 1b of ChREBP. On the other hand, ChREBP also High levels of glucose activate ChREBP, resulting in increased gene expression of glycolytic and lipogenic enzymes. Hyperinsulinemia in response to hyperglycemia activates AKT-mTOC1-SREBP-1c signaling and upregulates gene expression related to de novo lipid synthesis. High levels of glucose are also used as a substrate for de novo lipid synthesis. PP2A, protein phosphorylase 2A; ChREBP, carbohydrate responsive element binding protein; ChoRE, carbohydrate response element;

Adapted from Zhang et al [START_REF] Zhang | Transcriptional regulation of de novo lipogenesis in liver[M]//Hepatic De Novo Lipogenesis and Regulation of Metabolism[END_REF] .

regulates the glycolysis pathway by activating the transcription of liver pyruvate kinase, a key enzyme of this pathway not regulated by SREBP-1c [START_REF] Zhang | Transcriptional regulation of de novo lipogenesis in liver[M]//Hepatic De Novo Lipogenesis and Regulation of Metabolism[END_REF][START_REF] Postic | Contribution of de novo fatty acid synthesis to hepatic steatosis and insulin resistance: lessons from genetically engineered mice[END_REF][START_REF] Iizuka | Deficiency of carbohydrate response element-binding protein (ChREBP) reduces lipogenesis as well as glycolysis[END_REF][START_REF] Ma | ChREBP• Mlx is the principal mediator of glucose-induced gene expression in the liver[END_REF] .

Glucagon plays an important role in the inhibition of DNL but also in the induction of fatty acid β-oxidation. The effects of glucagon depend on binding to its G protein-coupled receptor and on the increase in intracellular cAMP, which will lead to the activation of several signaling pathways involving PKA and the transcription factor CREB (cAMP Response Element-binding protein). PKA will inactivate

ChREBP activity by phosphorylating it on residues Ser196 and Thr666 and thus inhibit DNL (Figure 9) [START_REF] Davies | Glucose activates ChREBP by increasing its rate of nuclear entry and relieving repression of its transcriptional activity[END_REF][START_REF] Kawaguchi | Glucose and cAMP regulate the L-type pyruvate kinase gene by phosphorylation/dephosphorylation of the carbohydrate response element binding protein[END_REF][START_REF] Kawaguchi | Mechanism for fatty acid "sparing" effect on glucose-induced transcription: regulation of carbohydrate-responsive element-binding protein by AMP-activated protein kinase[END_REF] . The effects of glucagon on DNL are also mediated by activation of the transcription factor CREB-H, a novel member of the CREB family of transcription factors (Figure 9) [START_REF] Wang | Glucagon regulates hepatic lipid metabolism via cAMP and Insig-2 signaling: implication for the pathogenesis of hypertriglyceridemia and hepatic steatosis[END_REF] . In the liver, CREB-H has been identified as an inhibitor of DNL by blocking the maturation of SREBP-1c via increased expression of the gene and Insig-2 protein [START_REF] Wang | Glucagon regulates hepatic lipid metabolism via cAMP and Insig-2 signaling: implication for the pathogenesis of hypertriglyceridemia and hepatic steatosis[END_REF] . Finally, the enzymes responsible for DNL synthesis are directly regulated by the nutritional status (glucose) and by pancreatic hormones (insulin and glucagon).

The post-absorptive period

The post-absorptive state is the period of 6-12 hours after a meal until the next one. During this period, glucose enters and leaves the circulation at roughly equal rates ( 2 mg/kg/min in man) [START_REF] Dimitriadis | Regulation of postabsorptive and postprandial glucose metabolism by insulin-dependent and insulin-independent mechanisms: an integrative approach[END_REF][START_REF] Gerich | Control of glycaemia[END_REF] . Maintaining blood glucose levels between 0.9-1 g/L is an essential condition for maintaining metabolic functions and the optimal functioning of certain organs, including the brain. Indeed, most mammals, including humans, are unable to tolerate hypoglycemic episodes longer than a few minutes, at the risk of inducing irreversible cellular damage, which can even cause death. On the contrary, chronic hyperglycemia can lead to the establishment of insulin resistance and even to the development of type 2 diabetes (T2D).

Outside of meal periods, several mechanisms operate to ensure energy Binding of glucagon to its G protein-coupled receptor increases intracellular levels of cAMP (cyclic adenosine monophosphate) which leads to the activation of several signaling pathways involving protein kinase A (PKA) and the transcription factor CREB (cAMP Response Element-binding protein). Glucagon inhibits de novo lipogenesis: 1) by inactivating ChREBP (carbohydrate response element binding protein) and ACC (acetyl-CoA carboxylase) by phosphorylation; 2) by activating the CREB-H transcription factor which will block the maturation of SREBP-1c (sterol regulatory element binging protein); and 3) by activating the CREB and HES 1 (hairy and enhancer of split-1) transcription factors. In addition, glucagon increases the expression of genes involved in the β-oxidation of fatty acids such as PGC1 (peroxisome proliferator activator receptor γ coactivator-1α). Insig-2, insulin induced gene 2a; PPARγ, peroxisome proliferator activator receptor γ.

homeostasis. Among the mechanisms established during fasting, endogenous glucose production (EGP), and more precisely glycogenolysis in the liver, is the first to take place. Then, gluconeogenesis takes place in three organs only: the liver, the kidneys and the intestine.

General presentation of endogenous glucose production

Endogenous glucose production (EGP) keeps blood glucose levels stable between meals and during fasting periods. Glycogenolysis and gluconeogenesis are responsible for EGP. The liver, kidneys and intestine are the three organs capable of producing and releasing glucose into the bloodstream. Indeed, they are the only ones to express glucose-6-phosphatase (G6Pase), the key enzyme for glucose release.

G6Pase includes two subunits located in the ER membrane: G6PT and G6PC1. The transport subunit (G6PT) is ubiquitous and responsible for transporting glucose 6-phosphate from the cytosol to the lumen of the ER. The catalytic subunit (G6PC1), which is expressed in only 3 organs (the liver, kidney, intestine), conferring on them the gluconeogenic capacity, catalyzes the transformation of G6P into glucose and inorganic phosphate.

The contributions of gluconeogenic organs (the liver, kidneys and intestine) vary under different conditions (Figure 10) [START_REF] Soty | Gut-brain glucose signaling in energy homeostasis[END_REF] . In the post-absorptive period, (e.g., 6 and 12 hours of fasting in mice and humans, respectively), the liver is the main glucose-producing tissue. Indeed, its production represents 70-75% of EGP while that of the kidneys and the intestine correspond to about 15-20% and 5-7%, respectively [START_REF] Soty | Gut-brain glucose signaling in energy homeostasis[END_REF] .

Initially, the liver is able to produce glucose via glycogenolysis from its glycogen stores. When fasting prolongs, the liver produces glucose via gluconeogenesis. The substrates of hepatic gluconeogenesis mainly include lactate, glucogenic amino acids derived from muscle proteolysis (such as alanine, glycine, and threonine), and glycerol derived from lipolysis of TG in adipose tissue [START_REF] Mayes | Gluconeogenesis and control of the blood glucose[END_REF] . If fasting continues for When animals are fed a standard diet, the contribution of liver to the endogenous glucose production (EGP) decreased from 70-75% during the post-prandial period to 20-25% during fasting 24-48h. However, the contribution of kidneys and intestine to EGP increased from 15-20% and 5-7% during the post-prandial period to 50-55% and 20% during fasting 24-48h, respectively. Comparable contributions of the intestine and the kidney take place in the post-absorptive state upon eating a protein-enriched diet.

Adapted from Soty et al [START_REF] Soty | Gut-brain glucose signaling in energy homeostasis[END_REF] .

24-48 h in rats, the liver's participation in EGP declines to about 20-25%, while the kidneys and intestine provide about 50-55% and 20% of EGP, respectively [START_REF] Soty | Gut-brain glucose signaling in energy homeostasis[END_REF] (Figure 10). In these two tissues, glycogen stores are negligible and their glucose production is therefore exclusively ensured by gluconeogenesis. Extrahepatic glucose production is essential for the maintenance of blood glucose during prolonged fasting.

Indeed, mice invalidated for the hepatic G6Pase maintain their blood glucose levels during long fasting by induction of glucose production in the kidneys and intestine [START_REF] Mutel | Control of blood glucose in the absence of hepatic glucose production during prolonged fasting in mice: induction of renal and intestinal gluconeogenesis by glucagon[END_REF] .

Glycogenolysis

Glycogenolysis allows the production of glucose from the breakdown of glycogen principally stored in the liver and muscle. As muscle does not express G6Pase, glycogen in muscle is not involved in blood glucose regulation but is used locally via the glycolysis pathway to provide energy.

Glycogen phosphorylase is a key enzyme in glycogenolysis and regulated by epinephrine and glucagon (Figure 11). The epinephrine and glucagon bind to their Gs-coupled receptors on hepatocytes and activate cAMP-PKA signaling. Specifically, activation of PKA is responsible for the phosphorylation of PhK, which, in turn, activates glycogen phosphorylase by serine-14 phosphorylation. As a key enzyme involved in glycogenolysis, glycogen phosphorylase, catalyzes the removal of a glucose residue of the glycogen chain, generating glucose 1-phosphate. This latter is converted to glucose 6-phosphate by phosphoglucomutase, which then will be converted into glucose by G6Pase (Figure 11) [START_REF] Rocha | An In Silico and an In Vitro Inhibition Analysis of Glycogen Phosphorylase by Flavonoids, Styrylchromones, and Pyrazoles[END_REF][START_REF] Han | Regulation of glucose metabolism from a liver-centric perspective[END_REF] .

The glucose produced is then released into the bloodstream mainly via the GLUT2 transporter to maintain blood glucose levels. Nevertheless, for several years a second pathway of glucose exit has been suggested and is currently being studied in the laboratory. This pathway would imply an exit of glucose via the vesicular pathway, which would involve Caveolin-1.

Figure 11. Regulation of glycogenolysis.

The epinephrine and glucagon bind to their receptors on the cell membrane and activate cAMP-PKA signaling. The activated PKA is responsible for the phosphorylation of phosphorylase kinase (PhK), which, in turn, activates glycogen phosphorylase by serine-14 phosphorylation. Glucose 1-phosphate is converted to glucose 6-phosphate by phosphoglucomutase (PGM), and glucose 6-phosphatase (G6Pase) converts glucose 6-phosphate into glucose, which can be transported to the bloodstream. This process is mediated by the glucose transporter 2 (GLUT2).

Adapted from Rocha et al [START_REF] Rocha | An In Silico and an In Vitro Inhibition Analysis of Glycogen Phosphorylase by Flavonoids, Styrylchromones, and Pyrazoles[END_REF] .

Of note, glycogen is a rapidly mobilizable energy source. Nevertheless, stocks are rapidly depleted, approximately after 12h and 24-48h of fasting in mice and humans, respectively. Beyond that, the maintenance of blood glucose levels is ensured by gluconeogenesis [START_REF] Soty | Gut-brain glucose signaling in energy homeostasis[END_REF] .

Gluconeogenesis

Gluconeogenesis corresponds to the de novo synthesis of glucose from non-carbohydrate compounds such as pyruvate, lactate, glucogenic amino acids and glycerol. Nevertheless, there are preferential substrates depending on the metabolism of each of the three gluconeogenic organs. Indeed, the main substrates of hepatic gluconeogenesis are alanine, lactate and glycerol, whereas the kidneys preferentially use glutamine, lactate and alanine [START_REF] Meyer | Renal substrate exchange and gluconeogenesis in normal postabsorptive humans[END_REF][START_REF] Stumvoll | Human kidney and liver gluconeogenesis: evidence for organ substrate selectivity[END_REF] . Of note, intestine uses primarily glutamine, and to a lesser extent glycerol as a substrate for gluconeogenesis [START_REF] Croset | Rat small intestine is an insulin-sensitive gluconeogenic organ[END_REF] . Glutamine is the most abundant plasma amino acid and is considered a key gluconeogenic precursor for the kidneys and intestine, which express a glutaminase with high affinity for glutamine. In contrast, the liver, which expresses a glutaminase with low affinity for glutamine, is unable to use this amino acid as a gluconeogenic substrate (for review [170] ). Interestingly, intestinal gluconeogenesis (IGN) produces alanine and lactate, which can then be used by the liver to produce glucose [START_REF] Stumvoll | Human kidney and liver gluconeogenesis: evidence for organ substrate selectivity[END_REF][START_REF] Mithieux | Induction of control genes in intestinal gluconeogenesis is sequential during fasting and maximal in diabetes[END_REF] .

Gluconeogenesis and glycolysis share some enzymes that catalyze reversible reactions. However, there are four key enzymes that catalyze three irreversible stages of gluconeogenesis. Specifically, pyruvate carboxylase (PC), which catalyzes the transformation of pyruvate into oxaloacetate, and then phosphoenolpyruvate carboxykinase-cytosolic form (PEPCK-c), which transforms oxaloacetate into phosphoenolpyruvate. Furthermore, fructose-1,6-bisphosphatase dephosphorylates fructose-1,6-biphosphate into fructose-6-phosphate. Finally, G6Pase transforms G6P into glucose (Figure 12) [START_REF] Mithieux | Adaptation of hepatic, renal and intestinal gluconeogenesis during food deprivation[END_REF] . [START_REF] Mithieux | Adaptation of hepatic, renal and intestinal gluconeogenesis during food deprivation[END_REF] .

Figure 12. Regulation of glycolysis and gluconeogenesis by glucagon

Glucagon via PKA elevates gluconeogenic genes, including glucose -6-phosphatase (G6Pase), fructose-1,6 bisphosphatase (F1,6BPase), and pyruvate carboxylase (PC), as well as inhibits glycolytic genes, including phosphofructokinase-1 (PFK1) and pyruvate kinase (PK).

Adapted from Mithieux et al [START_REF] Mithieux | Adaptation of hepatic, renal and intestinal gluconeogenesis during food deprivation[END_REF] .

Pyruvate carboxylase (PC), PEPCK-c, and fructose-1,6-bisphosphatase are expressed in many tissues, whereas G6Pase expression is restricted to three organs: the liver, kidney, and intestine, which confers on them the ability to produce and release glucose into the bloodstream [START_REF] Rajas | The glucose-6 phosphatase gene is expressed in human and rat small intestine: regulation of expression in fasted and diabetic rats[END_REF] .

Regulation of endogenous glucose production

Endogenous glucose production (EGP) is inhibited in the fed state by insulin. On the contrary, during fasting, EGP is activated by glucagon, catecholamines (adrenaline and noradrenaline), and corticosteroids in particular.

The increase in postprandial insulinemia leads to a decrease in plasma glucose concentration by inducing its uptake and by inhibiting EGP. In the liver, insulin, on the one hand, stimulates the synthesis and reduces the degradation of glycogen, and on the other hand, inhibits gluconeogenesis. In fact, in the short term, insulin acts very rapidly by increasing the metabolic flow through glycolysis. More specifically, insulin activates the 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase enzyme complex which catalyzes the synthesis of fuctose-2,6-bisphosphate, an allosteric activator of phosphofructokinase 1. This increases the flux through glycolysis at the expense of the gluconeogenic pathway [START_REF] Okar | Regulation of the regulatory enzyme, 6-phosphofructo-2-kinase/fructose-2, 6-bisphosphatase[END_REF] . In the longer term, insulin controls gluconeogenesis by decreasing transcription of genes encoding PEPCK-c and G6PC1. More precisely, activation of the insulin signaling pathway leads to phosphorylation of the Akt protein (Ser473) which in turn phosphorylates the FoxO1 (Forkhead box) transcription factor on Thr24 in order to inactivate it by nuclear exclusion [START_REF] Rajas | The glucose-6 phosphatase gene is expressed in human and rat small intestine: regulation of expression in fasted and diabetic rats[END_REF][START_REF] Hall | Regulation of phosphoenolpyruvate carboxykinase and insulin-like growth factor-binding protein-1 gene expression by insulin: the role of winged helix/forkhead proteins[END_REF][START_REF] Mithieux | Glucose-6-phosphatase mRNA and activity are increased to the same extent in kidney and liver of diabetic rats[END_REF][START_REF] Schmoll | Regulation of glucose-6-phosphatase gene expression by protein kinase Bα and the Forkhead transcription factor FKHR: evidence for insulin response unit-dependent and-independent effects of insulin on promoter activity[END_REF] . Once in the cytoplasm, FoxO1 is degraded by the proteasome [START_REF] Matsuzaki | Insulin-induced phosphorylation of FKHR (Foxo1) targets to proteasomal degradation[END_REF] . Furthermore, phosphorylation of FoxO1 by Akt causes changes in its DNA-binding domain, and thus reduces its ability to bind to insulin response elements [START_REF] Kooi | The three insulin response sequences in the glucose-6-phosphatase catalytic subunit gene promoter are functionally distinct[END_REF][START_REF] Logie | Characterization of a protein kinase B inhibitor in vitro and in insulin-treated liver cells[END_REF][START_REF] O'brien R M | Insulin-regulated gene expression[END_REF][START_REF] Onuma | Insulin and epidermal growth factor suppress basal glucose-6-phosphatase catalytic subunit gene transcription through overlapping but distinct mechanisms[END_REF] . On the other hand, insulin decreases G6Pase activity but also the transcription and the activity of fructose-1,6-bisphosphatase [START_REF] Daniele | Phosphatidylinositol 3-kinase translocates onto liver endoplasmic reticulum and may account for the inhibition of glucose-6-phosphatase during refeeding[END_REF][START_REF] El-Maghrabi M R | cDNA sequence of rat liver fructose-1, 6-bisphosphatase and evidence for down-regulation of its mRNA by insulin[END_REF] .

All three gluconeogenic tissues are insulin sensitive [START_REF] Rajas | The glucose-6 phosphatase gene is expressed in human and rat small intestine: regulation of expression in fasted and diabetic rats[END_REF][START_REF] Rajas | Induction of PEPCK gene expression in insulinopenia in rat small intestine[END_REF] . In situations with low insulin levels, such as in prolonged fasting or diabetes induced by pancreatic β-cell destruction, there is an increase in glucose production associated with increased expression of G6PC and PEPCK-c [START_REF] Croset | Rat small intestine is an insulin-sensitive gluconeogenic organ[END_REF][START_REF] Mithieux | Induction of control genes in intestinal gluconeogenesis is sequential during fasting and maximal in diabetes[END_REF] .

Insulin also regulates EGP by modulating the availability of gluconeogenic substrates. Indeed, insulin reduces the supply of FFA and glycerol to the liver from adipose tissue and of glucogenic amino acids from skeletal muscle (alanine and glutamine in particular) [START_REF] Coppack | In vivo regulation of lipolysis in humans[END_REF][START_REF] Freyse | The effect of prehepatic insulin administration on alanine flux rates in diabetic dogs[END_REF] . In addition, insulin has the ability to inhibit EGP by decreasing the release of glucagon, which is the main stimulator of hepatic glucose production (HGP) by stimulating G6Pase activity [START_REF] Ichai | Glucose 6-phosphate hydrolysis is activated by glucagon in a low temperature-sensitive manner[END_REF][START_REF] Jiang | Glucagon and regulation of glucose metabolism[END_REF][START_REF] Mittelman | Indirect effect of insulin to suppress endogenous glucose production is dominant, even with hyperglucagonemia[END_REF][START_REF] Stevenson | Role of glucagon suppression on gluconeogenesis during insulin treatment of the conscious diabetic dog[END_REF][START_REF] Unger | Glucagon physiology and pathophysiology in the light of new advances[END_REF] .

By binding to its receptor, glucagon increases cAMP and activates PKA, which elevates EGP by inhibiting glycolysis on the one hand and stimulating gluconeogenesis on the other hand. Specifically, PKA inhibits phosphofructokinase-1 and pyruvate kinase in glycolysis, but increases G6Pase, fructose-1,6 bisphosphatase, and PC in gluconeogenesis (Figure 12) [START_REF] Mithieux | Adaptation of hepatic, renal and intestinal gluconeogenesis during food deprivation[END_REF] . It's of note that glucagon induces G6pc1 gene transcription through phosphorylation of CREB and further activation of transcription factors, including HNF4 (hepatic nuclear factor 4) and C/EBP (CAAT/enhancer binding protein) [START_REF] Mutel | Control of blood glucose in the absence of hepatic glucose production during prolonged fasting in mice: induction of renal and intestinal gluconeogenesis by glucagon[END_REF][START_REF] Van Schaftingen | Inhibition of fructose-1, 6-bisphosphatase by fructose 2, 6-biphosphate[END_REF][START_REF] Croniger | C/EBP and the control of phosphoenolpyruvate carboxykinase gene transcription in the liver[END_REF][START_REF] Gautier-Stein | A distal region involving hepatocyte nuclear factor 4α and CAAT/enhancer binding protein markedly potentiates the protein kinase A stimulation of the glucose-6-phosphatase promoter[END_REF][START_REF] Gautier-Stein | Transcriptional Regulation of the Glucose-6-phosphatase Gene by cAMP/Vasoactive Intestinal Peptide in the Intestine: ROLE OF HNF4α, CREM, HNF1α, and C/EBPα[END_REF] .

The nervous system, and in particular the balance between the activity of the sympathetic (SNS) and parasympathetic (PNS) nervous system, is also involved in the regulation of EGP through catecholamines synthesized from tyrosine. Indeed, the SNS controls the release of noradrenaline by nerve endings, and the secretion of adrenaline by the adrenal glands. These two catecholamines exert their effects as a neurotransmitter or hormone, respectively, through their binding to transmembrane α and β adrenergic receptors (ADR α and β). During insulin-induced hypoglycemia, the increase in circulating adrenaline is responsible for the increase in EGP by stimulating hepatic G6Pase activity [START_REF] Bady | Activation of liver G-6-Pase in response to insulin-induced hypoglycemia or epinephrine infusion in the rat[END_REF] . In addition, the activating effect of adrenaline on EGP is potentiated by its ability to inhibit insulin secretion and induce glucagon release [START_REF] Nonogaki | New insights into sympathetic regulation of glucose and fat metabolism[END_REF] .

Furthermore, activation of the insulin signaling pathway in the hypothalamus regulates HGP by modulating the SNS/PNS tones in the liver and adipose tissue (for review [START_REF] Güemes | Review of the role of the nervous system in glucose homoeostasis and future perspectives towards the management of diabetes[END_REF] ). Specifically, binding of insulin to its receptors at AgRP neurons in the ARC inhibits HGP through activation of PNS vagal fibers innervating the liver [START_REF] Lin | Divergent regulation of energy expenditure and hepatic glucose production by insulin receptor in agouti-related protein and POMC neurons[END_REF][START_REF] Yi | The role of the autonomic nervous liver innervation in the control of energy metabolism[END_REF] .

Thus, activation of the SNS plays an important role in the induction of glycogenolysis, and thus HGP, in response to hypoglycemia [START_REF] Brodows R G | Sympathetic control of hepatic glycogenolysis during glucopenia in man[END_REF][START_REF] Hoffman | Sympathetic mechanisms of hypoglycemic counterregulation[END_REF] . In contrast, activation of the PNS results in a decrease in blood glucose by decreasing HGP and activating glycogen synthase in the liver [START_REF] Shimazu | Reciprocal innervation of the liver: its significance in metabolic control[END_REF] .

Glucocorticoids, including cortisone and cortisol, are natural molecules produced and secreted by the adrenal glands. Following their binding, the internalization of the glucocorticoid-receptor complex allows glucocorticoids to regulate the transcription of genes encoding PEPCK-c and G6PC1. Indeed, the internalization of the ligand-receptor complex leads to the activation of transcription factors such as HNF3β and 4 and C/EBP for the regulation of the expression of PEPCK-c, or even the transcription factor FoxO1, HNF-1 and CREB for regulation of G6Pase expression [START_REF] Hanson | Regulation of phosphoenolpyruvate carboxykinase (GTP) gene expression[END_REF][START_REF] Lin | Hepatocyte nuclear factor 1α is an accessory factor required for activation of glucose-6-phosphatase gene transcription by glucocorticoids[END_REF][START_REF] Mink | Interaction and functional collaboration of p300 and C/EBPbeta[END_REF][START_REF] Scott | Further characterization of the glucocorticoid response unit in the phosphoenolpyruvate carboxykinase gene. The role of the glucocorticoid receptor-binding sites[END_REF][START_REF] Stafford | Accessory factors facilitate the binding of glucocorticoid receptor to the phosphoenolpyruvate carboxykinase gene promoter[END_REF][START_REF] Kooi | The glucose-6-phosphatase catalytic subunit gene promoter contains both positive and negative glucocorticoid response elements[END_REF] . The effects of glucocorticoids on HGP appear after several hours of fasting, unlike the effects of catecholamines and glucagon [START_REF] Corssmit | Regulation of glucose production with special attention to nonclassical regulatory mechanisms: a review[END_REF] .

In addition, adipokines such as leptin and adiponectin are also involved in the regulation of EGP, especially at the hepatic level. Leptin is able to regulate EGP by modulating glucose fluxes in the liver, without altering total glucose production [START_REF] Güemes | Review of the role of the nervous system in glucose homoeostasis and future perspectives towards the management of diabetes[END_REF][START_REF] Gutiérrez-Juárez | Melanocortin-independent effects of leptin on hepatic glucose fluxes[END_REF][START_REF] Kamohara | Acute stimulation of glucose metabolism in mice by leptin treatment[END_REF][START_REF] Liu | Intracerebroventricular leptin regulates hepatic but not peripheral glucose fluxes[END_REF][START_REF] Rossetti | Short term effects of leptin on hepatic gluconeogenesis and in vivo insulin action[END_REF] . Indeed, leptin increases the expression of genes encoding G6PC1 and PEPCK-c but also decreases glycogenolysis in the liver [START_REF] Gutiérrez-Juárez | Melanocortin-independent effects of leptin on hepatic glucose fluxes[END_REF][START_REF] Liu | Intracerebroventricular leptin regulates hepatic but not peripheral glucose fluxes[END_REF] . These effects are dependent on the central melanocortin system and hepatic AMPK-α2 [START_REF] Gutiérrez-Juárez | Melanocortin-independent effects of leptin on hepatic glucose fluxes[END_REF][START_REF] Andreelli | Liver adenosine monophosphate-activated kinase-α2 catalytic subunit is a key target for the control of hepatic glucose production by adiponectin and leptin but not insulin[END_REF] .

Adiponectin, another adipokine, is able to modulate food intake and energy metabolism, including EGP [START_REF] Weyer | Hypoadiponectinemia in obesity and type 2 diabetes: close association with insulin resistance and hyperinsulinemia[END_REF] . In humans, low circulating levels of adiponectin are associated with insulin resistance [START_REF] Weyer | Hypoadiponectinemia in obesity and type 2 diabetes: close association with insulin resistance and hyperinsulinemia[END_REF] . Intravenous injection of adiponectin decreases EGP by 65% by halving hepatic expression of PEPCK-c and G6PC, without affecting peripheral glucose uptake [START_REF] Combs | Endogenous glucose production is inhibited by the adipose-derived protein Acrp30[END_REF][START_REF] Miller | Adiponectin suppresses gluconeogenic gene expression in mouse hepatocytes independent of LKB1-AMPK signaling[END_REF] .

Chapter 2. Obesity development

Overview

Obesity is defined as excessive fat accumulation due to a chronic imbalance of calorie intake greater than calorie expenditure and is diagnosed at body mass index (BMI) greater than 30 kg/m 2 (Figure 13A) [START_REF] Nuttall | Body mass index: obesity, BMI, and health: a critical review[END_REF] . Technological revolutions and mechanization since the 20th century have given rise to western dietary pattern and sedentary life, resulting in increased energy intake and decreased energy expenditure, i.e. energy imbalance and obesity development (Figure 13B) [START_REF] Blüher | Obesity: global epidemiology and pathogenesis[END_REF] .

The global prevalence of obesity increased dramatically from 3.2% in men and 6.4% in women in 1975 to 10.8% and 14.9% in 2014, respectively [START_REF] Blüher | Obesity: global epidemiology and pathogenesis[END_REF] . There were 650 million people suffering from obesity in 2016. It is estimated that one in five women and one in seven men will be obese by 2030, indicating that more than 1 billion people will be obese [START_REF] Graham | A systematic review of obesity as a barrier to accessing cancer screening services[END_REF] .

The danger of obesity lies in the fact that it is a major risk factor in the development of numerous complications. Indeed, obesity increases the risk of insulin resistance and T2D, initiation and aggravation of non-alcoholic fatty liver disease (NAFLD), chronic inflammation, cardiovascular disease, and numerous cancers [START_REF] Grundy | Metabolic complications of obesity[END_REF] ,

reducing life expectancy by 5-20 years [START_REF] Blüher | Obesity: global epidemiology and pathogenesis[END_REF] . Insulin resistance and T2D, NAFLD, and inflammation in a context of obesity are discussed below.

Insulin resistance and type 2 diabetes

Insulin is a hypoglycemic hormone that maintains blood glucose homeostasis mainly by acting on three organs: the muscle, liver and adipose tissue. It exerts different functions through tissue-specific signal transduction pathways, that is, increasing muscle uptake of glucose and subsequent glucose disposal, inhibiting EGP point [START_REF] Kahn | Mechanisms linking obesity to insulin resistance and type 2 diabetes[END_REF] .

Between 1910 and 1960, reductions in individual energy expenditure due to technological advances were matched by lower energy intakes. After 1970, further reduced energy expenditure and increased intake of high-calorie foods led to more severe energy imbalances. Adapted from Blüher et al [START_REF] Blüher | Obesity: global epidemiology and pathogenesis[END_REF] .

and adipose tissue lipolysis. The prevalence of diabetes increases dramatically with obesity, as it's the most important risk factor for chronic hyperglycemia and T2D [START_REF] Defronzo | Type 2 diabetes mellitus[END_REF] .

It is typically characterized by hyperglycemia resulting from failure to control blood glucose levels and diagnosed when fasting glycaemia levels is greater than 126 mg/dL, glycated hemoglobin (hemoglobin A1c; HbA1c) levels is greater than 6.5%, or plasma glucose levels is greater than 200 mg/dL at two-hour after oral glucose tolerance test (OGTT) [START_REF] Defronzo | Type 2 diabetes mellitus[END_REF] . Defects in both insulin target tissues and β-cells are required for the development of hyperglycemia and T2D [START_REF] Kahn | The relative contributions of insulin resistance and beta-cell dysfunction to the pathophysiology of type 2 diabetes[END_REF] .

Insulin resistance, which characterizes the pre-diabetic state, is a predictive factor for the development of T2D. Insulin resistance will lead to a decrease in the action of insulin on glucose uptake in peripheral tissues and an increase in HGP, leading to an increase in blood glucose. Moreover, insulin resistance contributes to the development of dyslipidemia, in particular by increasing lipolysis in adipose tissue.

Excess lipids lead to the formation of toxic lipid derivatives, including diacylglycerol (DAG), lysophosphatidic acid, and ceramides that further contribute to the development of insulin resistance, particularly in the liver and muscle [START_REF] Krssak | Intramyocellular lipid concentrations are correlated with insulin sensitivity in humans: a 1H NMR spectroscopy study[END_REF] (Figure 14).

Thus, there is a vicious cycle in the development of insulin resistance due to glucose and lipid toxicity, finally resulted in β-cell failure and T2D [START_REF] Petersen | Mechanisms of insulin action and insulin resistance[END_REF] .

The molecular mechanism of insulin resistance is associated with several alterations in the signaling pathway, including the decrease in INSR density and alteration of the intracellular insulin signal transduction cascade [START_REF] Petersen | Mechanisms of insulin action and insulin resistance[END_REF] . More precisely, the defect in IRS 1 and 2 activation would play a central role. Indeed, an acceleration of IRS degradation and its phosphorylation on serine rather than tyrosine residues are involved [START_REF] Samuel | Mechanisms for insulin resistance: common threads and missing links[END_REF][START_REF] Schmitz-Peiffer | Protein kinase C function in muscle, liver, and β-cells and its therapeutic implications for type 2 diabetes[END_REF] .

Long-term overnutrition is the root cause of insulin resistance. It causes profound changes in the metabolism of many tissues, including muscle, liver, adipose tissue and the pancreas. Overnutrition leads to fat accumulation in muscle and liver, which in turn causes insulin resistance in these organs. Insulin resistance results in decreased muscle glucose uptake and glycogen synthesis, as well as decreased hepatic glycogen synthesis and increased hepatic gluconeogenesis. Insulin resistance in white adipose tissue appears to be related to nutrient stress-induced inflammation, which attenuates insulin inhibition of lipolysis. Lipolysis-released NEFA can enter muscle and liver to worsen their insulin resistance. NEFA: non esterified fatty acids; INSR: insulin receptor; IHTG: intrahepatic triglyceride; IMCL: intramyocellular lipid. Adapted from Petersen et al [START_REF] Petersen | Mechanisms of insulin action and insulin resistance[END_REF] .

Skeletal muscle insulin resistance

After a meal, muscle glucose uptake accounts for about 80% of total peripheral uptake [START_REF] Defronzo R A, Gunnarsson | Effects of insulin on peripheral and splanchnic glucose metabolism in noninsulin-dependent (type II) diabetes mellitus[END_REF][START_REF] Defronzo | The effect of insulin on the disposal of intravenous glucose: results from indirect calorimetry and hepatic and femoral venous catheterization[END_REF] . Once entering muscle cells, glucose has two fates: glycolysis or glycogen synthesis, of which the latter is predominant and accounts for 75% [START_REF] Defronzo | Skeletal muscle insulin resistance is the primary defect in type 2 diabetes[END_REF][START_REF] Shulman | Quantitation of muscle glycogen synthesis in normal subjects and subjects with non-insulin-dependent diabetes by 13C nuclear magnetic resonance spectroscopy[END_REF] .

Thus, skeletal muscle plays a crucial role in reducing plasma glucose concentration in the postprandial state by increasing glucose uptake and glycogen synthesis (Figure 15). The regulation of glycogen synthesis in muscle by insulin is similar to that of the liver through phosphorylation and allostery-based processes (see 1 Hepatic glycogen section).

The other important action of insulin in skeletal muscle is stimulating glucose uptake by regulating GLUT4 translocation (Figure 15). Glucose enters the muscle cell via facilitated diffusion through the GLUT4, which is packaged in intracellular storage vesicles (Figure 15). The latter needs to be translocated to the plasma membrane to facilitate the uptake of glucose under the stimulation of insulin.

Accordingly, insulin-stimulated muscle glycogen synthesis and glucose uptake are decreased by 50% in diabetic individuals [START_REF] Defronzo R A, Gunnarsson | Effects of insulin on peripheral and splanchnic glucose metabolism in noninsulin-dependent (type II) diabetes mellitus[END_REF][START_REF] Shulman | Quantitation of muscle glycogen synthesis in normal subjects and subjects with non-insulin-dependent diabetes by 13C nuclear magnetic resonance spectroscopy[END_REF][START_REF] Péterfy | Lipodystrophy in the fld mouse results from mutation of a new gene encoding a nuclear protein, lipin[END_REF] .

Both the INSR content and tyrosine kinase activity are decreased in muscle of obese rodents and humans [START_REF] Caro | Insulin receptor kinase in human skeletal muscle from obese subjects with and without noninsulin dependent diabetes[END_REF][START_REF] Burant | Diabetes-induced functional and structural changes in insulin receptors from rat skeletal muscle[END_REF][START_REF] Block | Skeletal muscle insulin-receptor kinase: effects of substrate inhibition and diabetes[END_REF][START_REF] Handberg | Decreased tyrosine kinase activity in partially purified insulin receptors from muscle of young, non-obese first degree relatives of patients with type 2 (non-insulin-dependent) diabetes mellitus[END_REF] . Furthermore, the impaired INSR tyrosine kinase activity results from the decreased IRS1 tyrosine phosphorylation in insulin-resistant skeletal muscle [START_REF] Cusi | Insulin resistance differentially affects the PI 3-kinaseand MAP kinase-mediated signaling in human muscle[END_REF][START_REF] Griffin | Free fatty acid-induced insulin resistance is associated with activation of protein kinase C theta and alterations in the insulin signaling cascade[END_REF][START_REF] Krook | Characterization of signal transduction and glucose transport in skeletal muscle from type 2 diabetic patients[END_REF] . Defects in activation of other messenger molecules in insulin signaling pathway, including PI3K activity and AKT phosphorylation, are also demonstrated in muscle insulin resistance [START_REF] Cusi | Insulin resistance differentially affects the PI 3-kinaseand MAP kinase-mediated signaling in human muscle[END_REF][START_REF] Tonks | Impaired Akt phosphorylation in insulin-resistant human muscle is accompanied by selective and heterogeneous downstream defects[END_REF] (Figure 15).

Hepatic insulin resistance

Under physiological conditions, insulin reduces HGP by suppressing both glycogenolysis and gluconeogenesis, as well as by promoting glycogen synthesis. In hepatic insulin resistance, HGP in diabetic individuals increases by 0.5 mg.kg -1 .min -1 [START_REF] Petersen | Mechanisms of insulin action and insulin resistance[END_REF] . Description of the signaling pathways are in the main text. A, In insulin sensitive individuals, insulin signaling up regulates glycogen synthesis, and increases translocation of GLUT4 storage vesicles (GSV) to plasma membrane to facilitate the uptake of glucose. B, Glucose uptake and glycogen synthesis in skeletal muscle are up regulated and sensitive to insulin; B, Defects at multiple levels in the insulin signaling pathway lead to muscle insulin resistance, decreasing glycogen synthesis and glucose uptake associated with abnormalities in GLUT4 translocation to the plasma membrane. Adapted from Petersen et al [START_REF] Petersen | Mechanisms of insulin action and insulin resistance[END_REF] .

Figure 15. Glucose uptake and glycogen synthesis in skeletal muscle in insulin sensitivity (A) and insulin resistance (B)

over the rate of 1.8-2.0 mg.kg -1 .min -1 in healthy individuals, contributing to fasting hyperglycemia [START_REF] Defronzo R A, Gunnarsson | Effects of insulin on peripheral and splanchnic glucose metabolism in noninsulin-dependent (type II) diabetes mellitus[END_REF][START_REF] Defronzo | Pathogenesis of type 2 diabetes: metabolic and molecular implications for identifying diabetes genes[END_REF][START_REF] Defronzo | The triumvirate: β-cell, muscle, liver: a collusion responsible for NIDDM[END_REF][START_REF] Defronzo | Regulation of hepatic glucose metabolism in humans[END_REF] . Accordingly, impaired insulin action on hepatic glycogen metabolism and gluconeogenesis take place (Figure 16). As a result, hepatic insulin resistance results in lesser storage of glycogen in the postprandial state and increased HGP in the fasting state [START_REF] Capeau | Insulin resistance and steatosis in humans[END_REF] . Impaired insulin sensitivity and/or chronic glucolipotoxicity are responsible for decreased hepatic glycogen synthesis [START_REF] Krssak | Alterations in postprandial hepatic glycogen metabolism in type 2 diabetes[END_REF] . Indeed, in healthy individuals, insulin stimulates glycogen synthase activity and hence glycogen synthesis by inactivating GSK-3 [START_REF] Macaulay | Glycogen synthase kinase 3α-specific regulation of murine hepatic glycogen metabolism[END_REF] , the primary regulators of glycogen synthase. However, the inhibition of GSK-3 by insulin is blunted in diabetes, thereby reducing glycogen synthesis [START_REF] Macaulay | Glycogen synthase kinase 3α-specific regulation of murine hepatic glycogen metabolism[END_REF] . Nevertheless, the role of these alterations in glycogen metabolism in the onset of hyperglycemia during fasting seems minor compared to that of the induction of hepatic gluconeogenesis.

Indeed, hepatic insulin resistance is classically associated with abnormal increase in hepatic gluconeogenesis. The direct suppression of hepatic gluconeogenesis by insulin is impaired. Indeed, the metabolic disorders in obesity are associated with an induction of the expression and activity of G6Pase and PEPCK-c in the liver [START_REF] Cao | Promoter polymorphism in PCK1 (phosphoenolpyruvate carboxykinase gene) associated with type 2 diabetes mellitus[END_REF][START_REF] Clore | Glucose-6-phosphatase flux in vitro is increased in type 2 diabetes[END_REF][START_REF] Trinh | Perturbation of fuel homeostasis caused by overexpression of the glucose-6-phosphatase catalytic subunit in liver of normal rats[END_REF] .

Furthermore, the mRNA expression and nuclear localization of FoxO1, the key regulator of gluconeogenesis gene expression, are increased in insulin resistance [START_REF] Dong | Inactivation of hepatic Foxo1 by insulin signaling is required for adaptive nutrient homeostasis and endocrine growth regulation[END_REF] .

Conversely, the invalidation of the gene encoding G6PC specifically in the liver protects against the development of diabetes and insulin resistance in mice subjected to a high calorie diet, despite the development of hepatic steatosis [START_REF] Abdul-Wahed | A link between hepatic glucose production and peripheral energy metabolism via hepatokines[END_REF] .

It was well established that hepatic insulin resistance was closely related to ectopic lipid accumulation in liver [START_REF] Petersen | Leptin reverses insulin resistance and hepatic steatosis in patients with severe lipodystrophy[END_REF] . Indeed, hepatic DAG content and protein kinase C (PKC) isoform ε activation were the strongest predictors of insulin resistance both in rodents and humans [START_REF] Samuel | Mechanism of hepatic insulin resistance in non-alcoholic fatty liver disease[END_REF][START_REF] Qu | Tissue and isoform-selective activation of protein kinase C in insulin-resistant obese Zucker rats-effects of feeding[END_REF][START_REF] Kumashiro | Cellular mechanism of insulin resistance in nonalcoholic fatty liver disease[END_REF][START_REF] Magkos | Intrahepatic diacylglycerol content is associated with hepatic insulin resistance in obese subjects[END_REF] . More specifically, they were associated with reduced insulin-stimulated phosphorylation of IRS2, PI3K activity and phosphorylation of Akt2 [START_REF] Petersen | Regulation of hepatic glucose metabolism in health and disease[END_REF] (Figure 16). Consequently, the ability of insulin to activate glycogen synthesis and inhibit gluconeogenesis is impaired [START_REF] Perry | The role of hepatic lipids in hepatic insulin resistance and type 2 diabetes[END_REF][START_REF] Samuel | The pathogenesis of insulin resistance: integrating signaling pathways and substrate flux[END_REF] .

In addition, insulin resistance in adipose tissue leads to increased de novo a, under normal physiological conditions, insulin acutely promotes glycogen synthesis by activating glycogen synthase and glucokinase (GCK). Insulin suppresses hepatic gluconeogenesis through acute (indirect) and slow (direct) pathways. The acute suppression of hepatic gluconeogenesis by insulin is achieved by inhibiting lipolysis in adipose tissue, thereby decreasing the stimulation of PC by Acetyl-CoA and gluconeogenic substrate (glycerol). The slow (direct) inhibition of hepatic gluconeogenesis by insulin is mediated through insulin receptor-dependent inactivation of Forkhead box O1 (FoxO1), which increases the transcription of gluconeogenic genes, including G6pc and Pck1. b, in the context of lipid-induced hepatic insulin resistance, hepatic levels of diacylglycerol (DAG) increase and results in the activation of protein kinase Cε (PKCε), thereby impairing direct hepatic insulin signaling through PKCε-dependent phosphorylation of insulin receptor at Thr1160. The regulation of hepatic gluconeogenesis by insulin both in acute (indirect) and slow (direct) pathways are impaired, thereby promoting gluconeogenesis by increasing both gluconeogenic gene expression and substrates. Adapted from Petersen et al [START_REF] Petersen | Regulation of hepatic glucose metabolism in health and disease[END_REF] .

lipolysis and release of FFA and glycerol, which indirectly increase hepatic gluconeogenesis.

Adipose insulin resistance

In adipose tissue, insulin stimulates glucose uptake (5% of total peripheral uptake) and TG synthesis and conversely inhibits lipolysis. These processes are defective in adipose insulin resistance [START_REF] Jansson | Lactate release from the subcutaneous tissue in lean and obese men[END_REF][START_REF] Bjöentorp | The glucose uptake of human adipose tissue in obesity[END_REF][START_REF] Frayn | Metabolic characteristics of human adipose tissue in vivo[END_REF] . Like the skeletal muscle, insulin resistance in adipose tissue also reduces glucose uptake due to impaired insulin signaling pathway required for stimulation of GLUT4 translocation [START_REF] Huang | The PI3K/AKT pathway in obesity and type 2 diabetes[END_REF] . Although adipose glucose uptake is quantitatively minor under physiological conditions, its reduction in conditions of insulin resistance has metabolic consequences on other tissues. Indeed, the loss of adipose GLUT4 in mice does not alter adiposity or weight gain but leads to insulin resistance in skeletal muscle and liver [START_REF] Abel | Adipose-selective targeting of the GLUT4 gene impairs insulin action in muscle and liver[END_REF] .

In addition to the disruption of glucose uptake, adipose tissue insulin resistance results in major changes in lipid metabolism. Indeed, insulin is unable to inhibit adipocyte lipolysis, which causes an increase in FFA release. Increased lipolysis, reduced fatty acid absorption and re-esterification all contribute to elevated blood FFA concentrations. Indeed, compared with lean people, fatty acids uptake and fatty acid binding protein 4 expression in adipose tissue were significantly reduced in diabetic patients [START_REF] Riemens | Enhanced escape of non-esterified fatty acids from tissue uptake: its role in impaired insulin-induced lowering of total rate of appearance in obesity and Type II diabetes mellitus[END_REF][START_REF] Pereira | Impaired adipose tissue lipid storage, but not altered lipolysis, contributes to elevated levels of NEFA in type 2 diabetes. Degree of hyperglycemia and adiposity are important factors[END_REF] . It's of note that elevated blood FFA concentrations would be then stored in muscle and liver, increasing the risk of developing insulin resistance in these tissues [START_REF] Defronzo | The triumvirate: β-cell, muscle, liver: a collusion responsible for NIDDM[END_REF] .

However, paradoxically, fat mass increases in diabetes due to lipogenesis and excess lipid intake. Indeed, the size of adipocytes is increased with weight gain, which elevates adipocyte death because of an inadequate supply of oxygen in the face of expanding adipose tissue [START_REF] Suganami | A paracrine loop between adipocytes and macrophages aggravates inflammatory changes: role of free fatty acids and tumor necrosis factor α[END_REF][START_REF] Arner | Adipocyte turnover: relevance to human adipose tissue morphology[END_REF] . Then, the remodeling of adipose tissue causes an infiltration of macrophages. In case of excess, there is a "pathological" remodeling that leads to a low-grade (chronic) inflammation.

It's of note that the release of various cytokines (e.g., TNFα, IL-6, etc.) from activated adipose tissue macrophages can also alter the sensitivity to insulin of different tissues [START_REF] Samuel | Mechanisms for insulin resistance: common threads and missing links[END_REF] . Thus, adipose insulin resistance exerts systemic effect via both the release of substrates (fatty acids, glycerol) and signaling molecules (cytokines) [START_REF] Samuel | The pathogenesis of insulin resistance: integrating signaling pathways and substrate flux[END_REF] .

Insulin resistance on pancreatic β-cells

In the face of declining insulin effectiveness (insulin resistance), the pancreas secretes much more insulin, causing hyperinsulinemia, which remains ineffective and aggravates its deterioration [START_REF] Kahn | Obesity and insulin resistance[END_REF][START_REF] Kahn | Mechanisms linking obesity to insulin resistance and type 2 diabetes[END_REF][START_REF] Fujimoto | The importance of insulin resistance in the pathogenesis of type 2 diabetes mellitus[END_REF] . Indeed, multiple factors including ER stress, mitochondrial dysfunction, oxidative stress and inflammation, contribute to β cell dysfunction (Figure 17).

More specifically, continued overproduction of insulin increases accumulation of misfolded or unfolded proteins in the ER lumen, leading to ER stress and activation of the β-cell apoptosis pathway [START_REF] Hudish | β Cell dysfunction during progression of metabolic syndrome to type 2 diabetes[END_REF] . In addition, glucolipotoxicity and lipotoxicity can causes many disorders, including mitochondrial dysfunction. Finally, oxidative stress and inflammation ultimately lead to β-cell dysfunction [START_REF] Hudish | β Cell dysfunction during progression of metabolic syndrome to type 2 diabetes[END_REF][START_REF] Supale | Mitochondrial dysfunction in pancreatic β cells[END_REF] .

Indeed, pancreatic islets inflammation is a key feature of T2D with macrophage infiltration and increased cytokines secretion (primarily IL-1β) [START_REF] Ehses | Increased number of islet-associated macrophages in type 2 diabetes[END_REF] . Isolated human islets exposed to metabolic stress (elevated glucose and/or palmitate concentrations) increased the release of cytokines (IL-1β, IL-6) and chemokines (IL-8, MIP-1α) [START_REF] Böni-Schnetzler | Free fatty acids induce a proinflammatory response in islets via the abundantly expressed interleukin-1 receptor I[END_REF][START_REF] Ehses | Pancreatic islet inflammation in type 2 diabetes: from α and β cell compensation to dysfunction[END_REF] . Notably, inhibition of IL-1β signaling suppresses secretion of other cytokines and chemokines, indicating a dominant role of IL-1β in pancreatic islets inflammation [START_REF] Böni-Schnetzler | Free fatty acids induce a proinflammatory response in islets via the abundantly expressed interleukin-1 receptor I[END_REF] .

Moreover, islet amyloid polypeptide not only promotes the secretion of IL-1β but also aggravates islet amyloidosis, an important feature of islet inflammation [START_REF] Rohm | Inflammation in obesity, diabetes, and related disorders[END_REF] .

Inflammatory reaction is also typically associated with tissue remodelling (cell death and proliferation) and extracellular matrix protein deposition. Indeed, pancreatic islets shows amyloid deposition and fibrosis in T2D [START_REF] Haataja | Islet amyloid in type 2 diabetes, and the toxic oligomer hypothesis[END_REF] . Thus, the presence of cytokines, immune cells, amyloid deposition, and eventual fibrosis during the development of pancreatic islets inflammation contribute to decreased islet β-cell mass and dysfunction [START_REF] Rohm | Inflammation in obesity, diabetes, and related disorders[END_REF] .

In addition to β cell death, dedifferentiation and/or transdifferentiation also contribute to β cell dysfunction (Figure 17). Dedifferentiation leads β cell to a more progenitor-like state, while transdifferentiation leads to the transformation of β cell into other hormone-expressing cell types, such as α or δ cells [START_REF] Hudish | β Cell dysfunction during progression of metabolic syndrome to type 2 diabetes[END_REF] (Figure 17).

As a result, the alterations of the pancreatic β-cells lead to an impairment of the secretory capacity of the pancreas. Indeed, they show a loss of the early peak of insulin secretion in response to glucose, which plays a key role in the inhibition of HGP by insulin [START_REF] Prato | Phasic insulin release and metabolic regulation in type 2 diabetes[END_REF][START_REF] Prentki | Islet β cell failure in type 2 diabetes[END_REF] . Moreover, diabetic patients also show abnormalities in insulin maturation, which is characterized by a high accumulation of pro-insulin and is proportional to hyperglycemia [START_REF] Cerasi | Insulin secretion in obese and non-obese NIDDM[END_REF] .

On the other hand, diabetic patients show increased plasma glucagon concentrations during fasting, and defects in the inhibition of its secretion by eating a meal (and therefore by insulin) [START_REF] Cryer | Minireview: Glucagon in the pathogenesis of hypoglycemia and hyperglycemia in diabetes[END_REF][START_REF] Dunning | The role of α-cell dysregulation in fasting and postprandial hyperglycemia in type 2 diabetes and therapeutic implications[END_REF] . By inducing EGP, hyperglucagonemia would play an important role in maintaining hyperglycemia during fasting in type 2 diabetic subjects [START_REF] Dunning | The role of α-cell dysregulation in fasting and postprandial hyperglycemia in type 2 diabetes and therapeutic implications[END_REF] .

It's of note that in the early stages of insulin resistance, insulin secretion is not impaired. Indeed, insulin secretion is 3 to 4 times higher in insulin-resistant subjects to compensate for its lack of efficacy, and thus to protect individuals from developing glucose intolerance and permanent hyperglycemia [START_REF] Cavaghan | Interactions between insulin resistance and insulin secretion in the development of glucose intolerance[END_REF][START_REF] Polonsky | Quantitative study of insulin secretion and clearance in normal and obese subjects[END_REF][START_REF] Kahn | Quantification of the relationship between insulin sensitivity and β-cell function in human subjects: evidence for a hyperbolic function[END_REF] . Therefore, the further loss of this compensatory function plays a crucial role in the development of the diabetic state [START_REF] Szoke | Role of impaired insulin secretion and insulin resistance in the pathogenesis of type 2 diabetes mellitus[END_REF][START_REF] Weyer | The natural history of insulin secretory dysfunction and insulin resistance in the pathogenesis of type 2 diabetes mellitus[END_REF] .

Figure 17. The role of beta cell in overnutrition-induced type 2 diabetes (T2D).

Long-term overnutrition is the root cause of insulin resistance. Insulin resistance in skeletal muscle, liver and white adipose tissue plays a key role in the development of hyperglycemia. Insulin resistance induces β cell compensation and secrete more insulin by increasing β cell mass (β cell proliferation), inducing an unfolded protein response (UPR) and improving mitochondrial function. As insulin resistance worsens, β cell dysfunction occurs due to ER stress, mitochondrial dysfunction, oxidative stress and inflammation. In addition to β cell death, dedifferentiation and/or transdifferentiation also contribute to β cell dysfunction. Adapted from Hudish et al [START_REF] Hudish | β Cell dysfunction during progression of metabolic syndrome to type 2 diabetes[END_REF] .

Chapter 3. Metabolic benefits of intestinal gluconeogenesis

Since the existence of IGN shown by our laboratory 20 years ago, its metabolic benefits and its activation conditions have subsequently been established and enriched.

Specifically, the laboratory has shown that IGN exerts both quantitative and qualitative effects. Indeed, in the post-absorptive state, glucose production by the gut accounts for only about 5% of total EGP. Nevertheless, its contribution increases significantly to about 20% during prolonged fasting (24-48h in rats), or in the post-absorptive period on a high-protein diet (see Chapter 1 The post-absorptive period section).

Moreover, due to its beneficial effects on the control of energy homeostasis, glucose produced by the intestine has qualitative "anti-obesity" and "anti-diabetes" effects. Indeed, the induction of IGN is implicated in the beneficial metabolic effects obtained on protein-or fiber-enriched diets and after Roux-en-Y bariatric surgery (for review [START_REF] Soty | Gut-brain glucose signaling in energy homeostasis[END_REF] ). In addition, infusion of glucose directly into the portal vein at rates that mimic the induction of IGN improves metabolism by decreasing both food intake and blood glucose [START_REF] Soty | Calcitonin gene-related peptide-induced phosphorylation of STAT3 in arcuate neurons is a link in the metabolic benefits of portal glucose[END_REF] .

Thus, IGN appears to be an interesting therapeutic target against obesity and its complications. This chapter aims to present IGN, its regulations, its qualitative benefits and the strategies put in place to activate and study it.

Intestinal gluconeogenesis: how it works

Intestinal glucose production and release

Although the glucose production pathways and regulatory mechanisms mainly by insulin and glucagon are the same in the intestine as in the liver, their substrates are The routes of glycerol and glutamine carbons are in red and those for glucose carbons in blue. TCA, tricarboxylic cycle; PEP, phosphoenolpyruvate; OAA, oxalacetic acid; αKG, α-ketoglutarate; G3PDH, glycerol-3-phosphate dehydrogenase. Adapted from Mithieux et al [170] .

different. There are mainly three enzymes involved in the control of IGN, including G6Pase, PEPCK-c, and PC, and their expression is related to tissue preference for substrates.

The gene expression of G6pc1, encoding for the catalytic subunit of the G6Pase, was found in the small intestine and gradually decreased from the duodenum to the distal jejunum in fasted rats [START_REF] Rajas | The glucose-6 phosphatase gene is expressed in human and rat small intestine: regulation of expression in fasted and diabetic rats[END_REF] . Similarly, PEPCK-c is also a key and rate-controlling enzyme of gluconeogenesis both in the liver and intestine [START_REF] Chakravarty | Factors that control the tissue-specific transcription of the gene for phosphoenolpyruvate carboxykinase-C[END_REF] . It catalyzes oxaloacetate to generate phosphoenolpyruvate (Figure 18). In the liver oxaloacetate is produced from pyruvate by PC and substrates cycling through the Krebs cycle, whereas in the intestine oxaloacetate is mainly derived from glutamine and not from pyruvate (Figure 18). Indeed, the presence of high-affinity glutaminase in the intestine warrants the use of glutamine to generate glutamate and subsequently oxaloacetate [START_REF]Glutamine metabolism in mammalian tissues[END_REF][START_REF] Hartmann | Intestinal glutamine metabolism[END_REF] . Consequently, a combination of decreased PC, increased PEPCK and glutaminase makes of glutamine the major gluconeogenic substrate in the intestine, rather than alanine and lactate [170] . Of note, glutamine, which is the major circulating amino acid, contributes to 80% of glucose synthesis in the intestine, while glycerol accounts for the remaining 20% [START_REF] Croset | Rat small intestine is an insulin-sensitive gluconeogenic organ[END_REF] .

Like the liver and kidney, IGN can also be inhibited and activated by insulin and glucagon, respectively [START_REF] Mutel | Control of blood glucose in the absence of hepatic glucose production during prolonged fasting in mice: induction of renal and intestinal gluconeogenesis by glucagon[END_REF] . It's of note that gene expression and enzyme activity of PEPCK-c were increased from 24 hours of fasting in rats. Although G6pc1 gene expression also increased from 24 hours of fasting, its enzyme activity did not increase until 48 hours of fasting, when glucose is released from the small intestine.

Thus, PEPCK-c is essential for glucose production, even if G6Pase is essential for glucose release [START_REF] Croset | Rat small intestine is an insulin-sensitive gluconeogenic organ[END_REF][START_REF] Mithieux | Induction of control genes in intestinal gluconeogenesis is sequential during fasting and maximal in diabetes[END_REF] .

Portal glucose-sensing of intestinal gluconeogenesis

Detection of the portal glucose signal

Sensing energy status is critical for the organism's subsequent planning of food intake, i.e. animal express hunger or satiety to regulate food intake by sensing glucose levels. The portal vein conducts venous blood from the gastrointestinal tract, pancreas and spleen to the liver. Because of its location, it is exposed to all signals from the diet, which are transmitted to the brain via vagal and spinal afferent nerve pathways.

Hypoglycemia in the portal vein induces hunger in the post-absorptive state, when there is no absorbed glucose from food [START_REF] Croset | Rat small intestine is an insulin-sensitive gluconeogenic organ[END_REF] . The array of anorectic factors (including gastro-intestinal hormones) in response to eating is very strong and likely dominates the control of food intake during the postprandial period compared with portal glucose sensing. Indeed, in agreement with the fact that portal glucose has no effect on ongoing food intake, IGN reduces the size of the next meal by a satiety effect [START_REF] Soty | Gut-brain glucose signaling in energy homeostasis[END_REF][START_REF] Baird | Intake suppression after hepatic portal glucose infusion: all-or-none effect and its temporal threshold[END_REF][START_REF] Frizzell | Counterregulation during hypoglycemia is directed by widespread brain regions[END_REF] .

Once produced by the intestine, glucose is released into the portal vein and detected to initiate a nerve signal called the portal glucose signal. Portal glucose sensing would be mediated by sodium-glucose co-transporter 3 (SGLT3). Specifically, portal infusion of non-metabolizable glucose analog α-methylglucopyranoside, a specific substrate of all SGLTs, reduced food intake, whereas infusion of phlorizin, a competitive SGLTs inhibitor, abolished the inhibitory effect of portal glucose on food intake, indicating one or more of the SGLTs are responsible for glucose sensing.

Furthermore, portal infusion of 3-O-methyl-d-glucopyranoside, substrate of SGLT1 and SGLT2, didn't decrease food intake, which rules out SGLT1 and SGLT2 as a glucose sensor. Therefore, SGLT3 can be considered to be the glucose sensor of the portal vein. It is noteworthy that SGLT3 has a Km of about 6 mM for glucose, making it well suited for sensing fluctuations in glucose concentration around physiological concentration in the portal vein [START_REF] O'malley | Sodium-coupled glucose cotransporters contribute to hypothalamic glucose sensing[END_REF] . In addition, although GLUT2 is responsible for β-cell sensing of glucose, it was ruled out as a glucose sensor in the portal vein, since the knockout of GLUT2 in mice did not abolish the effect of portal glucose in reducing food intake [START_REF] Delaere | The role of sodium-coupled glucose co-transporter 3 in the satiety effect of portal glucose sensing[END_REF] .

Initiation of the portal glucose signal

As previously mentioned, the role of the extrinsic gastrointestinal nervous is essential in sensing nutrients and transmitting information to the central nervous system [START_REF] Mithieux | Nutrient control of hunger by extrinsic gastrointestinal neurons[END_REF] . The vagus and splanchnic nerves are important components of extrinsic gastrointestinal nervous. Although the vagal pathway is the main one involved in the transmission of visceral afferent signals, we showed that the portal glucose signal would be relayed by afferent fibers of the spinal pathway to the brain. Indeed, capsaicin, a neurotoxic agent that inactivates all afferents (vagal and splanchnic), abrogates portal glucose-induced reduction in food intake [START_REF] Mithieux | Portal sensing of intestinal gluconeogenesis is a mechanistic link in the diminution of food intake induced by diet protein[END_REF] , whereas surgical disruption of the vagus nerve has no effect on reduced food intake in response to portal glucose infusion [START_REF] Delaere | The role of sodium-coupled glucose co-transporter 3 in the satiety effect of portal glucose sensing[END_REF] . These suggest that splanchnic afferents should be responsible for transmitting portal glucose information to the brain, where it activates the main regions involved in the regulation of energy and carbohydrate homeostasis, but also of the reward system [START_REF] Soty | Gut-brain glucose signaling in energy homeostasis[END_REF] .

Central targets of intestinal gluconeogenesis

Activation of the portal glucose signal leads to increased expression of the neuronal activation marker C-FOS in the major hypothalamic regions involved in the control of energy homeostasis, including the ARC, DMN, VMN, PVN, and LH [START_REF] Soty | Gut-brain glucose signaling in energy homeostasis[END_REF][START_REF] Genuth | Effects of oral alanine administration in fasting obese subjects[END_REF] .

Consistent with transmission of the portal glucose signal via the spinal pathway, portal glucose increases C-FOS expression in the PBN (which receives spinal afferents), but not in the NTS and area postrema (which receive vagal afferents) [START_REF] Soty | Gut-brain glucose signaling in energy homeostasis[END_REF][START_REF] Berthoud | Neuroanatomy of extrinsic afferents supplying the gastrointestinal tract[END_REF][START_REF] Delaere | Portal glucose influences the sensory, cortical and reward systems in rats[END_REF] .

A recent study from the laboratory has clarified the central mechanisms involved in the beneficial effects of IGN, particularly on food intake [START_REF] Soty | Calcitonin gene-related peptide-induced phosphorylation of STAT3 in arcuate neurons is a link in the metabolic benefits of portal glucose[END_REF] . We have shown that an infusion of glucose into the portal vein to mimic an induction of IGN causes a decrease in food intake associated with an increase in the phosphorylation of STAT3

(signal transducer and activator of transcription 3) in the hypothalamus and more precisely in POMC-expressing neurons of the ARC in mice. Furthermore, the intraperitoneal administration of a JAK2/STAT3 pathway inhibitor (AG490) just before the start of glucose infusion into the portal vein, reverses its anorectic effects, and thus confirms the role of STAT3 [START_REF] Soty | Calcitonin gene-related peptide-induced phosphorylation of STAT3 in arcuate neurons is a link in the metabolic benefits of portal glucose[END_REF] .

Interestingly, portal glucose infusion is able to counteract the hyperphagic behavior of Ob/Ob mice, decreasing their food intake by 20%, while inducing STAT3 phosphorylation, independently of the presence of leptin. Furthermore, the beneficial effects of portal glucose and STAT3 phosphorylation are absent in mice knockout for CGRP, the latter neuropeptide being a potent inhibitor of food intake [START_REF] Krahn | Effects of calcitonin gene-related peptide on food intake[END_REF] . Interestingly, the PBN is a target of portal glucose and contains neurons that express CGRP [START_REF] Krahn | Effects of calcitonin gene-related peptide on food intake[END_REF] .

Notably, the injection of CGRP directly into the 3rd ventricle in mice curbs hunger and induces phosphorylation of STAT3 in the hypothalamus [START_REF] Soty | Calcitonin gene-related peptide-induced phosphorylation of STAT3 in arcuate neurons is a link in the metabolic benefits of portal glucose[END_REF] .

According to these studies, IGN exerts its beneficial metabolic effects via: 1) phosphorylation of STAT3 in the hypothalamus and particularly in POMC neurons of the ARC, independently of the presence of leptin, and 2) the neuropeptide CGRP [START_REF] Soty | Calcitonin gene-related peptide-induced phosphorylation of STAT3 in arcuate neurons is a link in the metabolic benefits of portal glucose[END_REF] .

Beneficial effects associated with intestinal gluconeogenesis activation by nutrients

Since the discovery of this intestinal function, the laboratory has demonstrated that the beneficial effects of high-protein or high-fiber diets are explained by the induction of IGN. More recently, using our original mouse models of IGN activation or deficiency, our team has shown that IGN, per se, i.e., independently of its activation by nutrients, is sufficient to exert beneficial "anti-obesity", "anti-diabetes", and "anti-NAFLD" effects.

Protein-enriched diet

As mentioned above, protein-enriched diet has an appetite-reducing effect known for decades, however the mechanisms involved had never been identified before 2005.

Our laboratory has shown the key role of IGN in mediating these effects [START_REF] Mithieux | Portal sensing of intestinal gluconeogenesis is a mechanistic link in the diminution of food intake induced by diet protein[END_REF] . In this study carried out in rats in the post-absorptive period, we demonstrated that a high-protein diet leads to a decrease in food intake, associated with a strong induction of the expression of key EGP genes such as those coding for glutaminase, G6PC1 and PEPCK-c [START_REF] Mithieux | Portal sensing of intestinal gluconeogenesis is a mechanistic link in the diminution of food intake induced by diet protein[END_REF] . Interestingly, these effects are absent in mice invalidated for the G6pc1 gene specifically in the intestine and thus deficient for IGN (I.G6pc -/-mice) [START_REF] Penhoat | Protein-induced satiety is abolished in the absence of intestinal gluconeogenesis[END_REF] .

Furthermore, we have also shown that IGN plays a key role in improving hepatic insulin sensitivity on high-protein diets in rats [START_REF] Pillot | Protein feeding promotes redistribution of endogenous glucose production to the kidney and potentiates its suppression by insulin[END_REF] . During the postprandial period, oligopeptides derived from incomplete digestion of proteins in the intestinal lumen are released into the portal vein and bind to μ-opioid receptors (MOR) located on periportal nerve fibers, leading to the transmission of a nerve signal through vagal and spinal afferents. Indeed, the effects of food proteins are abolished by a treatment with capsaicin at the level of the portal vein, a treatment inactivating the sensory innervation [START_REF] Duraffourd | Mu-opioid receptors and dietary protein stimulate a gut-brain neural circuitry limiting food intake[END_REF] .

More precisely, oligopeptides enhance IGN by antagonizing MOR, which was validated by the fact that increased G6Pase activity in the intestine induced by oligopeptides is absent in MOR-knockout mice. The nerve signal initiated by blocking MOR causes an increase in C-FOS expression in the NTS, PBN and hypothalamus, reflecting the activation of these regions. Interestingly, the hypothalamic targets activated by high-protein diets are comparable to those activated by a glucose infusion directly into the portal vein mimicking IGN [START_REF] Delaere | Portal glucose influences the sensory, cortical and reward systems in rats[END_REF] .

In response, the brain via a nervous signal stimulates the release of the Upper chain: during the postprandial period, oligopeptides, derived from incompletely digested proteins, act as μ opioid receptors (MORs) antagonists sending signals to the central nervous system and then increase gluconeogenic gene expression. During post-absorptive period, glutamine (Gln) and glutamate (Glu) from protein degradation serve as gluconeogenic substrates to generate glucose in the small intestine and release into the portal vein. The SGLT3 could be the portal vein sensor sending information to the brain. Lower chain: fiber is fermented in the distal gut to produce short chain fatty acids (SCFA), mainly propionate and butyrate. Butyrate directly induces intestinal gluconeogenesis, while propionate enters portal vein and signals the brain, by serving as agonist on the free fatty acid receptor 3 (FFAR3), to induce gluconeogenic gene expression. Microbial metabolites, such as propionate and succinate, act as substrates to increase glucose synthesis. Adapted from Soty et al [START_REF] Soty | Gut-brain glucose signaling in energy homeostasis[END_REF] .

neuromediator vasoactive intestinal peptide. The latter, by binding to its receptor activates adenylate cyclase and increases the production of cAMP, involved in the induction of IGN gene expression in enterocytes (for review [START_REF] Soty | Gut-brain glucose signaling in energy homeostasis[END_REF] ). Thus, during the post-absorptive period, the induction of IGN enzymes gradually takes place. In addition, glutamine and glutamate from dietary protein degradation are used as substrates for glucose production by the gut [START_REF] Mithieux | Portal sensing of intestinal gluconeogenesis is a mechanistic link in the diminution of food intake induced by diet protein[END_REF][START_REF] Duraffourd | Mu-opioid receptors and dietary protein stimulate a gut-brain neural circuitry limiting food intake[END_REF] (Figure 19). Finally, portal glucose concentration due to IGN activation induces satiety, ultimately reducing food intake and body weight [START_REF] Duraffourd | Mu-opioid receptors and dietary protein stimulate a gut-brain neural circuitry limiting food intake[END_REF] .

Fiber-enriched diet

While the beneficial effects of dietary fiber, particularly on insulin sensitivity and glucose tolerance in both healthy and obese diabetic subjects, have been known for a long time, our laboratory has highlighted the key role of IGN in this process. Indeed, fiber enrichment in a deleterious high-fat, high-sucrose (HF-HS) diet protects mice and rats from body weight gain, decreases body fat, and improves glucose tolerance and insulin sensitivity by increasing the expression of IGN genes. Remarkably, these beneficial effects do not take place in mice deficient for IGN (I.G6pc -/-mice) [START_REF] Vadder | Microbiota-generated metabolites promote metabolic benefits via gut-brain neural circuits[END_REF] .

Fermentation of fiber by the gut microbiota provides short-chain fatty acids, such as butyrate and propionate, but also a large amount of succinate, which are all able to induce IGN by several complementary mechanisms.

Indeed, short-chain fatty acids improve insulin sensitivity and glucose tolerance in rats [START_REF] Vadder | Microbiota-generated metabolites promote metabolic benefits via gut-brain neural circuits[END_REF] , which was associated with an increase in portal glucose appearance, G6Pase activity, and expression of gluconeogenic genes. Butyrate directly activates the expression of IGN genes in enterocytes by increasing the concentration of ATP, which in turn activates adenylate cyclase through a substrate effect. The production of cAMP then leads to the induction of expression of the key regulatory genes of IGN [195, 306, 307] . In parallel, the binding of propionate to the free fatty acid receptor 3, expressed by periportal nerves, initiates a gut-brain neural circuit that also results in a local release of vasoactive intestinal peptide in the intestine. Binding of this peptide to its receptors increases the level of cAMP, which is responsible for the activation of IGN genes [START_REF] Vadder | Vasoactive intestinal peptide is a local mediator in a gut-brain neural axis activating intestinal gluconeogenesis[END_REF] . In addition, propionate, like succinate, is used as a substrate for glucose production by the gut [START_REF] Vadder | Microbiota-generated metabolites promote metabolic benefits via gut-brain neural circuits[END_REF][START_REF] Vadder | Microbiota-produced succinate improves glucose homeostasis via intestinal gluconeogenesis[END_REF] (Figure 19). Indeed, succinate, which is another microbial metabolite from fiber-enriched diet, increases IGN and improves glucose control in WT mice, while not in I.G6pc -/-mice [START_REF] Vadder | Microbiota-produced succinate improves glucose homeostasis via intestinal gluconeogenesis[END_REF] .

Thus, dietary fiber is capable of both inducing IGN genes in the early post-absorptive phase, but also exerting longer-term beneficial effects through delayed and distal digestion of insoluble fiber by the gut microbiota.

Murine models for studying intestinal gluconeogenesis

First, the laboratory created a mouse model of IGN knockout in order to study the causal role of IGN in the beneficial effects of high protein and high fiber diets.

Subsequently, using this model, our group was able to show that the absence of this intestinal function in I.G6pc -/-mice is sufficient to induce the development of metabolic disorders. More recently, the creation of a genetic activation model of IGN (I.G6pc overexp mice) has allowed us to show that the activation of IGN, independently of nutrients, exerts anti-obesity, anti-diabetes and anti-hepatic steatosis effects.

The purpose of this section is to present these two original mouse models, the I.G6pc -/-and I.G6pc overexp mice, and related discoveries.

The deleterious effects associated with the invalidation of intestinal gluconeogenesis

Since gluconeogenesis is present only in three organs (the liver, kidneys and intestine), intestine-specific knockout of G6pc1 gene (I.G6pc -/-) was created for exploring the effects resulting of the invalidation of IGN (Figure 20A).

The mouse model

The IGN invalidation model (I.G6pc -/-mice) is based on a inducible CRE-lox strategy, stimulated in adulthood by tamoxifen injection. Specifically, loxP sites are introduced into the introns on either side of exon 3 of G6pc1 gene. The expression of the inducible CRE-ERT2 recombinase is placed under the control of the villin promoter in order to induce gene deletion specifically in the intestine. This chimeric protein associating CRE recombinase and the ligand-binding domain of the estrogen receptor ERT2 is activated by tamoxifen. Indeed, intraperitoneal injection of tamoxifen in adulthood (6-8 weeks) induces a conformational change of the CRE-ERT2 recombinase and its translocation into the nucleus where it will specifically recognize the loxP and excise the exon 3 of G6pc1 gene (Figure 20A).

The invalidation of the G6pc1 gene has been verified in the intestine, although a residual and non-specific intestinal phosphatase activity can be measured.

The absence of intestinal gluconeogenesis favors the appearance of metabolic disorders

IGN-deficient mouse model allowed us to show that the absence of this function is sufficient to promote the development of metabolic disorders while mice consume a standard diet. Indeed, I.G6pc -/-mice show metabolic alterations characteristic of a pre-diabetic state such as mild hyperglycemia and hyperinsulinemia during fasting and defects in pancreatic function [START_REF] Soty | A gut-brain neural circuit controlled by intestinal gluconeogenesis is crucial in metabolic health[END_REF] . Indeed, pancreatic islets isolated from I.G6pc -/- mice show impaired insulin secretion in response to glucose [START_REF] Soty | A gut-brain neural circuit controlled by intestinal gluconeogenesis is crucial in metabolic health[END_REF] . These mice also develop impaired glucose tolerance and insulin sensitivity with a defect in HGP inhibition by insulin [START_REF] Soty | A gut-brain neural circuit controlled by intestinal gluconeogenesis is crucial in metabolic health[END_REF] . Consistent with these results obtained on the standard diet, the absence of IGN accelerates the onset of impaired glycemic control when mice are The CRE recombinase is also expressed under the control of the villin promoter in order to induce the gene deletion of STOP between the two loxP sites specifically in the intestine. The STOP cassette is constantly excised by the CRE recombinase, allowing a strong transcription of G6pc1 specifically in the intestine since embryogenesis.

A and B are adapted from the thesis of F Sinet [START_REF] Sinet | Rôle de la néoglucogenèse intestinale dans les comportements émotionnels[END_REF] and Vily-Petit et al [START_REF] Vily-Petit | Intestinal gluconeogenesis prevents obesity-linked liver steatosis and non-alcoholic fatty liver disease[END_REF] ,

respectively.

fed with a HF-HS diet [START_REF] Soty | A gut-brain neural circuit controlled by intestinal gluconeogenesis is crucial in metabolic health[END_REF] .

Recently, our group has shown, while they are not obese, I.G6pc -/-mice have higher body fat mass than WT mice [START_REF] Vily-Petit | Intestinal Gluconeogenesis Regulates Brown and White Adipose Tissues Functions in mice[END_REF] . Specifically, the absence of IGN alters liver and adipose tissue metabolism. Indeed, by increasing lipid uptake and DNL in the liver, the absence of IGN is sufficient to promote ectopic lipid accumulation and increase the expression of pro-inflammatory markers in the liver [START_REF] Vily-Petit | Intestinal gluconeogenesis prevents obesity-linked liver steatosis and non-alcoholic fatty liver disease[END_REF] . This suggests that the absence of IGN could promote the onset and aggravation of hepatic steatosis towards NAFLD [START_REF] Vily-Petit | Intestinal gluconeogenesis prevents obesity-linked liver steatosis and non-alcoholic fatty liver disease[END_REF] .

On the other hand, the study of adipose tissue metabolism revealed that IGN is also able to modify it. In fact, the absence of IGN decreases the thermogenesis of brown adipose tissue (BAT) and epididymal WAT. This decrease in heat production in adipose tissue could be responsible for the increase in fat mass in I.G6pc -/-mice. On the other hand, the absence of IGN is also capable of increasing adipose tissue inflammation and altering its adipokine secretory function [START_REF] Vily-Petit | Intestinal Gluconeogenesis Regulates Brown and White Adipose Tissues Functions in mice[END_REF] .

Finally, the absence of IGN is sufficient to induce defects in hypothalamic function, including leptin resistance in the hypothalamus [START_REF] Soty | A gut-brain neural circuit controlled by intestinal gluconeogenesis is crucial in metabolic health[END_REF] . Indeed, these mice show a reduced food intake following peripheral administration of leptin and a defect in the activation of the STAT3 phosphorlyation pathway at the hypothalamic level.

Remarkably, infusion of glucose directly into the portal vein, aimed at restoring the portal glucose signal, corrects the metabolic defects and leptin resistance in I.G6pc -/- mice [START_REF] Soty | A gut-brain neural circuit controlled by intestinal gluconeogenesis is crucial in metabolic health[END_REF] .

Taking together, the deficiency of IGN leads to impaired energy homeostasis and reduced energy expenditure, increasing susceptibility to metabolic syndrome, T2D, hepatic steatosis and adipose tissues alterations.

Genetic activation of intestinal gluconeogenesis protects against obesity and its complications

In order to investigate the precise effect of activated IGN, per se, independently of any exogenous influence of relevant macronutrients, a genetic activation model of IGN was created in our laboratory (Figure 20B).

The mouse model

The overexpression of G6pc1 in the intestine (I.G6pc overexp mice) was achieved by CRE-lox recombinase technology [START_REF] Vily-Petit | Intestinal gluconeogenesis prevents obesity-linked liver steatosis and non-alcoholic fatty liver disease[END_REF] . Gene overexpression of G6pc1 requires insertion of the cDNA of the catalytic subunit of G6pc1 in Rosa26 locus. This locus exhibits a strong transcriptional activity but is blocked here by the STOP cassette flanked by loxP sites. Inducible activation of the G6pc1 gene requires CRE recombinase to excise the STOP cassette between the two loxP sites. As for I.G6pc -/- mice, the CRE recombinase is also expressed under the control of the villin promoter, assuring intestinal specificity. Nevertheless, unlike the I.G6pc -/-mice, this CRE recombinase has not been fused to ERT2, and is therefore constitutively active. The STOP cassette is therefore constantly excised by the CRE recombinase, allowing a strong transcription of G6pc1 specifically in the intestine from embryogenesis [START_REF] Nakajima | Suppression of food intake by histidine-rich protein under low energy intake[END_REF][START_REF] Nakajima | Correlation between energy and histidine intake in female living in Setouchi area[END_REF] (Figure 20B). It has been verified that compared with WT mice, I.G6pc overexp mice have a 4-fold increase in G6PC1 mRNA expression and a 3-fold increase in G6Pase enzyme activity with no impact on liver and kidney gluconeogenesis [START_REF] Vily-Petit | Intestinal gluconeogenesis prevents obesity-linked liver steatosis and non-alcoholic fatty liver disease[END_REF] .

Metabolic benefits in I.G6pc overexp mice

Using this model of IGN activation, our laboratory showed that IGN is able to improve the control of energy homeostasis in the absence of nutritional challenge, i.e., when mice are fed on standard diet. Mirroring I.G6pc -/-mice, I.G6pc overexp mice store less lipid in the liver [START_REF] Vily-Petit | Intestinal gluconeogenesis prevents obesity-linked liver steatosis and non-alcoholic fatty liver disease[END_REF] .

Next, to determine whether IGN is able to protect against obesity and its complications, including diabetes and NAFLD, I.G6pc overexp and WT mice were fed HF-HS diet for 5 months. The results showed that despite identical food intake, I.G6pc overexp mice gain less body weight than WT mice [START_REF] Vily-Petit | Intestinal gluconeogenesis prevents obesity-linked liver steatosis and non-alcoholic fatty liver disease[END_REF] . Moreover, I.G6pc overexp exhibit improved insulin sensitivity and glucose control, as well as prevention from developing hepatic steatosis, the first stage of NAFLD. Indeed, I.G6pc overexp mice showed lower hepatic TG content, which was associated with the improvement of hepatic DNL and lipid uptake. Hepatic steatosis can evolve into NASH (Nonalcoholic steatohepatitis), characterized by steatosis, inflammation and fibrosis [START_REF] Huby | Immune cell-mediated features of non-alcoholic steatohepatitis[END_REF] . I.G6pc overexp mice exhibit downregulated gene expression of pro-inflammatory cytokines and fibrotic markers in the liver, indicating its important role in preventing the deterioration of fatty liver [START_REF] Vily-Petit | Intestinal gluconeogenesis prevents obesity-linked liver steatosis and non-alcoholic fatty liver disease[END_REF] .

In addition, I.G6pc overexp improves energy balance under high calorie diet. Indeed, IGN positively controls fat storage, thermogenic capacities and the adipokine secretion profile through a gut-brain-adipose tissue neural circuit involving the sympathetic nerves [START_REF] Vily-Petit | Intestinal Gluconeogenesis Regulates Brown and White Adipose Tissues Functions in mice[END_REF] .

These works provided the proof of concept that IGN could represent an interesting therapeutic target against obesity and its complications. Then, the search for molecules capable of activating it is now a major issue. For this purpose, cellular tools have been developed to perform screening of molecules supposed to activate IGN.

Cellular models for the study of intestinal gluconeogenesis

Cell culture technology has the advantages of fast results production, easy to handle and quantify, consistency and reproducibility of results, and saving animals [START_REF] Jungas R L | Quantitative analysis of amino acid oxidation and related gluconeogenesis in humans[END_REF] .

Therefore, it is economical and efficient to screen for potential molecules that could activate IGN using cell culture techniques.

The Caco-2 cell line, originally isolated from human colon adenocarcinoma, has been widely used in intestinal research as an in vitro model. This cell line has a ability to spontaneously differentiate to form a monolayer of cells and exhibit a variety of properties identical to mature enterocyte, both morphologically and functionally [START_REF] Sambuy | The Caco-2 cell line as a model of the intestinal barrier: influence of cell and culture-related factors on Caco-2 cell functional characteristics[END_REF] . A, The promoter of rat G6pc1 was cloned into "pGL2 basic" vector upstream of a luciferase reporter gene. The constructed G6PC1-LUC plasmid then was stably transfected into Caco-2 cells, which could be treated with potential molecules. At the end of treatment, cells were harvested and assayed for luciferase activity to reflect the transcriptional activity of G6pc1. B, The plasmid containing a CMV (Cytomegalovirus) promoter cloned upstream the human cDNA of G6pc1 was stably transfected into Caco-2 cells [START_REF] Weijzen | Ingestion of free amino acids compared with an equivalent amount of intact protein results in more rapid amino acid absorption and greater postprandial plasma amino acid availability without affecting muscle protein synthesis rates in young adults in a double-blind randomized trial[END_REF] , which allowed us to screen whether potential molecules could activate IGN at the level of G6Pase activity and glucose production in vitro.

However, RT-PCR analysis showed no expression in undifferentiated Caco-2 cells and weak expression of G6pc1 mRNA in differentiated Caco-2 cells [START_REF] Rajas | The glucose-6 phosphatase gene is expressed in human and rat small intestine: regulation of expression in fasted and diabetic rats[END_REF] . Moreover, the basal endogenous enzymatic activity and protein expression of G6PC1 are also barely detectable [START_REF] Soty | Post-translational regulation of the glucose-6-phosphatase complex by cyclic adenosine monophosphate is a crucial determinant of endogenous glucose production and is controlled by the glucose-6-phosphate transporter[END_REF] . In view of this, our laboratory modified Caco-2 cells with bioengineering methods and developed two cell models that can be used to screen whether potential molecules could activate IGN at three different levels, including the transcriptional level, the enzymatic activity level and the level of glucose production [START_REF] Soty | Post-translational regulation of the glucose-6-phosphatase complex by cyclic adenosine monophosphate is a crucial determinant of endogenous glucose production and is controlled by the glucose-6-phosphate transporter[END_REF][START_REF] Gautier-Stein | Differential regulation of the glucose-6phosphatase TATA box by intestine-specific homeodomain proteins CDX1 and CDX2[END_REF] .

Cell model to study the expression of the G6pc1 gene expression

The plasmid containing the G6PC1 promoter and its downstream luciferase reporter gene was stably transfected into Caco-2 cells (Figure 21A), which allowed us to measure the luciferase activity to reflect the changes in G6pc1 gene expression [START_REF] Gautier-Stein | Differential regulation of the glucose-6phosphatase TATA box by intestine-specific homeodomain proteins CDX1 and CDX2[END_REF][START_REF] Rajas | Polyunsaturated fatty acyl coenzyme A suppress the glucose-6-phosphatase promoter activity by modulating the DNA binding of hepatocyte nuclear factor 4α[END_REF] . Specifically, a luciferase reporter assay has been used to investigate gene regulation at the transcriptional level with rapid, sensitive and quantitative characteristics. The rat G6PC1 promoter constructs containing regions up to nucleotide ±1640, relative to the transcription start site, was cloned into the "pGL2 basic" vector upstream of a luciferase reporter gene [START_REF] Rajas | Polyunsaturated fatty acyl coenzyme A suppress the glucose-6-phosphatase promoter activity by modulating the DNA binding of hepatocyte nuclear factor 4α[END_REF] . The constructed G6PC1-LUC plasmid was then transfected into Caco-2 cells by the calcium phosphate transfection method [START_REF] Rajas | Polyunsaturated fatty acyl coenzyme A suppress the glucose-6-phosphatase promoter activity by modulating the DNA binding of hepatocyte nuclear factor 4α[END_REF] . Once differentiated, the modified Caco-2 cells can be used to test potential molecules. At the end of treatment, cells are harvested and assayed for luciferase activity with a luminometer. The luciferase activity is positively correlated with G6pc1 gene expression level.

Cell model to study the glucose-6-phosphatase activity and glucose production

The plasmid containing a CMV (Cytomegalovirus) promoter cloned upstream the human cDNA of G6pc1 was stably transfected into Caco-2 cells [START_REF] Soty | Post-translational regulation of the glucose-6-phosphatase complex by cyclic adenosine monophosphate is a crucial determinant of endogenous glucose production and is controlled by the glucose-6-phosphate transporter[END_REF] , which allowed us to screen whether potential molecules could activate IGN at the level of G6Pase activity and glucose production in vitro (Figure 21B). With a strong promoter like CMV, this intestinal cell model stably overexpresses G6PC1 [START_REF] Soty | Post-translational regulation of the glucose-6-phosphatase complex by cyclic adenosine monophosphate is a crucial determinant of endogenous glucose production and is controlled by the glucose-6-phosphate transporter[END_REF] .

Chapter 4. Amino acids metabolism and its metabolic benefits

Given the causal role of IGN in the metabolic benefits induced by protein-enriched diets and the fact that glutamine is the predominant substrate for IGN during fasting, it is interesting to investigate whether other amino acids can exert metabolic benefits by activating IGN. Thus, this chapter aims to describe the metabolism of amino acids in the organism and recent advances in their impact on energy homeostasis.

An overview of the structure and function of amino acids

There are more than 500 amino acids identified in nature, of which 20 are proteinogenic amino acids that could be incorporated biosynthetically into proteins during translation [START_REF] Walsh | Nonproteinogenic amino acid building blocks for nonribosomal peptide and hybrid polyketide scaffolds[END_REF] (Unless otherwise specified, the following amino acids refer to proteinogenic amino acids). They all have the same basic structure containing an αcarboxyl group (-COOH), an α-amine group (-NH2), and the remaining R-group (a variable side chain) (Figure 22). The amino and carboxyl groups of amino acids are the same, while they differ in the R group. All amino acids have two mirror image forms (L and D) except for glycine, whose R group is a hydrogen atom. With very few exceptions, amino acids in cells and proteins are in the L configuration since only L-amino acids could be inserted into the peptide chains [START_REF] Wilson | Amino acids and proteins[M]//Fish nutrition[END_REF] .

In addition, according to the structure of amino acids, they can be classified as non-polar (hydrophobic) and polar (hydrophilic) amino acids. The polar amino acids are further divided into anionic, cationic, or neutral amino acids. Anionic amino acids refer to amino acids containing extra carboxylic acid in their R-group, such as aspartic acid and glutamic acid (Figure 22). Cationic amino acids contain an extra nitrogen group, including histidine, lysine, and arginine, while neutral amino acids have an equal number of amino and carboxyl group, such as serine, threonine, asparagine, glutamine, cysteine and tyrosine (Figure 22). All amino acids have the same basic structure containing an α-carboxyl group (-COOH), an α-amine group (-NH2), and the remaining R-group (a variable side chain). Notably, the R group of glycine is a hydrogen atom.

Amino acids have many important functions. It is already known that amino acids are the building blocks of proteins and polypeptides. Proteins are essential components of organisms, and all biochemical reactions require the participation of proteins. Moreover, amino acids can also be used as substrates to participate in the synthesis of nucleotides, a number of hormones and neurotransmitters in the body [START_REF] Gutiérrez-Preciado | An evolutionary perspective on amino acids[END_REF] .

Depending on the metabolic fate of the carbon chain, amino acids can be converted into either ketone bodies (ketogenic amino acids) or glucose (glycogenic amino acids).

In addition to serving as precursors, there is growing evidence suggesting the regulatory role of amino acids in gene expression and key metabolic pathways involved in protein synthesis, energy homeostasis, immune function, and reproduction [START_REF] Wu | Amino acids: metabolism, functions, and nutrition[END_REF][START_REF] Kimball | New functions for amino acids: effects on gene transcription and translation[END_REF] .

Digestion and metabolism of amino acids

During the postprandial period, dietary protein is the main source of amino acids for the organism. But under conditions such as fasting, proteolysis takes place in skeletal muscle and releases amino acids to blood circulation. Therefore, dietary protein and muscle proteolysis are the important sources of circulating amino acids under different conditions.

In detail, dietary proteins undergo a series of degradation processes from the stomach to the small intestine, where they are degraded into small peptides and amino acids and then absorbed by the enterocytes. It is estimated that approximately 50% of ingested protein is extracted by splanchnic tissues (mainly intestine), the remaining 50% of amino acids are released into the plasma circulation for extra-splanchnic utilization [START_REF] Groen | Post-prandial protein handling: you are what you just ate[END_REF][START_REF] Stokes | Recent perspectives regarding the role of dietary protein for the promotion of muscle hypertrophy with resistance exercise training[END_REF] . Although only 10% of amino acids enters into skeletal muscle and used for protein synthesis, skeletal muscle is the major reservoir of amino acids, accounting for nearly 60% of the body's total protein [START_REF] Wagenmakers | Protein and amino acid metabolism in human muscle[END_REF] . Under conditions such as fasting, skeletal muscle undergoes proteolysis, releasing amino acids for utilization by other tissues. This section aims to describe the digestion of dietary proteins, intestinal A, Dietary protein is initially degraded into smaller polypeptides, thanks to pepsin and gastric acid. The small polypeptides reach the small intestine and continue to be degraded, under the action of pancreatic proteases, into di-and tripeptides and free amino acids, which were absorbed in the proximal jejunum. B, Dipeptides, tripeptides and free amino acids are transported into enterocytes by specific transporters located in the apical membrane. Some oligopeptides are degraded into amino acids in enterocytes. Amino acids are transported into the bloodstream under the action of specific transporters located in the basolateral membrane.

AAs, amino acids; CAA, cationic amino acids; NAA, neutral amino acids; AAAs, aromatic amino acids; Pro, proline; Glu -, glutamic acid; NHE3, sodium-hydrogen exchanger member 3; PepT 1, peptide transporter 1; PAT1, proton-coupled amino acid transporter 1; SIT1, sodium/imino-acid transporter 1; EAAC1, excitatory amino acid carrier 1; B 0 AT1, system B neutral amino acid transporter AT1; LAT, large neutral amino acids transporter.

B was adapted from Kandasamy et al [START_REF] Kandasamy | Amino acid transporters revisited: New views in health and disease[END_REF] .

absorption and metabolism of amino acids.

Digestion of dietary proteins

Dietary protein is initially degraded in the stomach, thanks to pepsin and gastric acid secreted by chief cells and parietal cells, respectively (Figure 23A). Specifically, on the one hand, gastric acid converts inactive pepsinogen into active pepsin. On the other hand, gastric acid denatures proteins by unfolding to allow pepsin to cleave peptide bonds at multiple cleavage points. Thus, dietary protein is degraded into smaller polypeptides in the stomach (Figure 23A).

When the small polypeptides reach the small intestine, they are further degraded under the action of pancreatic proteases, including trypsin, chymotrypsin, elastase, and carboxypeptidases [START_REF] Goodman | Insights into digestion and absorption of major nutrients in humans[END_REF] . They are all secreted as zymogens and activated initially by enteropeptidase. The latter firstly cleaves zymogen trypsinogen to form trypsin and then other zymogens are activated. These activated pancreatic proteases are respectively responsible for cleaving the different peptide bonds and ultimately cleaving polypeptides into oligopeptides (2-8 amino acids) and free amino acids (Figure 23A). Some oligopeptides will be cleaved into dipeptides, tripeptides, and free amino acids by aminopeptidases located on the brush-border membranes. The mixture of dipeptides, tripeptides, and free amino acids are mainly absorbed in the proximal jejunum under the action of transporters [START_REF] Goodman | Insights into digestion and absorption of major nutrients in humans[END_REF][START_REF] Silk | Protein digestion and amino acid and peptide absorption[END_REF][START_REF] Erickson | Digestion and absorption of dietary protein[END_REF] .

Intestinal absorption and metabolism of amino acids

Dipeptides, tripeptides and free amino acids generated by dietary protein degradation need to undergo transport and metabolism in the intestinal epithelium before they can enter the portal vein from the intestinal lumen. Specifically, they are first transported into enterocytes by transporters on the apical membrane of the intestinal epithelium (Figure 23B). Within enterocytes, dipeptides and tripeptides are either further degraded into amino acids or transported into the blood by transporters located in the basolateral membrane (Figure 23B). In parallel, amino acids are metabolized by enterocytes or exported into the blood through the basolateral membrane. Notably, catabolism dominates the first-pass intestinal utilization of dietary essential amino acids [START_REF] Wu | Intestinal mucosal amino acid catabolism[END_REF] .

Transporters in apical and basolateral membranes of the intestine

Although transporter classifications have been reported according to substrate properties (such as anionic, cationic, or neutral amino acids) or types of facilitated diffusion (symporter, antiporter, and uniporter), they are generally members of the solute carrier (SLC) family [START_REF] Kandasamy | Amino acid transporters revisited: New views in health and disease[END_REF][START_REF] Chen | Glucose and amino acid in enterocyte: absorption, metabolism and maturation[END_REF] (Figure 23B). Briefly, dipeptides and tripeptides are transported across apical membrane through PEPT1 (H + -coupled peptide transporter 1, encoded by SLC15A1). Although it is generally believed that dipeptides and tripeptides are rapidly degraded into amino acids in the cytoplasm, they can also be transported directly through the basolateral membrane [START_REF] Daniel | Taste and move: glucose and peptide transporters in the gastrointestinal tract[END_REF] . In addition, the transporter EAAT3 (excitatory amino acid transporter 3), also known as EAAC1, encoded by SLC1A1, is Na + -dependent and responsible for the apical uptake of anionic amino acids, including aspartic acid and glutamic acid. The neutral amino acids are transported into enterocytes by B 0 AT1 (SLC6A19), which is also Na + -dependent. In contrast, the transporter b 0,+ AT, encoded by SLC7A9, is Na + -independent and mainly transports cationic amino acids and cysteine [418] . There are two transporters responsible for apical uptake of proline and glycine, including SIT1 (Sodium/Imino-acid Transporter 1, encoded by SLC6A20, Na + -dependent) and PAT1 (Proton-coupled amino acid transporter 1, encoded by SLC36A1, H + -coupled co-transporters). It's of note that NHE3 (SLC9A3) promotes apical uptake of H + -coupled amino acid by serving as a Na + /H + exchanger (Figure 23B).

After being metabolized in enterocytes (see next paragraph for details), amino acids are transported across the basolateral membrane into the blood by transporters.

The L-type amino acid transporter LAT1 (SLC7A5), located in the basolateral membrane, is responsible for the transport of large neutral amino acids such as tyrosine, leucine, isoleucine, valine and phenylalanine, from enterocytes to the blood, while the transporter LAT4 (SLC43A2) transports branched chain amino acids. The transporter y + LAT1 (SLC7A7) transports cationic amino acids and cystine. Finally, transporter LAT2 (SLC7A8) is responsible for the transport of large branched and aromatic neutral amino acids except proline [START_REF] Kandasamy | Amino acid transporters revisited: New views in health and disease[END_REF][START_REF] Chen | Glucose and amino acid in enterocyte: absorption, metabolism and maturation[END_REF] (Figure 23B). It's of note that in addition to transport amino acid from enterocyte cytoplasm into blood, certain transporters located in the basolateral membrane can also transport amino acids (especially glutamine) from arterial blood into enterocytes during the postabsorptive state [START_REF] Wu | Amino acid metabolism in the small intestine: biochemical bases and nutritional significance[END_REF] . Therefore, the equipment in transporters of the apical and basolateral membranes of enterocytes enables them to take up amino acids from two sides: the intestinal lumen and the arterial blood.

Amino acids metabolism in the enterocytes

The small intestine is a highly differentiated and metabolically active organ that can utilize amino acids for energy (mainly glutamine) and protein synthesis. Indeed, amino acids are selectively metabolized in enterocytes. According to their metabolic fates, the metabolism of amino acids in the intestinal mucosa could be divided into four categories, namely neither synthesized nor degraded, only synthesized but not degraded, only degraded but not synthesized, and both synthesized and degraded [START_REF] Wu | Amino acid metabolism in the small intestine: biochemical bases and nutritional significance[END_REF] .

Cysteine, tryptophan, histidine, and asparagine are neither synthesized nor degraded in the rat intestinal mucosa, although asparagine metabolism by the intestine is present in other species [START_REF] Wu | Amino acid metabolism in the small intestine: biochemical bases and nutritional significance[END_REF][START_REF] Wu | Amino acid metabolism in the small intestine[END_REF] .

Tyrosine is the only amino acid that can be synthesized from phenylalanine by the intestinal mucosa without being degraded. It has been proved that intestinal release of tyrosine is higher than dietary tyrosine intake in animal studies [START_REF] Stoll | Catabolism dominates the first-pass intestinal metabolism of dietary essential amino acids in milk protein-fed piglets[END_REF][START_REF] Tagari | Intestinal disappearance and portal blood appearance of amino acids in sheep[END_REF] .

Branched chain amino acids (BCAA), lysine, methionine, phenylalanine, and threonine are amino acids that can be degraded but not synthesized in the intestine.

Indeed, 20-30% of leucine in human intestinal lumen [START_REF] Hoerr | Effects of protein restriction and acute refeeding on leucine and lysine kinetics in young men[END_REF] , 30% of isoleucine, and 40% of valine in piglets are taken up by intestine in the first pass [START_REF] Stoll | Catabolism dominates the first-pass intestinal metabolism of dietary essential amino acids in milk protein-fed piglets[END_REF] and metabolized by BCAA transaminase [START_REF] Khatra | Distribution of branched-chain alpha-keto acid dehydrogenases in primate tissues[END_REF][START_REF] Harper | Branched-chain amino acid metabolism[END_REF] . About half of lysine, methionine, phenylalanine, and threonine are absorbed by the intestine during first-pass metabolism [START_REF] Stoll | Catabolism dominates the first-pass intestinal metabolism of dietary essential amino acids in milk protein-fed piglets[END_REF] . The corresponding methionine transamination and the transsulfuration pathway are also found in intestine [START_REF] Mitchell | The role of transamination in methionine oxidation in the rat[END_REF][START_REF] Lux | Ornithine decarboxylase is important in intestinal mucosal maturation and recovery from injury in rats[END_REF] .

Amino acids that are both degraded and synthesized by the intestinal mucosa include glutamine, glutamic acid, aspartic acid, alanine, arginine, citrulline, ornithine, proline, serine and glycine [START_REF] Wu | Amino acid metabolism in the small intestine: biochemical bases and nutritional significance[END_REF] . Specifically, 55% of glutamine in humans [START_REF] Matthews | Splanchnic bed utilization of glutamine glutamic acid in humans[END_REF] , 66% of glutamine [START_REF] Windmueller | Intestinal metabolism of glutamine and glutamate from the lumen as compared to glutamine from blood[END_REF] , 98% of glutamic acid, and 99% of aspartic acid in rats [START_REF] Windmueller | Glutamine utilization by the small intestine[END_REF] are sequestered in the first pass. Furthermore, 38%, 28%, 24%, and 7% of the glutamine nitrogen are converted to ammonia, citrulline, alanine, and proline in the intestine mucosa, respectively [START_REF] Wu | Amino acid metabolism in the small intestine: biochemical bases and nutritional significance[END_REF] . In parallel, 56%, 16%, 5.8%, 4.4%, 4.0%, 2.4% of glutamine carbons are converted to CO2, lactate, proline, citrulline, alanine, and glucose, respectively [START_REF] Wu | Intestinal mucosal amino acid catabolism[END_REF] . Similarly to glutamine, more than 50% and 16-20% of glutamic acid and aspartic acid carbons are converted to CO2 and lactate, respectively [START_REF] Wu | Intestinal mucosal amino acid catabolism[END_REF] . Of note, 10% of aspartate carbons are incorporated into glucose [START_REF] Wu | Intestinal mucosal amino acid catabolism[END_REF] .

Glutamine and glutamic acid can be interconverted by glutaminase and glutamine synthase in the intestine [START_REF] Wu | Intestinal mucosal amino acid catabolism[END_REF][START_REF] Wu | Amino acid metabolism in the small intestine: biochemical bases and nutritional significance[END_REF] . In addition, 40% of arginine is catabolized in the intestine mucosa with the main product being ornithine [START_REF] Wu | Intestinal mucosal amino acid catabolism[END_REF] . Indeed, arginine, citrulline, ornithine, and proline can also be interconverted in the intestine [START_REF] Wu | Intestinal mucosal amino acid catabolism[END_REF][START_REF] Wu | Amino acid metabolism in the small intestine: biochemical bases and nutritional significance[END_REF] .

About half of serine and glycine are catabolized in the gut by serine dehydratase, serine aminotransferase, and serine hydroxymethyltransferase [START_REF] Stoll | Catabolism dominates the first-pass intestinal metabolism of dietary essential amino acids in milk protein-fed piglets[END_REF][START_REF] Kikuchi | Role of the glycine-cleavage system in glycine and serine metabolism in various organs[END_REF] .

Systemic homeostasis and interorgan exchange of amino acids

Systemic amino acid homeostasis

Blood amino acid concentrations are finely regulated. Amino acids themselves are the most relevant regulators of their systemic homeostasis, and hormones also play an important role [349] . Multiple organs cooperate with each other to maintain systemic amino acid homeostasis under different conditions (Figure 24).

Food intake increases the blood amino acid pool. The brain is very sensitive to the level of amino acids in the blood [START_REF] Anthony | Detection of amino acid deprivation in the central nervous system[END_REF] . Indeed, BCAA, especially leucine, has been proposed to be a signal of amino acid levels in the blood circulation, as it activates the mTOR signaling pathway to suppress appetite when injected in the brain [START_REF] Kahn | mTOR tells the brain that the body is hungry[END_REF] . In contrast, amino acids deprivation increases appetite in mice by activating amino acids sensor GCN2 (general control nonderepressible 2) in the anterior piriform cortex of the brain [START_REF] Maurin | The GCN2 kinase biases feeding behavior to maintain amino acid homeostasis in omnivores[END_REF][START_REF] Dever | GCN2 whets the appetite for amino acids[END_REF] . As mentioned above, feeding and overnight fasting maintain skeletal muscle amino acid homeostasis by regulating protein synthesis and degradation.

Excess amino acids can be oxidized for energy in most tissues. Extrahepatic tissues produce ammonia during amino acids oxidation, which is toxic to these tissues. In the normal physiological state, blood ammonia levels are tightly controlled and need to form non-toxic molecules to be transferred to the liver [START_REF] Cooper | Ammonia metabolism in mammals: interorgan relationships[END_REF] . Ammonia in most tissues can combine with glutamate to form glutamine and enter the liver for deamination [START_REF] Zhou | Novel aspects of glutamine synthetase in ammonia homeostasis[END_REF] .

In addition to the formation of glutamine, ammonia in muscle can also be specifically transferred to the liver as alanine [START_REF] Nelson | Lehninger principles of biochemistry[END_REF] . In contrast, during fasting state, amino acids oxidation decreases in all tissues. In hypoinsulinemic states, protein degradation in skeletal muscle increases, releasing large amounts of amino acids, mainly glutamine and alanine. The kidney is also involved in the maintenance of systemic amino acid homeostasis. Under normal physiological conditions, almost all amino acids are reabsorbed by the kidneys. The kidneys also play a role in the degradation and biosynthesis of certain amino acids (see review [START_REF] Li | Amino acid metabolism in the kidneys: nutritional and physiological significance[END_REF] ). It's of note that the regulation of amino acids homeostasis by insulin is tissue-specific. In the postprandial state, hyperinsulinemia promotes protein synthesis and inhibits protein breakdown in both liver and skeletal muscle. However, in the post-absorptive state, hypoinsulinemia also promotes protein synthesis and inhibits protein breakdown in the liver, but inhibits protein synthesis and promotes protein breakdown in skeletal muscle [START_REF] James | Insulin regulation of proteostasis and clinical implications[END_REF] . In addition, other hormones such as glucagon and cortisol also inhibit protein synthesis and promote protein breakdown [START_REF] James | Insulin regulation of proteostasis and clinical implications[END_REF][START_REF] Charlton | Evidence for a catabolic role of glucagon during an amino acid load[END_REF][START_REF] Simmons | Increased proteolysis. An effect of increases in plasma cortisol within the physiologic range[END_REF] .

Interorgan amino acids exchange

Amino acids exchange among organs usually occurs in the postabsorptive period [START_REF] Tessari | Interorgan amino acid exchange[END_REF] . Interorgan amino acids exchange is an important physiological process, which maintains amino acids homeostasis according to different physiological situations, as well as enables rational distribution of amino acids in different tissues [START_REF] Brosnan | Interorgan amino acid transport and its regulation[END_REF] .

Alanine and glutamine

Interorgan exchange of BCAA, alanine and glutamine involve skeletal muscle, liver, kidneys and intestine (Figure 25). Specifically, BCAA can be taken up by skeletal muscle and used for the synthesis of alanine, which, along with glutamine, are the two main amino acids released by skeletal muscle. Then, glutamine mainly enters the kidneys and intestine. In the kidneys, glutamine can participate in gluconeogenesis and release NH4 + , especially in acidosis, which is the main way by which the kidneys maintain acid-base balance. In the intestine, glutamine acts as the major substrate for IGN. Of note, alanine is an important product of glutamine metabolism in the intestine. Indeed, as mentioned in section "Amino acids metabolism in the enterocytes" of Chapter 4, considerable nitrogen (24%) but little carbon (4%) of glutamine is incorporated into alanine. Alanine released from the skeletal muscle and intestinal Adapted from Paulusma et al [START_REF] Paulusma | Amino acid metabolism, transport and signalling in the liver revisited[END_REF] .

glutamine metabolism is mainly taken up by the liver, where it serves as the primary gluconeogenesis substrate. In contrast, glutamine released by skeletal muscle is barely taken up by the liver. Indeed, the glutaminase expressed in liver has a very low affinity for glutamine [170] . Moreover, glutaminase and glutamine synthase are expressed in the periportal zone and pericentral zone of hepatocytes, respectively [363-365] . The catabolism and synthesis of glutamine in the liver are low and nearly equal [START_REF] Paulusma | Amino acid metabolism, transport and signalling in the liver revisited[END_REF][START_REF] Van De Poll | Intestinal and hepatic metabolism of glutamine and citrulline in humans[END_REF] . Thus, there is no net uptake and release of glutamine in the liver (Figure 25).

Glutamine, citrulline and arginine

Glutamine, citrulline and arginine are also exchanged between organs, involving the intestine, kidneys and liver. Specifically, intestine takes up glutamine from the intestinal lumen or arterial blood and releases citrulline, an important product of glutamine metabolism. Quantitatively, glutamine was the only important precursor for intestinal citrulline release and plasma glutamine accounts for 80% production of plasma citrulline [START_REF] Van De Poll | Intestinal and hepatic metabolism of glutamine and citrulline in humans[END_REF] . Almost all citrulline in arterial blood is taken up by the kidneys and then used as a precursor in renal arginine synthesis [START_REF] Garibotto | Amino acid and protein metabolism in the human kidney and in patients with chronic kidney disease[END_REF][START_REF] Dhanakoti | Renal arginine synthesis: studies in vitro and in vivo[END_REF] . Indeed, more than half of the arginine synthesis in the body takes place in the kidneys [START_REF] Garibotto | Amino acid and protein metabolism in the human kidney and in patients with chronic kidney disease[END_REF][START_REF] Brosnan | Renal arginine metabolism[END_REF] . Thus, glutamine is an important precursor for arginine synthesis in the body. Arginine could be taken up by the liver and plays an important role in the urea cycle [START_REF] Cynober | Arginine metabolism in mammals[END_REF] .

Advances in the metabolic effects of amino acids

The role of amino acids in obesity has received great interest in recent years.

Although some amino acids were found to have beneficial effects, results were inconsistent between experiments due to widely varying conditions during the experiments, such as the route and dose of administration of amino acids and induction of obesity or not. Here, I list the effect of amino acids on obesity under different experimental conditions focusing on in vivo experiments.

Glutamine. Inconsistent results were obtained in various obesity-inducing mice administered glutamine by different routes of administration. Specifically, administration of aqueous solution of 1000 mg/kg body weight of glutamine for 15

days decreased plasma TG level, but had no effect on fasting glycemia and body weight gain in streptozotocin diabetic rats [START_REF] Ribeiro R F, Zorn | Effects of glutamine supplementation on kidney of diabetic rat[END_REF] . Similarly, replacing 25% of total amino acid nitrogen with glutamine for 6-8 weeks had also no effect on fasting glycemia in streptozotocin diabetic rats, but improved antioxidant capacity [START_REF] Tsai | Effects of glutamine supplementation on oxidative stress-related gene expression and antioxidant properties in rats with streptozotocin-induced type 2 diabetes[END_REF][START_REF] Tsai | Effects of dietary glutamine on adhesion molecule expression and oxidative stress in mice with streptozotocin-induced type 1 diabetes[END_REF][START_REF] Tsai | Effects of dietary glutamine on inflammatory mediator gene expressions in rats with streptozotocin-induced diabetes[END_REF] . However, supplementation of 2.1 g glutamine per kg body weight for 6 weeks [START_REF] Sellmann | Oral glutamine supplementation protects female mice from nonalcoholic steatohepatitis[END_REF] and 4% glutamine for 5.5 months [START_REF] Opara | L-glutamine supplementation of a high fat diet reduces body weight and attenuates hyperglycemia and hyperinsulinemia in C57BL/6J mice[END_REF] in the hypercaloric diet of C57BL/6 mice both decreased body weight and fasting glycemia. The mechanisms by which glutamine improves obesity are not understood. Cell culture and intraperitoneal injection experiments suggest that this may be due to glutamine indirectly stimulating GLP-1 and insulin secretion, as well as directly improving lipid deposition and inflammation [START_REF] Reimann | Glutamine potently stimulates glucagon-like peptide-1 secretion from GLUTag cells[END_REF][START_REF] Corless | Glutamine regulates expression of key transcription factor, signal transduction, metabolic gene, and protein expression in a clonal pancreatic β-cell line[END_REF][START_REF] Petrus | Glutamine links obesity to inflammation in human white adipose tissue[END_REF] .

Leucine. The effects of leucine on food intake, energy homeostasis and glucose control are reviewed elsewhere [START_REF] Pedroso | Reviewing the effects of L-leucine supplementation in the regulation of food intake, energy balance, and glucose homeostasis[END_REF] . In brief, central injection of leucine reduces food intake in 6 published articles. Of the 30 articles on dietary leucine supplementation, 4 articles showed its inhibitory effect on food intake. Of the 18 articles that added leucine to drinking water, 2 articles showed its inhibitory effect on food intake. Moreover, numerous reports show that leucine reduces adiposity, improves glucose tolerance and insulin sensitivity [START_REF] Pedroso | Reviewing the effects of L-leucine supplementation in the regulation of food intake, energy balance, and glucose homeostasis[END_REF] .

Thus, the effect of leucine on reducing food intake is proposed to be due to its direct effects on brain regions that regulate appetite. Indeed, central administration of leucine increases hypothalamic mTOR signaling, which reduces the expression of orexigenic peptides (NPY and AgRP) through an undefined mechanism and therefore food intake [START_REF] Laplante | mTOR signaling in growth control and disease[END_REF] .

Arginine. There are also some studies showing the beneficial effects of arginine in obesity. Specifically, supplementation with 5% L-arginine in a HF-HS diet for 8 weeks improves glucose tolerance, reduces inflammation and oxidative stress in rats [START_REF] Alam | Chronic l-arginine treatment improves metabolic, cardiovascular and liver complications in diet-induced obesity in rats[END_REF] . Similarly, supplementation with 20 g/kg diet of L-arginine in a high-fat diet reduces visceral fat and improves insulin sensitivity in rats [START_REF] Kujawska-Łuczak | The effect of L-arginine and ascorbic acid on the visceral fat and the concentrations of metalloproteinases 2 and 9 in high-fat-diet rats[END_REF] . Administration of 1.51% arginine-HCl in drinking water decreases white fat mass, plasma glucose and TG levels, and improves insulin sensitivity in diet-induced obese rats [START_REF] Jobgen | Dietary L-arginine supplementation reduces white fat gain and enhances skeletal muscle and brown fat masses in diet-induced obese rats[END_REF] . It has been suggested that the beneficial effect of arginine on obesity involves the secretion of insulin depending on GLP-1R-signaling in C57BL/6 mice [START_REF] Clemmensen | Oral L-arginine stimulates GLP-1 secretion to improve glucose tolerance in male mice[END_REF] .

Alanine. Current research on the effects of alanine on obesity is considerable controversial and even produced contradictory results. Some studies showed that alanine improves obesity. For instance, supplementation with 2.5% alanine in drinking water for 2 months improved glucose tolerance and insulin secretion in monosodium glutamate-induced obesity [START_REF] Araujo T R | Benefits of L-alanine or L-arginine supplementation against adiposity and glucose intolerance in monosodium glutamate-induced obesity[END_REF] . L-alanine strongly stimulates insulin secretion in the presence of glucose in normal rodent islets and β-cell lines [START_REF] Brennan | A nuclear magnetic resonance-based demonstration of substantial oxidative l-alanine metabolism and l-alanine-enhanced glucose metabolism in a clonal pancreatic β-cell line: metabolism of l-alanine is important to the regulation of insulin secretion[END_REF] .

Consistently, a single oral 50-g dose of alanine produced hyperinsulinemia and hypoglycemia in fasting obese subjects [START_REF] Genuth | Effects of oral alanine administration in fasting obese subjects[END_REF] .

However, there are also studies reporting that alanine serving as gluconeogenic substrates is increased in diabetes and contributes to hyperglycemia [START_REF] Martino | Silencing alanine transaminase 2 in diabetic liver attenuates hyperglycemia by reducing gluconeogenesis from amino acids[END_REF] . Accordingly, silencing alanine transaminase 2, which catalyzes the inter-conversion of alanine and pyruvate required for gluconeogenesis from alanine, attenuates hyperglycemia by reducing gluconeogenesis in diabetic liver [START_REF] Martino | Silencing alanine transaminase 2 in diabetic liver attenuates hyperglycemia by reducing gluconeogenesis from amino acids[END_REF] .

Other amino acids.

There are few studies on the effects of other amino acids on obesity, especially by the way of supplementation in the diet. Kobayashi et al.

investigated the anti-obesity effects of 20 proteinogenic amino acids supplemented in a high-fat diet of mice [START_REF] Kobayashi | Anti-obesity effects of amino acid in high-fat diet induced obese mice[END_REF] . The results showed that administration of cystine (3%), histidine (5%), leucine (3%), lysine HCl (3%), threonine (3%), and tryptophan (3%) decreased body weight gain and visceral fat deposition. Moreover, supplementation with cystine (3%) and histidine (5%) also decreased food intake [START_REF] Kobayashi | Anti-obesity effects of amino acid in high-fat diet induced obese mice[END_REF] . However, the underlying mechanisms of the beneficial effects of these amino acids remain largely unknown.

WORKING HYPOTHESIS AND EXPERIMENTAL APPROACH

Obesity is defined as excessive fat accumulation, classically resulting from an imbalance in energy homeostasis, with an increase in caloric intake and a sedentary lifestyle [START_REF] Nuttall | Body mass index: obesity, BMI, and health: a critical review[END_REF][START_REF] Blüher | Obesity: global epidemiology and pathogenesis[END_REF] . It is estimated that one in five women and one in seven men will be obese by 2030, indicating that more than 1 billion people will be obese globally [START_REF] Graham | A systematic review of obesity as a barrier to accessing cancer screening services[END_REF] .

Obesity is associated with the development of many metabolic complications, including insulin resistance and type 2 diabetes (T2D), the initiation and aggravation of non-alcoholic fatty liver disease (NAFLD), inflammation, cardiovascular disease, and numerous cancers [START_REF] Grundy | Metabolic complications of obesity[END_REF] .

In this context, the existence of intestinal gluconeogenesis (IGN) was demonstrated by our laboratory 20 years ago [START_REF] Rajas | The glucose-6 phosphatase gene is expressed in human and rat small intestine: regulation of expression in fasted and diabetic rats[END_REF] . It was established that the activation of IGN exerts anti-obesity and anti-diabetic effects. Indeed, the activation of IGN plays a causal role in metabolic benefits induced by fiber-and protein-enriched diet, including decrease in food intake, body weight, fat mass and hepatic glucose release, as well as improvement in glucose and insulin tolerance [START_REF] Duraffourd | Mu-opioid receptors and dietary protein stimulate a gut-brain neural circuitry limiting food intake[END_REF][START_REF] Vadder | Microbiota-generated metabolites promote metabolic benefits via gut-brain neural circuits[END_REF] . More recently, mouse models of activation and invalidation of intestinal G6Pase allowed to study the effects of IGN, per se, in the regulation of energy and glucose homeostasis, independently of nutrients. Accordingly, genetic activation of IGN (from the in utero stage) protects mice from the development of obesity, impaired glycemic control and hepatic steatosis induced by several months of hypercaloric diet. On the contrary, the absence of IGN is sufficient to cause the appearance of these metabolic disorders in the context of a standard diet [START_REF] Vily-Petit | Intestinal gluconeogenesis prevents obesity-linked liver steatosis and non-alcoholic fatty liver disease[END_REF] . Thus, IGN could represent an interesting therapeutic target against obesity and its complications. In this context, the search for molecules capable of activating IGN and its beneficial effects represents a major public health issue.

For this purpose, we were interested in amino acids. Indeed, amino acids, on the one hand, are products of protein assimilation that is known to activate IGN [START_REF] Duraffourd | Mu-opioid receptors and dietary protein stimulate a gut-brain neural circuitry limiting food intake[END_REF] , and on the other hand, some of them are glucose forming. In addition, some amino acids have been described to exert similar beneficial effects to those obtained when IGN is activated [375, 376, 380, 383-388, 390, 391] . Therefore, we speculated that certain amino acids may activate IGN at different levels, such as by increasing gluconeogenic gene expression or enzymatic activity, or by acting as substrates for glucose production, or both.

Firstly, we performed an in vitro screening of several amino acids that could activate IGN. We focused on amino acids that exert in vivo beneficial effects similar to those obtained when the IGN is activated [375, 376, 380, 383-388, 390, 391] . The 10 amino acids tested are: alanine, arginine, aspartic acid, cysteine, glutamine, histidine, leucine, lysine, threonine, and tryptophan.

Based on previous laboratory work, two modified models of Caco-2 cells [START_REF] Soty | Post-translational regulation of the glucose-6-phosphatase complex by cyclic adenosine monophosphate is a crucial determinant of endogenous glucose production and is controlled by the glucose-6-phosphate transporter[END_REF][START_REF] Gautier-Stein | Differential regulation of the glucose-6phosphatase TATA box by intestine-specific homeodomain proteins CDX1 and CDX2[END_REF] allowed us to explore whether amino acids can activate IGN in vitro. Specifically, the plasmid containing the G6PC1 promoter and its downstream luciferase reporter gene was stably transfected into Caco-2 cells, which allowed us to measure the luciferase activity to reflect the changes in G6pc1 gene expression [START_REF] Gautier-Stein | Differential regulation of the glucose-6phosphatase TATA box by intestine-specific homeodomain proteins CDX1 and CDX2[END_REF][START_REF] Rajas | Polyunsaturated fatty acyl coenzyme A suppress the glucose-6-phosphatase promoter activity by modulating the DNA binding of hepatocyte nuclear factor 4α[END_REF] . Moreover, the plasmid containing a CMV (Cytomegalovirus) promoter cloned upstream the human cDNA of G6pc1 was stably transfected into Caco-2 cells [START_REF] Soty | Post-translational regulation of the glucose-6-phosphatase complex by cyclic adenosine monophosphate is a crucial determinant of endogenous glucose production and is controlled by the glucose-6-phosphate transporter[END_REF] , which allowed us to screen whether potential molecules could activate IGN at the level of G6Pase activity and glucose production in vitro. Thus, these two modified models of Caco-2 cells allowed us to determine whether amino acids can activate IGN at the three levels, including the expression of the G6pc1 gene, the enzymatic activity of glucose-6-phosphatase, and the production of glucose.

Secondly, based on in vitro results and bibliographic data, we sought to determine whether the supply of amino acids to mice activates IGN and its beneficial effects in vivo.

For this purpose, we evaluated the effects of adding 8% or 15% of glutamine, leucine, aspartic acid or histidine to the HF-HS diet of WT mice for one week. First, I sought to determine the appropriate dose of each amino acid that could activate IGN and its beneficial effects in WT mice. Secondly, it was essential to verify the causality of IGN in the observed effects. For this purpose, we added the amino acids to the diet of IGN-deficient mice. Specifically, we sought to investigate whether the beneficial effects of amino acids, including glutamine, leucine and histidine, also take place in mice lacking IGN. The results obtained in this study are presented in the form of an article in English that we will soon submit for publication.

Introduction

Global obesity rates are increasing alarmingly, with an estimated 1 billion people obese by 2030 [1] . Obesity results from imbalanced energy homeostasis, with an increase in caloric intake and low energy expenditure due to sedentary lifestyle.

Obesity favors the appearance of numerous metabolic complications, altering the quality of life and decreasing life expectancy by 5-20 years [2] . The most common complications of obesity are insulin resistance and type 2 diabetes (T2D), the initiation and aggravation of non-alcoholic fatty liver disease (NAFLD), cardiovascular diseases, and numerous cancers [3] .

In this context, intestinal gluconeogenesis (IGN) is a key metabolic function in both maintaining blood glucose levels and energy balance. Indeed, like the liver and kidneys, the intestine is able to produce glucose since it expresses G6PC1, the catalytic unit of glucose-6 phosphatase (G6Pase). Thanks to its action via a gut-brain axis on the control of energy balance and its anti-obesity and anti-diabetic and anti-steatosis effect, IGN represents a strong potential therapeutic target against obesity and its complications. Indeed, while the anti-obesity and anti-diabetes effects of fiber-and protein-enriched diets have been known for decades, we showed that the activation of IGN is the key mechanism [4,5] . Consistently, these effects do not take place in IGN-deficient mice [4,5] .

More recently, mouse models of activation and suppression of intestinal G6PC1 allowed us to study the effects of IGN, per se, in the regulation of energy and glucose homeostasis, independently of nutrients. Thus, a genetic activation of IGN protects mice from the development of obesity, impaired glycemic control and hepatic steatosis induced by high-fat high-sucrose (HF-HS) diet. On the contrary, the absence of IGN is sufficient to cause the appearance of these metabolic disorders despite a standard starch-based diet [6] .

These data showed that the activation of IGN is sufficient to provide anti-obesity-diabetes benefits. Thus, we sought to identify molecules capable of increasing the expression of IGN regulatory genes, such as G6PC1, or increasing the enzymatic activity of G6Pase, or serving as a substrate for glucose production. Given the causal role of IGN in the metabolic benefits induced by protein-enriched diets and of glutamine as a major substrate for IGN, we further focused on whether amino acids might exert metabolic benefits by activating IGN.

Taking together, the present study aims to explore which amino acids are capable of activating IGN. To this purpose, we first performed an in vitro screening of several amino acids in the eventual activation of important steps of IGN. Then, we tested the efficiency of these amino acids to counteract obesity upon supplementation in the diet.

Finally, the causality of IGN in the observed effect was tested in IGN-deficient mice.

Methods

Cell culture -In vitro screening

Since the gene expression and basal endogenous enzymatic activity of G6Pase in Caco-2 cells are very low [7,8] , we modified it by bioengineering methods as previously described [8,9] . In brief, the plasmid containing the G6PC1 promoter and a downstream luciferase reporter gene was transfected into Caco-2 cells, which allowed us to study the changes in G6PC1 gene expression at the transcriptional level [9] . The plasmid containing a CMV (Cytomegalovirus) promoter and a downstream human cDNA of glucose-6-phosphatase catalytic subunit (G6PC1) was transfected into Caco-2 cells [8] , which allowed us to explore the regulatory effects of potential molecules on G6Pase enzymatic activity and glucose production. After passage 15, 400,000 cells per well were seeded into 6-well plates and cultured at confluence at 37 °C for 2 weeks allowing the differentiation of cells in culture medium (DMEM Dulbecco's Mod. Eagle Medium) containing 4.5 g/L of D-glucose (Life Technologies, Saint-Aubin, France), 15% fetal bovine serum (Sigma Aldrich), 5 mM glutamine, streptomicin (1 mg/mL) and penicillin (1 U/mL). For treatment, the culture medium was changed to DMEM without glucose (untreated, UT), or 10 -4 M forskolin (FK) containing 0.1% Dimethylsulfoxyde (DMSO) (positive control) in DMEM without glucose, or 0.1% DMSO alone in DMEM without glucose, or three concentrations (10 -2 M, 10 -2 M, and 10 -4 M) of amino acids in DMEM without glucose for 24 hours (for luciferase activity and G6Pase enzymatic activity) or 6 hours (for glucose production) to avoid the glucose produced being directly used by the cells. Amino acids that increase IGN at different levels in vitro were evaluated for further animal experiment. Based on their reported beneficial effects in vivo, 10 amino acids (Sigma Aldrich) were selected for testing in this study [10][11][12][13][14][15][16][17][18][19][20] (See Supplemental Table S1).

Animals and diets

Wild-type C57Bl6/J (WT, Charles River Laboratories, France) male mice aged 7-week were fed a HF-HS diet or HF-HS diet supplemented with 8% or 15% wt/wt of selected amino acids for one week to screen for appropriate doses capable of activating IGN and metabolic benefits in vivo. Mice with intestine-specific knockout of the g6pc1 gene (I-g6pc1 -/-mice) were generated via an inducible CRE-lox strategy, as previously described [21] . The I-g6pc1 -/-mice were fed HF-HS diet or HF-HS diet supplemented with amino acids for one week. All mice were housed in the animal facility of Lyon 1 University under controlled temperature (22 °C), with a 12 hours light/dark cycle, and ad libitum access to water and diet. All procedures were performed in accordance with the principles and guidelines of the European Convention for the Protection of Laboratory Animals. The regional animal care committee (CEEA-55, University Lyon 1, France) approved all the experiments presented.

Tissue Sampling

After a 6-hour fasting, blood glucose concentration was immediately measured using glucometer (Accu-Check, Roche) by collecting blood from the tail vein of mice.

Then, the mice were killed by cervical dislocation. Intestine, liver, kidneys, epididymal white adipose tissue (eWAT) and brown adipose tissue (BAT) were collected and immediately placed in liquid nitrogen and then stored at -80 °C before analysis.

Gene expression analysis

Tissues were homogenized with the Fast Prep ® and total RNAs were isolated according to the Trizol protocol (Invitrogen Life Technologies). 1 μg RNA was used for reverse transcription with the Qiagen QuantiTect Reverse Transcription kit.

Real-time qPCRs were performed using sequence-specific primers (See Supplemental Table S2) with TakyonTM No Rox SYBR ® MasterMix dTTP Blue (Eurogentec) in a CFX Connect TM Real-Time System (Biorad). The expression of mRNAs was normalized to the L32 and cyclophilin (for eWAT and BAT) transcript expression using the 2 -∆∆Ct method.

Measurement of G6Pase activity and glucose production

G6Pase activity in cells and small intestine was measured as previously described [22] . In brief, approximately 50 mg of the small intestine was homogenized using Fast Prep ® in 9 volumes of Hepes Sucrose. Cells from 3 wells were scraped and lysed into 100 μL 10 mM Hepes, then homogenized with 20 volumes of Hepes Sucrose. The total G6Pase activity and nonspecific phosphatase activity were measured using glucose-6-phosphate and β-glycerophosphate as substrates, respectively. The specific activity of G6Pase is obtained by subtracting nonspecific phosphatase activity from total G6Pase activity.

Glucose concentration in cell culture medium was measured as previously described [8,23] .

Statistical analysis

All data are presented as mean ± SEM. Multiple group comparisons were analyzed using one-way analysis of variance (ANOVA) or two-way ANOVA followed by a Bonferroni post-hoc test. The statistical test used is specified in the legend of each figure. The differences were considered statistically significant at *p < 0.05, **p < 0.01 and ***p < 0.001. Statistical analyses were performed with GraphPad Prism 6 software.

Results

Amino acids enhance intestinal gluconeogenesis in vitro

Among amino acids, we have chosen to screen in vitro those that have been documented in vivo for beneficial effects similar to those of IGN [10][11][12][13][14][15][16][17][18][19][20] . The amino acids tested were: alanine (Ala), arginine (Arg), aspartic acid (Asp), cysteine (Cys), glutamine (Gln), histidine (His), leucine (Leu), lysine (Lys), threonine (Thr), and tryptophan (Trp).

First, to determine whether amino acids are able to activate G6pc1 gene expression, we used the Caco-2 cell model expressing the luciferase reporter gene under the control of the G6pc1 promoter. As expected, negative controls had no effect on luciferase activity (Figure 1A). Consistent with our previous study [8] , forskolin increased gene expression of G6pc1 in differentiated Caco-2 cells (Figure 1A). In parallel, we found four amino acids increasing G6pc1 promoter activity at specific concentrations compared to untreated condition, including arginine (10 -2 M), cysteine (10 -2 M), histidine (10 -2 and 10 -3 M) and lysine (10 -2 M) (Figure 1C,E,G,I). Other concentrations of these 4 amino acids and other amino acids had no effect on G6pc1 promoter activity (Figure 1).

Thus, these in vitro data showed that certain amino acids are able to activate the expression of the G6pc1 gene. Then, we tested whether these or the other amino acids were capable of increasing the enzymatic activity of G6Pase (Figure 2). Similar to the study of G6pc1 promoter activation, negative controls (UT and DMSO) have no effect on G6Pase activity, whereas forskolin massively increased G6Pase activity (Figure 2A).

Specifically, at a concentration of 10 -2 M, alanine, aspartic acid, histidine and leucine were able to activate G6Pase activity compared to untreated condition (Figure 2B,D,G,H). Moreover, alanine and tryptophan at a concentration of 10 -3 M, and aspartic acid and glutamine at a concentration of 10 -4 M could also increase G6Pase activity (Figure 2B,D,F,K).

The above in vitro results established the stimulating role of certain amino acids on IGN at the transcriptional level and/or at the level of enzymatic activity of G6Pase.

Then, we assessed 1) whether these previously identified amino acids also represent glucose precursors for IGN, and 2) whether amino acids that have no regulatory effect may themselves serve as IGN substrates. To this aim, we measured the concentration of glucose produced from IGN in Caco-2 cells.

As expected, negative controls (UT and DMSO) exhibited very low glucose concentration in cell culture media, which were greatly enhanced by forskolin, indicating an increase in glucose release from Caco-2 cells.

Interestingly, all three concentrations of alanine and tryptophan increased glucose concentrations in cell culture media compared to untreated condition (Figure 3B, K). Importantly, there were five other amino acids capable of increasing intestinal glucose release in vitro, including arginine (10 -4 M), aspartic acid (10 -4 M), cysteine (10 -3 and 10 -4 M), leucine (10 -3 M) and threonine (10 -2 M) (Figure 3C,D,E,H,J).

Altogether, these in vitro data show amino acids are able to activate IGN in vitro, at different levels. Indeed, some of them activated the expression of the G6pc1 gene, or increased the enzymatic activity of the G6Pase enzymatic activity, or served as substrates of IGN. Some of them, like leucine, aspartic acid, histidine, alanine, arginine, cysteine, and tryptophan, acted at several stages. Then, we evaluated the most active for their in vivo effects by adding 8% or 15% glutamine, leucine, aspartic acid or histidine in HF-HS diet given to mice for one week.

Glutamine activates IGN and modulates lipolysis and thermogenesis in an IGN-dependent manner

Compared to WT mice fed HF-HS diet, there was no significant difference found in mice fed HF-HS diet supplemented with 8% glutamine (Figure 4). However, despite comparable food intake, the supplementation with 15% glutamine reduced body weight and fasting glycemia after 8 days of treatment (Figure 4A-C). As expected, 15% glutamine increased the expression of G6pc1 and phosphoenolpyruvate carboxykinase (Pck1) in both the proximal duodenum and jejunum in mice (Figure 4D-E).

To assess the causality of IGN activation in the observed effects, we studied the effect of glutamine in IGN-deficient mice (I-g6pc1 -/-mice [21] ) for one week.

Consistently, 15% glutamine had no effect on food intake, while resulted in a reduction in body weight and fasting glycemia in both WT and IGN-deficient mice (Figure 4F-H). Moreover, 15% glutamine had no effect on liver and kidneys weight in both WT and I-g6pc1 -/-mice (Figure S1). However, interestingly, 15% glutamine reduced epididymal white adipose tissue (eWAT) weight in WT and I-g6pc1 -/-mice (Figure 4I), indicating that glutamine may alter lipid metabolism in adipose tissue.

This could be independent of IGN.

Accordingly, we studied lipolysis and thermogenesis gene expression both in eWAT and brown adipose tissue (BAT). We found that 15% glutamine increased expression of lipolytic gene Ppara (Peroxisome proliferator-activated receptor alpha)

in eWAT and Adrβ3 (β3-adrenergic receptor) in BAT in WT mice but not in I-g6pc1 -/- mice (Figure 4J-K), indicating glutamine might enhance lipid mobilization and thermogenesis in an IGN-dependent manner.

Our results indicate that glutamine may both activate IGN and also exhibit IGN-independent beneficial effects, including the decrease in body weight and eWAT.

In addition, glutamine increases gene expression involved in lipolysis in eWAT and thermogenesis in BAT in an IGN-dependent manner.

Leucine improves liver weight and hepatic lipid metabolism by activating intestinal gluconeogenesis

The 8% leucine supplementation of the diet had no effect on food intake, body, liver, and kidneys weights (Figure 5A-5C). The expression of G6pc1 gene tended to increase with 8% leucine, but it was not significant, due to the variability of the data (Figure 5D).

However, 15% leucine resulted in a decrease in food intake from day 4 to the end of the trial, so that in body weight and liver weight compared to mice fed HF-HS diet (Figure 5A-C). Meanwhile, 15% leucine increased the expression of Pck1 in the jejunum (p = 0.054) (Figure 5D).

Then, 15% leucine was also added to the HF-HS diet of I-g6pc1 -/-mice for one week to assess whether IGN plays a causal role in these effects. In line with the previous results, 15% leucine resulted in a decrease in food intake and body weight gain in WT mice, but also in I-g6pc1 -/-mice (Figure 5E and5F). However, 15% leucine tended to decrease liver weight in WT mice (p=0.08), but not in I-g6pc1 -/- mice (Figure 5G).

Then, we studied the effect of leucine on hepatic lipid metabolism. Paradoxically, the leucine-induced lowering of liver weight in WT mice was associated with an increase in the expression of genes involved in de novo lipogenesis, including Chrebp (Carbohydrate-responsive element-binding protein), Fasn (fatty acid synthase), and Elovl6 (Elongation of long-chain fatty acids family member 6) (Figure 5I). On the other hand, leucine also increased the expression level of Cyp4a14 (Cytochrome P450 4a14), a gene involved in fatty acid β-oxidation (Figure 5J). Interestingly, these effects on the liver did not take place in I-g6pc1 -/-mice given leucine (Figure 5I-J).

While adipose tissue is an important regulator of energy and lipid metabolism, we studied the effects of leucine on eWAT and BAT metabolism. 15% leucine decreased eWAT mass in both WT and I-g6pc1 -/-mice (Figure 5H). Consistently, 15% leucine tended to increase expression of lipolytic gene Ppara in eWAT in both WT and I-g6pc1 -/-mice (Figure 5K), without modification of BAT thermogenesis genes expression (Figure S2).

Taken together, these data suggest that leucine activates IGN in mice. Meanwhile, leucine decreases food intake, body weight and eWAT mass, independently of IGN.

However, leucine improves liver weight and hepatic lipid metabolism in an IGN-dependent manner.

Aspartic acid does not activate intestinal gluconeogenesis in mice

While aspartic acid enhanced intestinal G6Pase activity and intestinal glucose release in vitro, there was no effect of 8% or 15% aspartic acid supplemented in the HF-HS diet on IGN gene expression and intestinal G6Pase activity. Consistently, there was no effect on food intake and body weight gain. Moreover, there was no change in fasting glycemia induced by aspartic acid supplemented in the diet (data not shown).

Thus, despite regulatory action on IGN in vitro, aspartic acid was ineffective in modulating IGN and energy homeostasis in vivo.

Intestinal gluconeogenesis plays a causal role in histidine-induced metabolic benefits

In keeping with the in vitro data, showing that histidine activated IGN both at the level of G6pc1 gene expression and G6Pase activity, 8% histidine reduced food intake from day 5 up to the end of the trial, decreased body weight on day 8 and liver weight (p = 0.061) in WT mice (Figure 6A-C). Interestingly, 15% histidine had a stronger effect on improving body weight gain compared to 8% histidine. We found 15% histidine reduced food intake and body weight earlier than 8% histidine (e.g., from day 2 and day 7, respectively) (Figure 6A and6B). In addition, 15% histidine also decreased liver and kidneys weight compared to mice fed HF-HS diet (Figure 6C).

Consistent with the in vitro results, both 8% and 15% histidine activated IGN in WT mice. More specifically, 8% and 15% histidine increased expression of gluconeogenic gene Pck1 in the proximal duodenum and jejunum, respectively (Figure 6D-E). Surprisingly, contrary to the results obtained in vitro, histidine did not increase G6pc1 gene expression in vivo (Figure 6D-E).

To test the causal feature of the activation of IGN in these beneficial effects, we fed I-g6pc1 -/-mice with the lowest effective supplementation (i.e., 8% histidine). Of note, 8% histidine reduced food intake from day 5 to the end of the experiment in both WT and I-g6pc1 -/-mice. Nevertheless, the decrease in food intake was lower in I-g6pc1 -/-mice compared to WT mice (Figure 6F).

Furthermore, in WT mice, 8% histidine resulted in a decrease in body weight, liver weight, eWAT and BAT weights, and tended to decrease kidney weight (Figure 6G-I). Interestingly, except for BAT mass, these effects did not take place in IGN-deficient mice (Figure 6G-I).

While on the one hand, the liver is an important regulator of energy homeostasis and lipid metabolism, and on the other hand, IGN is able to protect from ectopic lipid accumulation and the initiation of NAFLD) [6] , we studied the effects of histidine on the liver metabolism. In line with the effect on liver weight, histidine decreased hepatic triglyceride level in WT mice, but not in IGN-deficient mice (Figure 6J).

Further exploration showed that the lower hepatic triglyceride content was associated with a decrease in expression of Scd1 (Stearoyl-CoA desaturase 1), a gene involved in de novo lipogenesis in the liver. Again, this took place in WT mice, but not in I-g6pc1 -/-mice (Figure 6K).

To sum up, these results suggest IGN plays a causal role in histidine-induced metabolic benefits in energy homeostasis, including the decrease in food intake, body weight, liver weight, and eWAT weight, as well as the improvement in hepatic lipid metabolism.

Discussion

Given the anti-obesity and anti-diabetic effect of genetically enhanced IGN in mice, this function could represent an interesting therapeutic target against the metabolic diseases [4][5][6] . Since dietary protein activates IGN [4] , we here assessed the potential role of amino acids in activating this function and its metabolic benefits.

We found that several amino acids activated IGN in vitro, at different levels, via either the expression of the G6pc1 gene, or the stimulation of G6Pase activity, or being a glucose precursor. It is noteworthy that amino acids exert their in vitro effects at 10 -2 M, which is close to the amino acid concentration measured in the jejunal content 3h after a protein-rich meal in vivo (3 × 10 -2 M) [24] . What is more, glutamine increased G6Pase activity at a dose of 10 -4 M, which is close to the plasma glutamine concentration after an overnight fast (6 × 10 -4 M) [24] . These in vitro results are therefore in agreement with the established role of glutamine as a main glucose precursor of IGN during fasting [4,25] .

We focused on amino acids increasing glucose production and G6Pase activity in vitro in Caco-2 cells, G6Pase being the key regulatory enzyme of IGN in vivo, i.e.

glutamine, leucine, aspartic acid and histidine. In addition to G6Pase activity, leucine and aspartic acid also increased glucose production, while histidine increased the expression of G6pc1, coding the catalytic subunit of G6Pase. Of them, glutamine, leucine and histidine increased IGN and exhibited beneficial effects in WT mice. In contrast, aspartic acid did neither activate IGN in vivo nor modulate energy homeostasis. Thus, our data suggest that aspartic acid is unlikely to exert metabolic benefits through IGN in the physiological situation.

The intake of diet supplemented by 15% glutamine decreases the body weight gain and glycemia in WT mice. Interestingly, these effects are associated with increased expression of IGN genes in both the proximal duodenum and jejunum.

However, glutamine exerts comparable metabolic benefits in WT and IGN-deficient mice, suggesting that its beneficial effects are not mediated by IGN. This could involve an effect at the level of lipid storage, since glutamine decreases eWAT mass in both WT and IGN-deficient mice. It is noteworthy that glutamine increases the expression of the lipolytic gene Ppara in eWAT, and the gene expression of the adrenergic receptor β3 (Adrβ3), the primary regulator of BAT thermogenesis, in WT but not in IGN-deficient mice. This indicates that glutamine might stimulate lipid mobilization in adipose tissues in an IGN-dependent manner. Interestingly, while glutamine increases Adrβ3 gene expression in BAT, we previously demonstrated that IGN activates a gut-brain-adipose tissue (BAT and WAT) nervous axis involving the sympathetic nervous system [26] . Glutamine might thus also have an IGN-independent way of preventing lipid storage. This is consistent with the fact that glutamine, as the most abundant free amino acid in the body, plays a regulatory role in several cell specific processes [27] .

As for leucine, 15% leucine added in the HF-HS diet resulted in a decrease in food intake, body and liver weights gains, associated with increased expression of the IGN gene Pck1 in the jejunum of WT mice. However, when IGN-deficient mice were fed a HF-HS + 15% leucine, this resulted in a decrease in food intake and body weight gain as well, suggesting the benefits related to these parameters are independent on IGN. It is noteworthy that this result corroborates previous observations [28] . However, leucine decreases liver weight in WT mice, but not in IGN-deficient mice. This could be dependent on an increased turnover of lipid (see "Results"), a process previously reported capable of improving liver health [29] . Of note, 15 % leucine added in the diet decreases eWAT weight, which was associated with increased expression of lipolytic gene in both WT and IGN-deficient mice.

Taken together, our data show that leucine exerts beneficial effects on body weight and fat mass, which seem independent of IGN, and metabolic benefits at the liver level, which appear to be dependent on IGN.

In line with the published literature demonstrating that aspartic acid is a precursor for glucose production and 10% of the carbon of aspartic acid could be incorporated into glucose in isolated segments of rat jejunum [30] , we found that aspartic acid increases G6Pase activity and glucose production in vitro. However, we found that aspartic acid does not activate IGN or exert any benefit in energy homeostasis in vivo. A possible explanation could be that aspartic acid is rapidly absorbed from the intestine into the portal bloodstream. In this case, it is likely that aspartic acid is used by the liver to produce glucose, instead of being metabolized through IGN [31] .

The negative correlation between histidine intake and appetite is a long known observation, while the underlying mechanism remained unknown [32][33][34] . Here, we

show that activation of IGN may at least in part account for the appetite suppressant effects of histidine. Moreover, while both 8% or 15% histidine added in the diet decrease food intake, body and liver weight gains, and the effects of the 15% histidine intake are more pronounced. The 8% content is sufficient to activate IGN and its associated benefits, since these benefits do not take place in IGN-deficient mice. This is also the case for the decreased lipid storage in the eWAT, taking place in WT but not IGN-deficient mice. Furthermore, while the genetic activation of IGN, per se, is able to protect mice from the development of hepatic steatosis [6] , we report here that the activation of IGN by histidine exerts comparable IGN-dependent preventive effect on hepatic steatosis, since the effect is absent in IGN-deficient mice. It is noteworthy that the effect of histidine on IGN might also be indirect. Indeed, when absorbed by the intestine, histidine can also be metabolized in the liver into glutamate and glutamine [35][36][37][38] . Glutamine or glutamate could be further used in the intestine as glucose precursors. Given the increasing impact of NAFLD and its complications in obesity, the fact that histidine is able to protect against hepatic steatosis via the mobilization of IGN represents a promising therapeutic avenue.

It is noteworthy that dietary fiber activates IGN via several complementary mechanisms involving the products of fermentation by the gut microbiota. Butyrate and propionate induce IGN gene expression. Meanwhile, propionate and succinate are glucose precursors of IGN [39] . The same observation can be drawn from the activation of IGN by dietary protein. Di-and tri-peptides activate IGN gene expression [4] , what several amino acids can do (see figure 1). In addition, several of them can enhance G6Pase activity (results of figure 2). Some, e.g. cysteine and tryptophan, can be glucose precursors of IGN (results of figure 3). A combination of these different mechanisms could operate in the physiological situation of assimilation of dietary protein. In conclusion, this study reinforces the interest of targeting IGN through metabolite-driven approaches (e.g. amino acids), to combat obesity and its associated complications. β-oxidation (J) in liver, and relative mRNA levels of genes involved in lipolysis in eWAT (K).

Two-way analysis of variance followed by a Bonferroni post-hoc test was performed as a statistical analysis. *p < 0.05; **p < 0.01; ***p < 0.001 versus HF-HS diet. 

DISCUSSION

In the context of rapidly increasing global obesity rates, the beneficial effects of intestinal gluconeogenesis (IGN) have been previously established by the laboratory.

Its activation is essential for achieving the beneficial effects of diets rich in protein or fiber [START_REF] Duraffourd | Mu-opioid receptors and dietary protein stimulate a gut-brain neural circuitry limiting food intake[END_REF][START_REF] Vadder | Microbiota-generated metabolites promote metabolic benefits via gut-brain neural circuits[END_REF] . Recently, the creation of a genetic model of activation of IGN has provided the proof of concept that IGN, per se, could represent an interesting therapeutic target against obesity and its complications [START_REF] Vily-Petit | Intestinal gluconeogenesis prevents obesity-linked liver steatosis and non-alcoholic fatty liver disease[END_REF] .

Since dietary protein activates IGN [START_REF] Duraffourd | Mu-opioid receptors and dietary protein stimulate a gut-brain neural circuitry limiting food intake[END_REF] , we here assessed the potential role of amino acids in activating this function and its metabolic benefits. For this purpose, we examined which amino acids are able to activate IGN in vitro and in vivo, and exert beneficial effects.

Amino acids directly activate intestinal gluconeogenesis in vitro

Regulation of the IGN involves both direct and indirect mechanisms. Indeed, IGN is directly regulated by the pancreatic hormones insulin and glucagon, and by some SCFAs, including butyrate [START_REF] Mutel | Control of blood glucose in the absence of hepatic glucose production during prolonged fasting in mice: induction of renal and intestinal gluconeogenesis by glucagon[END_REF][START_REF] Daniele | Phosphatidylinositol 3-kinase translocates onto liver endoplasmic reticulum and may account for the inhibition of glucose-6-phosphatase during refeeding[END_REF][START_REF] El-Maghrabi M R | cDNA sequence of rat liver fructose-1, 6-bisphosphatase and evidence for down-regulation of its mRNA by insulin[END_REF][START_REF] Van Schaftingen | Inhibition of fructose-1, 6-bisphosphatase by fructose 2, 6-biphosphate[END_REF][START_REF] Croniger | C/EBP and the control of phosphoenolpyruvate carboxykinase gene transcription in the liver[END_REF][START_REF] Gautier-Stein | A distal region involving hepatocyte nuclear factor 4α and CAAT/enhancer binding protein markedly potentiates the protein kinase A stimulation of the glucose-6-phosphatase promoter[END_REF][START_REF] Gautier-Stein | Transcriptional Regulation of the Glucose-6-phosphatase Gene by cAMP/Vasoactive Intestinal Peptide in the Intestine: ROLE OF HNF4α, CREM, HNF1α, and C/EBPα[END_REF][START_REF] Vadder | Microbiota-generated metabolites promote metabolic benefits via gut-brain neural circuits[END_REF] . In addition, indirect activation of IGN is dependent on the gut-brain neural loop, which is initiated by proteins or propionate [START_REF] Duraffourd | Mu-opioid receptors and dietary protein stimulate a gut-brain neural circuitry limiting food intake[END_REF][START_REF] Vadder | Microbiota-generated metabolites promote metabolic benefits via gut-brain neural circuits[END_REF] . This neural loop initiates the brain-dependent local release of the neuromediator vasoactive intestinal peptide (VIP). The activation of the VIP receptor (VIPR) activates adenylate cyclase and the production of cAMP that further induces the expression of IGN genes in enterocytes [START_REF] Vadder | Microbiota-generated metabolites promote metabolic benefits via gut-brain neural circuits[END_REF] .

Here, my work indicates that amino acids have a direct stimulatory effect on IGN.

Indeed, the 10 selected amino acids are all capable of activating either the expression of the G6pc1 gene or the G6pase activity, or increasing glucose production in vitro in Caco2 cells models. Except for threonine (which only increased glucose production), the other selected 9 amino acids increased either G6pc1 gene expression or G6Pase activity. Moreover, a number of amino acids increase intestinal glucose release in vitro, including alanine, arginine, aspartic acid, cysteine, leucine, threonine and tryptophan.

Interestingly, most amino acids exert it's in vitro effects at 10 -2 M, which is close to the total amino acid concentration in jejunal contents 3 h after the protein-rich meal (3 × 10 -2 M) [START_REF] Adibi | Protein digestion in human intestine as reflected in luminal, mucosal, and plasma amino acid concentrations after meals[END_REF] . Therefore, this reinforces the probability that amino acids identified in vitro can have an action when present together in vivo.

In addition, glutamine increased G6Pase activity at a dose of 10 -4 M, which is close to the plasma glutamine concentration after an overnight fasting (6 × 10 -4 M) [392] . These in vitro results are therefore in agreement with the circulating level of glutamine from muscle proteolysis during fasting, glutamine being known to increase G6Pase activity in the intestine and serve as a glucose precursor [START_REF] Duraffourd | Mu-opioid receptors and dietary protein stimulate a gut-brain neural circuitry limiting food intake[END_REF][START_REF] Mithieux | New data and concepts on glutamine and glucose metabolism in the gut[END_REF] . Nevertheless, glutamine didn't increase glucose release from Caco-2 cells. It makes sense that the primary purpose of cultured cells being to survive, it's not relevant to synthesize glucose and then it should be oxidized to produce energy [START_REF] Soty | Gut-brain glucose signaling in energy homeostasis[END_REF] . Accordingly, glutamine is also a vital energy source for the small intestine [START_REF] Windmueller | Glutamine utilization by the small intestine[END_REF] .

The addition of amino acids to the high-calorie diet activates intestinal gluconeogenesis and its beneficial effects

Based on in vitro results, we focused on amino acids with therapeutic potential, including glutamine, leucine, aspartic acid and histidine. More specifically, these four amino acids all increased intestinal G6Pase activity in vitro, the key enzyme of endogenous glucose production. In addition to G6Pase activity, leucine and aspartic acid also increased IGN at the level of glucose production, while histidine increased expression of G6pc1, encoding for the catalytic subunit of G6Pase. Glutamine is also to be included in the in vivo experiment since it is a major IGN substrate [START_REF] Mithieux | New data and concepts on glutamine and glucose metabolism in the gut[END_REF] .

As expected, glutamine, leucine and histidine increased IGN and exhibited beneficial effects in WT mice. In contrast, aspartic acid didn't activate IGN in vivo and exerts unexpected effects (increased food intake) when supplemented at 15%. Thus, glutamine, leucine and histidine were further assessed for the causality of IGN activation in their observed effects in IGN-deficient mice. We did not pursue the aspartic acid study in IGN-deficient mice.

Effects of Glutamine on intestinal gluconeogenesis

First, our results show that the intake of 8% glutamine is not sufficient to exert beneficial effects. Nevertheless, the intake of 15% glutamine exerts beneficial effects by decreasing the body weight gain and glycemia of WT mice. Interestingly, these effects are associated with increased expression of IGN genes in both proximal duodenum and jejunum in WT mice. Given these effects on IGN, it was crucial to verify its involvement in the observed effects. To this purpose, we studied the effects of 15% glutamine in IGN-deficient mice. Unexpectedly, glutamine exerts the same effects in WT and I.G6PC1 -/-mice, suggesting that its beneficial effects are not mediated by IGN. In addition, glutamine decreases eWAT mass in both WT and I.G6PC1 -/-mice.

Further exploration showed that glutamine increased expression of the lipolytic gene Ppara in eWAT and the gene expression of the adrenergic receptor β3 (Adrβ3) the primary regulator of thermogenesis in BAT in WT, but not in I.G6PC1 -/-mice.

This indicates that glutamine may stimulate lipid metabolism in adipose tissue in an IGN-dependent manner. Nevertheless, one week of treatment could be insufficient to observe more effect on these tissues. These results are in agreement with previous data from the laboratory, which showed that genetic overexpression of IGN per se resulted in increased thermogenesis in both eWAT and BAT of mice fed HF-HS during 5-months [START_REF] Vily-Petit | Intestinal Gluconeogenesis Regulates Brown and White Adipose Tissues Functions in mice[END_REF] . Interestingly, while glutamine increases Adrβ3 gene expression in BAT, we have previously demonstrated that IGN activates a gut-brain-adipose tissue nervous axis involving the sympathetic nervous system (unpublished data).

These results suggest that under our experimental conditions, glutamine has multiple mechanisms involved in its beneficial effects. On the one hand, glutamine stimulates IGN and thus exerts beneficial effects on improving lipid metabolism and thermogenesis in adipose tissue, thus increasing energy expenditure. This may also contribute to reduced body weight gain in mice fed glutamine with no change in food intake. However, there should be mechanisms other than IGN by which glutamine exerts beneficial effects, since glutamine decreased fasting glycemia, body and eWAT weight in both WT and I.G6PC1 -/-mice. This should be attributed to the high dose of glutamine added in the diet and its rapid intestinal absorption [START_REF] Windmueller | Glutamine utilization by the small intestine[END_REF] . Thus, glutamine may escape intestinal metabolism and enters the blood circulation to play a direct role on peripheral tissues. In agreement with the possibility that glutamine acts independently of IGN, intraperitoneal or intravenous administration of glutamine improves insulin sensitivity [START_REF] Petrus | Glutamine links obesity to inflammation in human white adipose tissue[END_REF][START_REF] Dollet | Glutamine regulates skeletal muscle immunometabolism in type 2 diabetes[END_REF] , glucose tolerance and attenuates the inflammatory response in diet-induced obese mice [START_REF] Yeh | Intravenous glutamine administration improves glucose tolerance and attenuates the inflammatory response in diet-induced obese mice after sleeve gastrectomy[END_REF] .

Effects of Leucine on intestinal gluconeogenesis

While leucine is able to increase G6Pase activity and glucose production in vitro,

we showed here that 15% leucine reduces food intake and body weight gain in WT mice. Interestingly, leucine also increases the expression of genes responsible for IGN.

Nevertheless, the effects of leucine on food and body weight gain also take place in I.G6PC1 -/-mice. This means that although activation of IGN plays a key role in the regulation of food intake induced by protein-enriched diet [START_REF] Duraffourd | Mu-opioid receptors and dietary protein stimulate a gut-brain neural circuitry limiting food intake[END_REF] , the appetite-reducing effects of leucine are not dependent on the IGN.

As for glutamine, it is also possible that leucine is rapidly absorbed by the intestine into the bloodstream and then into cerebrospinal fluid [START_REF] Adibi S A | The kinetics of amino acid absorption and alteration of plasma composition of free amino acids after intestinal perfusion of amino acid mixtures[END_REF] , and acts directly on the central nervous system (CNS) to exert its appetite suppressant effects.

Accordingly, intra-cerebroventricular administration of leucine decreases food intake [397] . As a result, the effects of leucine on body weight gain and fat mass, observed here, are most certainly the consequence of the lower food intake, independently of IGN.

Nevertheless, some effects of leucine appear to be IGN-dependent, including decreased liver weight and improved hepatic lipid metabolism. It's in agreement with the effect of the genetic activation of IGN [START_REF] Vily-Petit | Intestinal gluconeogenesis prevents obesity-linked liver steatosis and non-alcoholic fatty liver disease[END_REF] , which protected mice from hepatic steatosis and further initiation of nonalcoholic fatty liver disease on a hypercaloric diet [START_REF] Vily-Petit | Intestinal gluconeogenesis prevents obesity-linked liver steatosis and non-alcoholic fatty liver disease[END_REF] .

Unexpected effects of Aspartic acid

In line with the published literature demonstrating that aspartic acid is a precursor for glucose production and 10% of the carbon of aspartic acid could be incorporated into glucose in isolated segments of rat jejunum [START_REF] Windmueller | Metabolism of absorbed aspartate, asparagine, and arginine by rat small intestine in vivo[END_REF] , we found that aspartic acid increased G6Pase activity and glucose production in vitro. Nevertheless, we found both 8% and 15% aspartic acid didn't activate IGN in vivo, while 15% aspartic acid unexpectedly increased food intake, body weight gain and liver weight.

Once again, given these unexpected results, we speculate that aspartic acid was rapidly absorbed from the intestine into the portal bloodstream. In this case, it is likely that aspartic acid is used by the liver to produce glucose [START_REF] Aikawa | Gluconeogenesis and amino acid metabolism I. Comparison of various precursors for hepatic gluconeogenesis in vivo[END_REF] . However, it should also be noted that in addition to producing glucose, 20% and 8% of carbon of aspartic acid could be incorporated into lactate and alanine [START_REF] Wu | Intestinal mucosal amino acid catabolism[END_REF] , respectively, which are two major substrates of hepatic gluconeogenesis [START_REF] Consoli | Contribution of liver and skeletal muscle to alanine and lactate metabolism in humans[END_REF] .

Given no observed effect of aspartic acid on IGN in mice in the present study, we speculate that aspartic acid fails to activate IGN due to rapid absorption. On the other hand, in the case of high dose of aspartic acid intake, part of aspartate could be metabolized into lactate and alanine by the intestine, while the other part could enter the portal vein. Thus, aspartic acid, alanine and lactate could subsequently enter the liver and participate in hepatic gluconeogenesis, instead of participating to IGN to exert eventual benefits. We have no explanation in relation with the increase in food intake.

Effects of Histidine on intestinal gluconeogenesis

It has long been found that there is a negative correlation between histidine intake and appetite, but the underlying mechanism remained unknown [START_REF] Kasaoka | Histidine supplementation suppresses food intake and fat accumulation in rats[END_REF][START_REF] Nakajima | Suppression of food intake by histidine-rich protein under low energy intake[END_REF][START_REF] Nakajima | Correlation between energy and histidine intake in female living in Setouchi area[END_REF] . Here we show that, unlike the other amino acids tested, histidine would be able to activate IGN both in vitro and in vivo. Indeed, histidine causes an increase in the expression level of the G6pc1 gene and in the enzymatic activity of the G6Pase of Caco-2 cells.

Interestingly, while this increase in G6pc1 gene expression was not found in the intestine of histidine-treated mice, IGN-dependent anti-obesity and anti-steatosis effects in the liver were observed.

Indeed, both 8% and 15% histidine exhibited beneficial effects, including decreased food intake, body and liver weight. While the effects of the 15% histidine intake are more pronounced, the 8% dose is sufficient to activate IGN and its beneficial effects. Thus, we tested the causality of IGN in the observed effects using the lowest effective dose of histidine (i.e 8%). Our results showed that histidine is responsible for a decrease in food intake in both WT and I.G6PC1 -/-mice. But interestingly, this effect is more pronounced in WT mice than in I.G6PC1 -/-mice, meaning that IGN activation could be responsible at least in part for the appetite-suppressant effect of histidine. Consistent with the causal role of IGN in the beneficial effects of histidine, the lower body weight gain, liver and eWAT weight, do not take place in I.G6PC1 -/-mice.

Furthermore, while the genetic activation of IGN, per se, is able to protect mice from the development of hepatic steatosis [START_REF] Vily-Petit | Intestinal gluconeogenesis prevents obesity-linked liver steatosis and non-alcoholic fatty liver disease[END_REF] , we showed here that activation of IGN by histidine exerts the same effects. Indeed, histidine prevents ectopic lipid accumulation in the liver of WT mice, but not in I.G6PC1 -/-mice. Given the importance of complications linked to nonalcoholic fatty liver disease in obesity and T2D, the fact that histidine is able to protect against steatosis via IGN represents a promising therapeutic avenue.

On the other hand, the rapid intestinal absorption of histidine could be responsible for the lack of increase in the expression level of the G6pc1 gene in WT mice. Thus, a possibility is that the effects of histidine on IGN are indirect. Once absorbed from the intestine, histidine could reach the liver where it could be metabolized by a series of enzymes into glutamate [START_REF] Holeček | Histidine in health and disease: metabolism, physiological importance, and use as a supplement[END_REF] , which can then be converted into glutamine. Then, glutamine could be released into the blood circulation and used by the intestine to produce glucose [START_REF] Soty | Gut-brain glucose signaling in energy homeostasis[END_REF][START_REF] Holeček | Histidine in health and disease: metabolism, physiological importance, and use as a supplement[END_REF][START_REF] Jungas R L | Quantitative analysis of amino acid oxidation and related gluconeogenesis in humans[END_REF][START_REF] Brosnan | Glutamate, at the interface between amino acid and carbohydrate metabolism[END_REF] .

Absorption of amino acids in the intestine

As my results suggest, the intestinal absorption of amino acids is likely to modulate their capacity to activate IGN. It is then important to specify that the form, the nature and the dose of the amino acids is likely to modulate their absorption, but also that of other dietary amino acids.

Indeed, compared to an equivalent amount of intact protein, a bolus of free amino acids leads to more rapid amino acid absorption and greater postprandial plasma amino acid availability [START_REF] Weijzen | Ingestion of free amino acids compared with an equivalent amount of intact protein results in more rapid amino acid absorption and greater postprandial plasma amino acid availability without affecting muscle protein synthesis rates in young adults in a double-blind randomized trial[END_REF] . Moreover, the absorption of each amino acid is not equivalent. Indeed, infusion of an equimolar mixture of 18 amino acids for 55 minutes in a 30 cm jejunum in humans showed that the absorption proportion of individual amino acids varied from 53% for aspartic acid to 94% for methionine [497] . It is of note that the absorption of leucine, histidine and glutamine were 89%, 53% and 57%, respectively [START_REF] Adibi S A | The kinetics of amino acid absorption and alteration of plasma composition of free amino acids after intestinal perfusion of amino acid mixtures[END_REF] . This information suggests that free glutamine, leucine, aspartic acid, and histidine are all rapidly absorbed by the gut.

Nevertheless, it is also important to specify that the absorption of each amino acid is likely to be modulated by other amino acids [START_REF] Morris | Acquired amino acid deficiencies: a focus on arginine and glutamine[END_REF] . Indeed, when amino acids are absorbed from a mixture, the absorption of those amino acids that are strongly inhibited by other amino acids is delayed until the concentration of the strong inhibitors drops [START_REF] Matthews | Intestinal absorption of amino acids and peptides[END_REF] . For example, except glutamic acid that had no obvious effect on the absorption of histidine, the other 15 tested amino acids all had inhibitory effects on the absorption of histidine in the intestine [START_REF] Finch L R | The uptake of amino acids by isolated segments of rat intestine II. A survey of affinity for uptake from rates of uptake and competition for uptake[END_REF] . Moreover, histidine also reduced the absorption proportion of alanine and aspartic acid by 15% and 73%, respectively [START_REF] Finch L R | The uptake of amino acids by isolated segments of rat intestine II. A survey of affinity for uptake from rates of uptake and competition for uptake[END_REF] .

Therefore, histidine may indirectly reduce hepatic gluconeogenesis by inhibiting alanine uptake in the intestine, when supplemented at a high dose in the diet, which might contribute to its beneficial effects.

Finally, while some amino acids would be able to activate IGN, their rapid absorption could perhaps explain their lack of effect. This highlights the difficulty of the study of the effect of individual amino acids supplemented in food in vivo.

Conclusion and perspectives

My work has demonstrated that the 10 amino acids tested are all able to activate at least some stages of IGN in vitro. Moreover, glutamine, leucine, and histidine activate IGN in vivo, and exhibit beneficial effects in WT mice. However, not all of the observed effects of glutamine and leucine appear to be dependent on IGN, which may be due to the rapid absorption of glutamine and leucine by the gut. On the contrary, the metabolic benefits associated with the supplementation of the diet in histidine are at least in part dependent on the activation of IGN.

While this study reinforces the interest of targeting IGN by nutritional or drug approaches to fight obesity and its complications, further studies are needed. Indeed, it would be essential now to determine whether histidine is able to protect against the installation of obesity induced by several months under HF-HS diet. Also, in view of a therapeutic option applicable to humans, it would also be interesting to determine whether histidine intake in the diet is able to correct obesity and its complications already installed. Meanwhile, the use of galenic approaches to slow the intestinal absorption of amino acids could probably reveal or enhance metabolic benefits of certain amino acids. In this context, combinations of amino acids could also reveal useful to amplify their eventual benefits in energy homeostasis.
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 1 Figure 1. Schematic representation of major hypothalamic nuclei in the regulation of food intake.

Figure 2 .

 2 Figure 2. Central and peripheral control of food intake.

Figure 3 .

 3 Figure 3. Insulin biosynthesis and secretion by pancreatic β-cells.
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 4 Figure 4. Insulin signaling pathway.The binding of insulin to its receptor causes the activation of two main signaling pathways: IRS/PI3K/Akt-PKB and IRS/MAPK. The insulin receptor phosphorylated on 3 tyrosines, recruits and phosphorylates IRS-1 and 2 proteins (insulin receptor substrate) on tyrosines. Then, the IRS-1/2 proteins will activate PI3K (phosphoinositide 3-kinase) which transforms PIP2 (Phosphatidylinositol 4,5-bisphosphate) into PIP3 (phosphatidylinositol 3,4,5-trisphosphate) at the membrane level. The latter is responsible for the recruitment of Akt/PKB (protein kinase B) which will be phosphorylated by PDK-1 (3-phosphoinositide-dependent protein kinase 1). Akt thus activates multiple signaling pathways involved in the regulation of food intake and glucose metabolism. In parallel, IRS-2 activates the MAPK (Mitogen-activated protein kinase) pathway, involved in cell growth.

Figure 5 .

 5 Figure 5. A, disposal of postprandial glucose in tissues; B, glucose transporters (GLUT) and classification in organs.

Figure 6 .

 6 Figure 6. Glycogen metabolism in the liver.

Figure 7 .

 7 Figure 7. Metabolic pathways involved in de novo lipid synthesis in the liver.

Figure 8 .

 8 Figure 8. De novo lipogenesis is regulated by SREBP-1c and ChREBP in liver.

Figure 9 .

 9 Figure 9. Mechanisms of lipid metabolism regulation by glucagon.

Figure 10 .

 10 Figure 10. Repartition of glucose production among gluconeogenic organs in various nutritional situations.

Figure 13 .

 13 Figure 13. (A) Categories of body mass index (BMI); (B) The energy flipping

Figure 14 .

 14 Figure 14. Insulin resistance in adipose tissue, liver and muscle.

Figure 16 .

 16 Figure 16. The regulation of hepatic glucose production (HGP) by insulin under normal physiology (a) and hepatic insulin resistance in type 2 diabetes (b).

Figure 18 .

 18 Figure 18. Gluconeogenic pathways in the small intestine.

Figure 19 .

 19 Figure 19. Time course of inducing intestinal gluconeogenesis by protein-enriched or fiber-enriched diet.Upper chain: during the postprandial period, oligopeptides, derived from incompletely digested proteins, act as μ opioid receptors (MORs) antagonists sending signals to the central nervous system and then increase gluconeogenic gene expression. During post-absorptive period, glutamine (Gln) and glutamate (Glu) from protein degradation serve as gluconeogenic substrates to generate glucose in the small intestine and release into the portal vein. The SGLT3 could be the portal vein sensor sending information to the brain. Lower chain: fiber is fermented in the distal gut to produce short chain fatty acids (SCFA), mainly propionate and butyrate. Butyrate directly induces intestinal gluconeogenesis, while propionate enters portal vein and signals the brain, by serving as agonist on the free fatty acid receptor 3 (FFAR3), to induce gluconeogenic gene expression. Microbial metabolites, such as propionate and succinate, act as substrates to increase glucose synthesis. Adapted from Soty et al[START_REF] Soty | Gut-brain glucose signaling in energy homeostasis[END_REF] .

Figure 20 .

 20 Figure 20. Murine models for studying intestinal gluconeogenesis. A, two loxP sequences were inserted on either side of exon 3 of the catalytic subunit of the G6pc1 gene. Cre-ERT2 recombinase is placed under the control of the villin promoter in order to induce gene deletion specifically in the intestine. Tamoxifen was injected in mice in 6-8 week-old age to induce invalidation of the G6pc1 gene (I.G6pc -/-mice); B, the creation of I.G6pc overexp mice. The additional cDNA coding for the catalytic subunit of G6pc1, a STOP cassette, flanked by loxP sites were inserted into tissues.The CRE recombinase is also expressed under the control of the villin promoter in order to induce the gene deletion of STOP between the two loxP sites specifically in the intestine. The STOP cassette is constantly excised by the CRE recombinase, allowing a strong transcription of G6pc1 specifically in the intestine since embryogenesis.

Figure 21 .

 21 Figure 21. A, Cell model to study the expression of the G6pc1 gene expression; B, Cell model to study the glucose-6-phosphatase activity and glucose production.

Figure 22 .

 22 Figure 22. The structure of 20 proteinogenic amino acids.

Figure 23 .

 23 Figure 23. A, Digestion of dietary proteins; B, Transporters in apical and basolateral membranes of the intestine.

Figure 24 .

 24 Figure24. Systemic amino acid homeostasis[349] . The systemic amino acid homeostasis is regulated by amino acids themselves and endocrine hormones. Food intake increases the blood amino acid pool. The BCAA, especially leucine activates the mTOR signaling pathway to suppress appetite. In contrast, amino acids deprivation such as during fasting increases amino acids appetite in mice by activating amino acids sensor GCN2 (general control nonderepressible 2) in the anterior piriform cortex of the brain. Feeding and overnight fasting maintain skeletal muscle amino acid homeostasis by regulating protein synthesis and degradation. Excess amino acids can be oxidized for energy in most tissues. During fasting state, amino acids oxidation decreased in all tissues. Adapted from Bröer et al[349] .

Figure 25 .

 25 Figure 25. Interorgan exchange of alanine and glutamine[START_REF] Paulusma | Amino acid metabolism, transport and signalling in the liver revisited[END_REF] . Blue: alanine flow; Red: glutamine flow; Green, ammonia detoxification or elimination routes; the width of the arrow is proportional to the flow. Percentages indicate organ distribution of fluxes. GNG: gluconeogenesis. Arrows indicate stimulatory effect, and clubs indicate inhibitory effects. Adapted from Paulusma et al[START_REF] Paulusma | Amino acid metabolism, transport and signalling in the liver revisited[END_REF] .
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Supplemental Table 1 Amino acids used.

  

	Supplemental		
	Name	Supplier	Cat no.
	Alanine	Sigma Aldrich	A7469
	Arginine	Sigma Aldrich	A6969
	Aspartic acid	Sigma Aldrich	A7219
	Cysteine	Sigma Aldrich	C7352
	Glutamine	Sigma Aldrich	G8540
	Histidine	Sigma Aldrich	H6034
	Leucine	Sigma Aldrich	L8912
	Lysine	Sigma Aldrich	L8662
	Threonine	Sigma Aldrich	T8441
	Tryptophan	Sigma Aldrich	T8941

Table 2 Primer sequences of genes targeted on RT-qPCR analyses.

 2 

	Name		Sequence	Supplier
	Acetyl-CoA carboxylase1, ACC (Acaca)	TGGCAGACCACTATGTTCCA	Eurogentec
	forward			
	Acetyl-CoA carboxylase1, ACC (Acaca)	GAGCAGTTCTGGGAGTTTCG	Eurogentec
	reverse			
	Acyl-CoA Oxidase 1 (Acox1) forward	TGCCAAATTCCCTCATCTTC	Eurogentec
	Acyl-CoA Oxidase 1 (Acox1) reverse		CTTGGATGGTAGTCCGGAGA	Eurogentec
	Adrenergic receptor β3 (ADRβ3) forward	CGCGCACCTTCATAGCCATCAAAC	Eurogentec
			C	
	Adrenergic receptor β3 (ADRβ3) reverse	TCTAGTTCCCAGCGGAGTTTTCATC	Eurogentec
			G	
	Carbohydrate-responsive element-binding	GAAGCCACCCTATAGCTCCC	Eurogentec
	protein, CHREBP (Chrebp), total forward		
	Carbohydrate-responsive element-binding	CTGGGGACCTAAACAGGAGC	Eurogentec
	protein, CHREBP (Chrebp), total reverse		
	Carnitine-palmitoyltransferase-1	(Cpt1)	CCAAACGTCACTGCCTAAGCT	Eurogentec
	forward			
	Carnitine-palmitoyltransferase-1	(Cpt1)	TAGTTGCCCACCATGACTTG	Eurogentec
	reverse			
	Cluster of differentiation 36 (Cd36) forward GATGACGTGGCAAAGAACAG	Eurogentec
	Cluster of differentiation 36 (Cd36) reverse	TCCTCGGGGTCCTGAGTTAT	Eurogentec
	Cytochrome c oxidase subunit 4 (Cox4)	CAAATCAGAACGAGCGCAG	Eurogentec
	forward			
	Cytochrome c oxidase subunit 4 (Cox4)	CCGACTGGAGCAGCCTTTC	Eurogentec
	reverse			
	Cytochrome P450 (Cyp4a14) forward		TCAGTCTATTTCTGCTGTTC	Eurogentec
	Cytochrome P450 (Cyp4a14) reverse		GAGCTCCTTGTCCTTCAGATGGT	Eurogentec
	Fatty acid elongase 6 (Elovl6) forward	ACAATGGACCTGTCAGCAAA	Eurogentec
	Fatty acid elongase 6 (Elovl6) reverse		GTACCAGTGCAGGAAGATCAGT	Eurogentec
	Fatty acid synthase, FAS (Fasn) forward	TTCCAAGACGAAAATGATGC	Eurogentec
	Fatty acid synthase, FAS (Fasn) reverse	AATTGTGGGATCAGGAGAGC	Eurogentec
	Glucose-6-phosphatase catalytic subunit	TTACCAAGACTCCCAGGACTG	Eurogentec
	(G6PC) forward			
	Glucose-6-phosphatase catalytic subunit	GAGCTGTTGCTGTAGTAGTCG	Eurogentec
	(G6PC) reverse			
	Hormone sensitive lipase (Hsl) forward	GCTGGAGGAGTGTTTTTTTGC	Eurogentec
	Hormone sensitive lipase (Hsl) reverse	AGTTGAACCAAGCAGGTCACA	Eurogentec
	L32 ribosomal protein (L32) forward		CAAGGAGCTGGAGGTGCTGC	Eurogentec
	L32 ribosomal protein (L32) reverse		CTGCTCTTTCTACAATGGC	Eurogentec
	Peroxisome proliferator-activated receptor AGTTCACGCATGTGAAGGCTG	Eurogentec
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