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Résumé

La réponse glycémique postprandiale (RGP) est reconnue comme un facteur prédictif précoce de l'apparition du diabète de type 2 (DT2), indépendamment de la glycémie à jeun. Si l'implication de la diminution de la sensibilité et de la sécrétion d'insuline sur la RPG, et par conséquent sur la physiopathologie du DT2, a été bien étudiée, celle de l'absorption intestinale du glucose (AIG) reste partiellement comprise. La RGP est sous l'influence de nombreux mécanismes dont les principaux sont l'apparition du glucose exogène, l'utilisation du glucose par les tissus et la production endogène de glucose. L'AIG, l'insulinosécrétion et la sensibilité à l'insuline gouvernent ainsi la RGP.

Les données de la littérature laissent supposer que l'évaluation en routine de l'AIG permettrait une médecine de précision pour améliorer la prévention et le traitement du DT2. Cependant, l'AIG est une variable difficile à mesurer in vivo, ce qui implique la nécessité d'un biomarqueur facile à utiliser en pratique clinique.

L'objectif de ce travail a été de mieux comprendre la contribution de l'AIG sur la RPG, particulièrement par la validation d'une nouvelle méthode de quantification de l'absorption. Ce travail a été conduit par des approches expérimentales sur modèle porcin et par une approche transversale à partir de données cliniques.

Dans un premier temps, nous avons montré que l'élaboration d'un modèle de miniporc mimant une hyper-absorption de glucose et de lipides était, chez cette espèce, la seule stratégie efficace permettant l'induction d'un syndrome métabolique avec des signes précoces d'intolérance au glucose.

Deuxièmement, nous avons élaboré un modèle fiable, spécifique et simple d'utilisation de quantification de l'AIG en utilisant le test oral au D-Xylose. Troisièmement, nous avons montré que l'apparition systémique du D-Xylose ne dépendait ni de l'insulinosensibilité, ni de l'insulinosécrétion, mais que son mécanisme d'absorption était modifié par la vitesse de vidange gastrique dans les temps précoces du repas. Enfin, les études transversales ont mis en évidence l'association entre l'AIG et le statut glycémique ainsi que sa contribution positive sur la RGP, aussi bien précoce que globale, et quel que soit le statut glycémique.

Après avoir validé l'apparition systémique du D-Xylose comme biomarqueur fiable de quantification de l'AIG, notre étude a permis également de confirmer l'association entre une AIG augmentée et une hyperglycémie postprandiale. L'AIG serait donc un prédicteur précoce permettant le phénotypage des patients et leur prise en charge personnalisée dans l'optique d'une médecine de précision. Moduler l'absorption intestinale du glucose, par les inhibiteurs de SGLT1 ou la chirurgie métabolique représente donc une stratégie thérapeutique pertinente pour l'amélioration de la réponse glycémique postprandiale.

General Introduction

"Let food be thy medicine, and let medicine be thy food", as supposed stated by Hippocrate. This quotation is particularly true when talking about diabetes mellitus. Diabetes mellitus is a complex disease characterized by dysregulation of glucose homeostasis and usually classified into two main forms: type 1 and type 2 diabetes. The complications of diabetes are pleiotropic, often severe, and difficult to control after their occurrence.

Numerous studies have noted the extreme heterogeneity of type 2 diabetes, and new subtypes of the disease have been identified with vastly different patient characteristics and risks for complications (Ahlqvist et al., 2018;Raverdy et al., 2022). As a result, the idea of "Precision Medicine" seems to be particularly pertinent for the prediction, diagnosis, and therapy of type 2 diabetes.

One of the goals of type 2 diabetes research is to find early predictors that could make the disease easily reversible (Figure 1). For this reason, the targets of intervention of type 2 diabetes, such as fasting glycemia, HbA1c, and the 2-hour blood glucose concentration following a 75-g Oral Glucose Tolerance Test (OGTT) are currently questioned because they are not early enough [START_REF] Bergman | Lessons learned from the 1-hour post-load glucose level during OGTT: Current screening recommendations for dysglycaemia should be revised[END_REF]. Current screening and diagnostic guidelines should thus be redefined. The early postprandial glucose response (particularly the 1-hour postload level) has been proposed as a new target of intervention [START_REF] Bergman | Lessons learned from the 1-hour post-load glucose level during OGTT: Current screening recommendations for dysglycaemia should be revised[END_REF][START_REF] Buysschaert | 1-h post-load plasma glucose for detecting early stages of prediabetes[END_REF][START_REF] Peddinti | 1-Hour Post-OGTT Glucose Improves the Early Prediction of Type 2 Diabetes by Clinical and Metabolic Markers[END_REF] and is by the way a topic discussed during the 2023 Hamburg Congress of the European Association for the Study of Diabetes (EASD).

In fact, the 1-hour cut-off value of 155 mg/dL during an OGTT stratifies people into high and low risk groups for developing type 2 diabetes in the future [START_REF] Abdul-Ghani | One-Hour Plasma Glucose Concentration and the Metabolic Syndrome Identify Subjects at High Risk for Future Type 2 Diabetes[END_REF], independently of impaired fasting glucose [START_REF] Fiorentino | One-Hour Postload Hyperglycemia Is a Stronger Predictor of Type 2 Diabetes Than Impaired Fasting Glucose[END_REF], beta cell function impairement and insulin resistance among adults [START_REF] Bianchi | Elevated 1-Hour Postload Plasma Glucose Levels Identify Subjects With Normal Glucose Tolerance but Impaired β-Cell Function, Insulin Resistance, and Worse Cardiovascular Risk Profile: The GENFIEV Study[END_REF] and obese youth from multiple ethnic origins [START_REF] Kim | One-Hour Glucose During an Oral Glucose Challenge Prospectively Predicts -Cell Deterioration and Prediabetes in Obese Hispanic Youth[END_REF][START_REF] Oh | Onehour postload plasma glucose concentration in people with normal glucose homeostasis predicts future diabetes mellitus: a 12-year community-based cohort study[END_REF]Tricò et al., 2019a). Additionally, it has been shown as an indicator of mortality [START_REF] Bergman | One-hour post-load plasma glucose level during the OGTT predicts mortality: observations from the Israel Study of Glucose Intolerance, Obesity and Hypertension[END_REF], non-alcoholic steatohepatitis (NASH) [START_REF] Fiorentino | One-Hour Postload Hyperglycemia Confers Higher Risk of Hepatic Steatosis to HbA1c-Defined Prediabetic Subjects[END_REF], as well as cardiovascular disease risk [START_REF] Bianchi | Elevated 1-Hour Postload Plasma Glucose Levels Identify Subjects With Normal Glucose Tolerance but Impaired β-Cell Function, Insulin Resistance, and Worse Cardiovascular Risk Profile: The GENFIEV Study[END_REF][START_REF] Fiorentino | One-hour postload hyperglycemia combined with HbA1c identifies individuals with higher risk of cardiovascular diseases: Cross-sectional data from the CATAMERI study[END_REF][START_REF] Tanaka | One-hour post-load hyperglycemia by 75g oral glucose tolerance test as a novel risk factor of atherosclerosis[END_REF]. Furthermore, the 1-hour cut-off value of 11.6 mmol/L (209 mg/dL) was also suggested by a recent meta-analysis for the diagnosis of type 2 diabetes [START_REF] Ahuja | Accuracy of 1-Hour Plasma Glucose During the Oral Glucose Tolerance Test in Diagnosis of Type 2 Diabetes in Adults: A Meta-analysis[END_REF]. Thus, early postprandial glycemic response is suggested as a universal tool for the early management of metabolic diseases. The contribution of insulin sensitivity and secretion on postprandial glycemic response, which aims to increase plasma glucose clearance and decrease endogenous glucose production, has been well described, but it is currently not enough to fully explain all the pathophysiological mechanisms underlying postprandial glucose response [START_REF] Defronzo | From the Triumvirate to the Ominous Octet: A New Paradigm for the Treatment of Type 2 Diabetes Mellitus[END_REF].

Following the consumption of a meal, intestinal glucose absorption enables glucose to enter the plasmatic compartment. This mechanism is the only one that permits the organism to receive exogenous glucose and its contribution on postprandial glucose response in health and dysglycemia onset was largely neglected. Interestingly, it was not part to the ominous octet presented in the Banting Lecture of DeFronzo [START_REF] Defronzo | From the Triumvirate to the Ominous Octet: A New Paradigm for the Treatment of Type 2 Diabetes Mellitus[END_REF]. But now, increasing evidence suggests that intestinal glucose absorption is an important determinant of early postprandial glucose response (Tricò et al., 2019b) and its routine assessment may inform precision medicine for the prevention and treatment of type 2 diabetes.

The aim of this work is thus to better understand the association between intestinal glucose absorption to postprandial glycemic response by using the systemic appearance of D-Xylose as a biomarker for in vivo measure of intestinal glucose absorption. This thesis was constituted of one bibliographic section (Part 1), three longitudinal studies (Parts 2, 3, and 4), and one cross-sectional study (Part 5). In Part 1, we discussed the documented evidence for the association between intestinal glucose absorption and postprandial glucose response, in health and metabolic disorders. In Part 2, using a Minipig model of glucose and lipid overabsorption, we 

I. Glucose absorption and metabolism in health 1. Glucose homeostasis

For many species, especially non-ruminant mammals, glucose serves as their primary energy source.

Glucose does not naturally occur in food but is released after complex carbohydrates have been digested. Glucose enters the liver through the portal vein after being transported across the intestinal wall and is then distributed to other tissues. By using different catabolic pathways, glucose can be transformed into fatty acids or amino acids, stored as glycogen, or oxidized inside cells.

Some organs and tissues, particularly the brain, require a steady supply of glucose. Low blood glucose levels can cause a coma, seizures, or even death. In contrast, high blood glucose levels can be toxic to organs and increase the risk of retinopathy, vascular diseases, neuropathy, and renal failure. For this reason, glycemia must be kept within a very small range. Homeostasis is the process of maintaining steady-state blood glucose levels within predetermined limits (Figure 2). The blood compartment can be viewed as a type of system with glucose fluxes at the entrance and exit. The entrance fluxes consist in intestinal glucose absorption and endogenous glucose production, whereas the exit fluxes consist in the oxidation or storage of glucose by peripheral tissues and its elimination through the kidney tubules. The body controls blood glucose levels through physiological mechanisms, particularly hormonal ones, to prevent hyperglycemia after eating and hypoglycemia after exercise or during a fast [START_REF] Szablewski | Glucose Homeostasis -Mechanism and Defects[END_REF].

Metabolic abnormalities can happen if the regulation system is not working properly or if there is an imbalance in the flux of glucose entering and leaving the body. Thus, the clinical outcome of the dysfunctional glucose homeostasis is diabetes mellitus. Although there may be several initial imbalances, the end result in the later stages of the disease is chronic hyperglycemia that is linked to a variety of difficult-to-control complications.

Physiology of intestinal glucose absorption: determinants

The movement of glucose as monosaccharides through the intestinal wall, from the lumen to the portal vein, is referred to as intestinal glucose absorption [START_REF] Gerich | Physiology of glucose homeostasis[END_REF], and it is essential for consuming energy. Using perfusion systems, some studies in humans assessed the maximum ability of the proximal jejunum to absorb glucose at a rate of 0.5 g/min/30cm 2 [START_REF] Duchman | Upper limit for intestinal absorption of a dilute glucose solution in men at rest[END_REF][START_REF] Modigliani | Absorption of glucose, sodium, and water by the human jejunum studied by intestinal perfusion with a proximal occluding balloon and at variable flow rates[END_REF].

According to the meal's composition, the circadian cycle, or the anatomy of the intestine itself, blood glucose concentrations inside the intestinal lumen can vary greatly; levels can range from 0.2 to 48 mmol/L while oscillating in the blood compartment around the setpoint value of 5 mmol/L [START_REF] Ferraris | Luminal glucose concentrations in the gut under normal conditions[END_REF]. The intestine thus exhibits the ability to act as a barrier by controlling glucose transport and limiting its passage to ensure glucose homeostasis.

According to this theory, every factor that changes intestinal functionality can subsequently have an impact on glucose homeostasis. There are numerous factors that affect how much glucose is absorbed from the intestine, including nutrient exposure to the mucosa of the digestive tract, conversion of complex carbohydrates to monosaccharides, and glucose transport through the enterocytes.

Exposure to the intestinal mucosa

The rate at which nutrients are delivered to the intestine and, as a result, are digested and absorbed depends on the motility of the gastrointestinal tract. The main contributor to nutrient exposure is gastric emptying.

Gastric emptying

The three primary functions of the stomach are to store food before duodenal transit, to mix food with gastric secretion to liquefy the chyme, and to control the rate of food delivery to the intestine for proper rate of digestion and absorption [START_REF] Holst | Roles of the Gut in Glucose Homeostasis[END_REF][START_REF] Lema-Perez | Phenomenological-Based model of human stomach and its role in glucose metabolism[END_REF].

The stomach enables an initial lag phase between 20 and 40 minutes before the delivery of food in the intestine and it has been demonstrated that the rate of gastric emptying is normally little affected by the size of the chyme but more by the nature, the energetic load of meal and its viscosity: in case of a viscous chyme, gastric emptying would be delayed [START_REF] Marciani | Gastric Response to Increased Meal Viscosity Assessed by Echo-Planar Magnetic Resonance Imaging in Humans[END_REF][START_REF] Sakamoto | Mosapride Accelerates the Delayed Gastric Emptying of High-Viscosity Liquids: A Crossover Study Using Continuous Real-Time C Breath Test (BreathID System)[END_REF][START_REF] Wolever | Increasing oat β-glucan viscosity in a breakfast meal slows gastric emptying and reduces glycemic and insulinemic responses but has no effect on appetite, food intake, or plasma ghrelin and PYY responses in healthy humans: a randomized, placebo-controlled, crossover trial[END_REF]. In healthy subjects, this rate has been measured at 1-4 kcal/min [START_REF] Brener | Regulation of the gastric emptying of glucose[END_REF], and gastric emptying is controlled so that this rate is maintained regardless of the type of chyme.

Although intraindividual variability for the same conditions appears to be negligible in humans, interindividual variability of this rate has been demonstrated [START_REF] Lartigue | Inter-and intrasubject variability of solid and liquid gastric emptying parameters: A scintigraphic study in healthy subjects and diabetic patients[END_REF]. Following gastric emptying, incretin hormones are released, and they remain active for the duration of the gut's delivery of nutrients.

Multiple mechanisms, including the nervous system as well as gastric and intestinal hormones, are involved in the regulation of gastric emptying. The main hormones responsible for the slowing of gastric emptying are known as incretins, which refers to Gastric Inhibitory Polypeptide (GIP) and

Glucagon-Like Peptide-1 (GLP-1). Cholecystokinine (CCK) and Peptide Tyrosine-Tyrosine (PYY) are also involved in the regulation of gastric emptying. Gastric emptying is also delayed by pancreatic and duodenal hormones like glucagon, amylin, and motilin. On the other hand, the rate is sped up by the orexigenic hormones ghrelin and motilin from the stomach. The effect of these hormones on delayed gastric emptying is also related to their satiety effect [START_REF] Camilleri | Gastrointestinal hormones and regulation of gastric emptying[END_REF]. In terms of nervous regulation, vagal nerve branches implanted in the pylorus control local hormonal mechanisms for controlling gastric emptying in addition to short reflexes [START_REF] Holst | Roles of the Gut in Glucose Homeostasis[END_REF]. According to the prandial or interprandial period, two parallel nervous circuits-one inhibitory and one excitatory-were found to mediate the inhibition or stimulation of gastric emptying, respectively (Goyal et al., 2019b).

Intestinal motility

If gastric emptying is the primary factor affecting how nutrients are exposed into the intestine, small intestinal motility also influences how quickly glucose is absorbed [START_REF] Thazhath | Glucose absorption in small intestinal diseases[END_REF]. In fact, an increase in small intestine motility causes a higher exposure of glucose along the intestinal tract, increasing the rate at which the transporters can absorb glucose (Kuo et al., 2010a;[START_REF] Schwartz | Small Bowel Motility Affects Glucose Absorption in a Healthy Man[END_REF]. The rate of absorption, on the other hand, is decreased by lowered intestinal motility [START_REF] Chaikomin | Concurrent duodenal manometric and impedance recording to evaluate the effects of hyoscine on motility and flow events, glucose absorption, and incretin release[END_REF][START_REF] Ogawa | The effect of gastric inhibitory polypeptide on intestinal glucose absorption and intestinal motility in mice[END_REF].

Digestion of complex carbohydrates

Digestion is the process by which complex carbohydrates, which cannot be absorbed directly, are converted to monosaccharides, which enterocytes can transport. A quick and complete absorption of glucose is facilitated by an efficient and rapid digestion. The nature of the carbohydrate itself and the digestive enzymes that affect its cleavage are two factors that affect how quickly it breaks down.

The main carbohydrates

According to their degree of polymerization, carbohydrates can be divided into 3 main categories: 1/ monosaccharides (glucose, fructose and galactose, form absorbable by the intestine) and disaccharides (saccharose, lactose and maltose); 2/ oligosaccharides, constituted of 3 to 9 monosaccharides; 3/ polysaccharides (from 10 unities), including starch, a mix of amylose and amylopectin, and other carbohydrates as cellulose for example, digestible only for herbivorous species.

The size and the morphology of starch granules and the proportion of amylose and amylopectin depends on the origin plants of starch and determine its digestibility.

Degradation by the digestive enzymes

Disaccharides and oligosaccharides from food are hydrolyzed directly by enterocytes at the brush border while starch digestion is first made up of preparatory steps in the mouth by salivary α-amylase, in the stomach and in the intestinal lumen by pancreatic α-amylase, to be transformed into oligosaccharides later.

The presence of lactase, maltase, and isomaltase along the enterocyte brush border enables the formation of all monosaccharide units that are directly absorbed by the enterocytes. We refer to the intestinal wall as the "digestive-absorptive interface" because the action of these enzymes and the transport of monosaccharides are closely integrated [START_REF] Levin | Digestion and absorption of carbohydrates -from molecules and membranes to humans[END_REF]. However, it appears that sucrose absorption is not rate-limited by the hydrolysis of oligosaccharides, implying that these two processes are independent [START_REF] Gray | Intestinal absorption of sucrose in man: interrelation of hydrolysis and monosaccharide product absorption[END_REF].

Fermentation in the large intestine

The non-absorbed fraction of carbohydrates comes then into the large intestine. In fact, some carbohydrates, such as cellulose, that are derived from fruits, vegetables, or synthetic compounds are insufficiently digestible by endogenous enzymes and consequently only partially absorbed in the small intestine. The microbiota in the large intestine then ferments them there into Short-Chain Fatty Acids (SCFAs), such as acetate, propionate, and butyrate [START_REF] Makki | The Impact of Dietary Fiber on Gut Microbiota in Host Health and Disease[END_REF]. SCFAs then passively diffuse across the large intestinal barrier. As a result, the type of carbohydrates consumed can have an impact on the nature and diversity of the microbiota [START_REF] Xie | Enteroendocrine Hormone Secretion and Metabolic Control: Importance of the Region of the Gut Stimulation[END_REF].

Monosaccharides transportation across the intestinal barrier

By specific transporters through the enterocytes

Specific transporters are primarily responsible for moving glucose, galactose, and fructose, monosaccharides, released during the digestion of complex carbohydrates, across the enterocytes.

Sodium Glucose Transporter 1 (SGLT1, gene slc5a1) is responsible for transporting glucose and galactose across the apical membrane, while Glucose Transporter 5 (GLUT5, gene slc2a5) is responsible for transporting fructose. All monosaccharides take the Glucose Transporter 2 (GLUT2, gene slc2a2) at the basolateral membrane to connect to the blood system (Figure 3). One molecule of glucose is co-absorbed with two molecules of sodium ion (Na+) during the active cotransport of glucose and galactose from the intestinal lumen into the cells. The sodium/potassium active adenosine triphosphatase pomp (Na+/K+ ATPase), which is located at the basal pole and is responsible for removing intracellular Na+, maintains the Na+ concentration gradient. Even though intraluminal glucose levels are lower than blood ones, there is still a strong and efficient transport of glucose across the enterocyte [START_REF] Thazhath | Glucose absorption in small intestinal diseases[END_REF]. Each monosaccharide has a different affinity for SGLT1, with glucose being more affine than galactose (Michaelis constants (Km) of 0.5 and 1 mM, respectively) and 3-O-methylglucose, a glucose analogue [START_REF] Gromova | Mechanisms of Glucose Absorption in the Small Intestine in Health and Metabolic Diseases and Their Role in Appetite Regulation[END_REF][START_REF] Koepsell | Glucose transporters in the small intestine in health and disease[END_REF].

Phlorizin, a naturally occurring substance found in fruit trees, is the primary competitive inhibitor of the SGLT1 transporter. Since its discovery 150 years ago, phlorizin has been used as a therapeutic target and as a pharmacological tool for preclinical research [START_REF] Ehrenkranz | Phlorizin: a review[END_REF]. Phloretin and cytochalasin B, two additional glucose transporter inhibitors, do not have any inhibitory effects on SGLT1 in contrast to phlorizin [START_REF] Koepsell | Glucose transporters in the small intestine in health and disease[END_REF].

By facilitating diffusion through GLUT5, fructose enterocyte entry happens. In knock-out (KO) slc2a5 mouse models, fructose uptake across the apical membrane is abolished, indicating that GLUT5 is mainly responsible for fructose enterocyte uptake [START_REF] Ferraris | Intestinal Absorption of Fructose[END_REF].

The exit of glucose, galactose and fructose from the enterocyte occurs at the basolateral membrane by facilitating diffusion thanks to GLUT2, independently from Na+. With apparent Km values of 17 mM for glucose, 76 mM for galactose, and 92 mM for fructose, respectively, glucose has the highest affinity for GLUT2. Phloretin and cytochalasin B, but not phlorizin, inhibit GLUT2 [START_REF] Koepsell | Glucose transporters in the small intestine in health and disease[END_REF].

Paracellular transport

In addition to the transport of monosaccharides by particular transporters, some evidence also suggested that paracellular transport occurred [START_REF] Pappenheimer | Paracellular intestinal absorption of glucose, creatinine, and mannitol in normal animals: relation to body size[END_REF]. The Pappenheimer's group founds differences between studies using isolated cells conducted in vivo and in vitro. In vivo studies revealed a linear increase in glucose uptake beyond the highest intraluminal glucose concentrations, in contrast to in vitro observations of intestinal glucose transport that revealed complete SGLT1 transporter saturation in the case of high glucose levels. Along with the paracellular glucose transport, an increase in water absorption across the epithelium was also noted, causing morphological changes in the tight junctions between enterocytes and facilitating the permeation of other hydrophilic molecules [START_REF] Madara | Structural basis for physiological regulation of paracellular pathways in intestinal epithelia[END_REF]. According to Gromova and Gruzdkov, less than 15 % of all glucose transport occurs paracellularly [START_REF] Gromova | The relative role of different mechanisms of glucose absorption in the small intestine under physiological conditions[END_REF].

Glucose sensing by Sweet Taste Receptors

In contrast to SGLT1 transporters, a process involving Sweet Taste Receptors (STRs) enables the small intestine to sense glucose [START_REF] Dyer | Glucose sensing in the intestinal epithelium[END_REF]. The two dimers T1R2 and T1R3 are combined to form STRs, which are coupled to G-protein and expressed at the epithelial pole of enteroendocrine K and L cells [START_REF] Renwick | Sweet-taste receptors, low-energy sweeteners, glucose absorption and insulin release[END_REF]. The G-protein α-gustducin and the subunit T1R3 enable glucose sensing and the control of SGLT1 expression in enterocytes [START_REF] Margolskee | T1R3 and gustducin in gut sense sugars to regulate expression of Na+-glucose cotransporter 1[END_REF]. The enteroendocrine cell detects glucose via STRs, which causes the release of GIP and GLP-1, which serves as a signal for SGLT1 enterocyte expression and subsequent glucose absorption [START_REF] Egan | Taste Cells of the Gut and Gastrointestinal Chemosensation[END_REF]. STRs are supposed to participate to the release of incretin hormones in postprandial state.

Glucose metabolism in the postprandial period

Fate of glucose after meal ingestion

Glucose enters the portal vein following its absorption. According to studies [START_REF] Dimitriadis | Regulation of Postabsorptive and Postprandial Glucose Metabolism by Insulin-Dependent and Insulin-Independent Mechanisms: An Integrative Approach[END_REF], the liver directly absorbs between 40 and 70 % of glucose. After this first pass effect, the remaining absorbed glucose enters the systemic circulation and is swiftly absorbed by the other tissues in order to preserve its homeostasis and be used as a source of energy.

Skeletal muscle is thought to take up 26 %, the brain 15 %, the kidney 10 %, the adipose tissue 3 %, and the remaining organs (heart, blood cells, skin...) 7 %. The liver, skeletal muscle, and brain thus account for 80% of the total load absorbed [START_REF] Kelley | Skeletal muscle glycolysis, oxidation, and storage of an oral glucose load[END_REF] (Figure 4). Values for kidney storage actually represent net uptake and may include glucose that was metabolized.

For glucose uptake, two categories of tissues can be distinguished:

-non-insulin dependent tissues, such as the brain, blood cells or retina. Their consumption of glucose is constant and continue and glucose represents their exclusive energy supply.

-insulin dependent tissues, such as the liver, skeletal muscle and adipose tissue, in which insulin stimulates glucose storage and utilization by increasing its uptake or its metabolic pathways.

Glycolysis, the Krebs cycle, oxidative phosphorylations, and the pentose phosphate pathway are the glucose cellular metabolism pathways that allow glucose to be directly oxidized after entering cells.

Glycogen synthetase, an enzyme found in the liver and muscles, converts glucose into glycogen, the primary form of glucose storage.

Glucose transporters

The transport of glucose by transmembrane proteins is necessary for it to be metabolized by the cells.

Two kinds of transporters can be distinguished: glucose transporters by facilitating diffusion (GLUT family) [START_REF] Thorens | Glucose transporters in the 21st Century[END_REF] and sodium-glucose transporters, also known as cotransporters (SGLT family) [START_REF] Wright | Biology of Human Sodium Glucose Transporters[END_REF].

14 GLUT proteins (GLUT1 to 14) have been discovered so far, but only half of them have wellunderstood functions. GLUT proteins differ according to the tissues in which they are expressed, in their kinetic characteristics, and in the monosaccharides transported. The main GLUT proteins responsible for glucose transport are GLUT1, GLUT2, GLUT3, GLUT4 and GLUT5.

The well-studied protein GLUT1 is highly expressed in the membranes of erythrocytes. It is also present in nerve, endothelial, placental, and adipose tissue cells.

GLUT2 is highly expressed in pancreatic beta cells, enterocyte basal membranes, hepatocytes, and kidney epithelial cells. It has a high affinity for transporting glucose (Km of 17 mM). GLUT2 allows a quick glucose balance between extracellular and intracellular space.

The nervous system is the primary site of GLUT3 expression. Widespread in dendrites and axons, this transporter's expression levels vary depending on the cerebral area and are correlated with the local cerebral glucose uptake. Leukocytes and platelets also contain GLUT3. The amount of GLUT3 expressed at the cell membrane would regulate the uptake of glucose.

GLUT4 is primarily expressed in tissues that respond to insulin, like skeletal muscle and adipose tissue.

The translocation of GLUT4 from the cytosol to the cell membrane is regulated by the action of insulin, but the pathway responsible for this translocation, from insulin binding to its receptor, remains incompletely understood.

For its part, GLUT5 has a very high level of fructose transport specificity and is widely expressed in the apical membrane of enterocytes. Other tissues such as the kidney, brain, muscle, and adipose tissue also express it. However, the physiological relevance of its extraintestinal expression remains unclear.

Robert Crane made the initial discovery of the sodium-glucose transporters in 1960 with the identification of the intestinal SGLT1, which is found at the apical pole of enterocytes. The two primary glucose cotransporters are SGLT1 and SGLT2, which are primarily found in the intestine and the kidney, respectively. However, SGLT3 (an intestinal glucose sensor), SGLT4 (in the small intestine and brain), SGLT5 (in the kidney), and SGLT6 (in the spinal cord, kidney, and brain) have also been identified.

Role of the liver

The liver is a crucial component of the homeostasis of glucose. Its primary function following a meal is to convert glucose into glycogen. Insulin is not required for glucose entry into hepatocytes because GLUT2 transporters have a high affinity for glucose, allowing glucose to enter the cells proportionally to extracellular glucose levels. This unregulated mechanism of entrance allows glucose clearance after a meal [START_REF] Thorens | GLUT2, glucose sensing and glucose homeostasis[END_REF].

When glucose enters the hepatocyte, it is phosphorylated to form glucose-6-phosphate, which is then used in metabolic glucose pathways like glycolysis, the Krebs cycle, or oxidative phosphorylation. It can also be stored as glycogen or used as an energy source. The liver synthesizes about 50 % of the portal glucose into glycogen. However, because aminoacids and non-esterified fatty acids are the most significant energy sources, the liver only oxidizes a small amount of glucose.

Following a meal, hyperglycemia and hyperinsulinemia ensure the nearly complete suppression of the normally constant endogenous glucose production, which is primarily carried out by the liver and kidney during fasting. This suppression, which includes both gluconeogenesis and glycogenolysis abolition, takes place within the first 30 to 60 minutes after the oral carbohydrate challenge.

Role of the skeletal muscle and adipose tissue

The quantity of glucose uptake after a meal by the skeletal muscle is estimated at 26 % [START_REF] Dimitriadis | Regulation of Postabsorptive and Postprandial Glucose Metabolism by Insulin-Dependent and Insulin-Independent Mechanisms: An Integrative Approach[END_REF]. The entry of glucose into the muscular cells is facilitated by the insulin-regulated translocation of GLUT4 from the cytosol to the membrane, which serves as a limiting step in the metabolism of glucose. After eating a meal, the muscle begins to absorb glucose within the first 15 to 30 minutes and reaches its peak 60 to 90 minutes later. The peak of uptake is in synchronization with the peak of plasma insulin levels [START_REF] Ferrannini | The Disposal of an Oral Glucose Load in Healthy Subjects[END_REF][START_REF] Taylor | Direct measurement of change in muscle glycogen concentration after a mixed meal in normal subjects[END_REF]. After that, glucose is either oxidized or stored as glycogen in the muscle.

It has been established that oxidation, which accounts for 50 % of the glucose taken up, is the major outcome of glucose in muscular cells. Glycogen synthesis begins only 90 minutes after meal ingestion and accounts for about 35 % of the glucose uptake by the muscle [START_REF] Kelley | Skeletal muscle glycolysis, oxidation, and storage of an oral glucose load[END_REF][START_REF] Taylor | Direct measurement of change in muscle glycogen concentration after a mixed meal in normal subjects[END_REF]. Glycogen synthesis occurs in the muscle in the later postprandial period, when the glucose oxidation pathway reaches saturation point. The remaining 15 % are related to glucose being metabolized into lactate, alanine, or pyruvate [START_REF] Kelley | Skeletal muscle glycolysis, oxidation, and storage of an oral glucose load[END_REF].

According to some studies, the skeletal muscle plays a secondary role to the liver in the process of disposing of glucose. Because the liver has a higher insulin sensitivity than muscle, it would be used to regulate small amounts of ingested glucose before turning to skeletal muscle as a backup mechanism if the capacities of the liver were to be exceeded [START_REF] Kowalski | The Effect of Ingested Glucose Dose on the Suppression of Endogenous Glucose Production in Humans[END_REF]. In fact, it was demonstrated that endogenous glucose production was completely inhibited at plasma insulin concentrations of 60 µIU/mL, whereas maximal glucose disposal occurred at insulin concentrations of 200-700 µIU/mL, confirming the greater insulin sensitivity of the liver and the secondary action of the muscle [START_REF] Rizza | Dose-response characteristics for effects of insulin on production and utilization of glucose in man[END_REF].

For its part, adipose tissue is extremely sensitive to insulin, as only 13 µIU/mL of plasma insulin are required to suppress 50 % of lipolysis [START_REF] Nurjhan | Insulin Dose-Response Characteristics for Suppression of Glycerol Release and Conversion to Glucose in Humans[END_REF]. However, since only 3 % of oral glucose is taken up by adipocytes, adipose tissue does not play a significant role in the disposal of glucose.

Role of the brain

The brain uptakes about 15-23 % of glucose. Thanks to GLUT1, glucose can pass through the bloodbrain barrier. The primary transporters found in the brain, GLUT1 and GLUT3, facilitate diffusion within the neurons and enable rapid glucose transport. Glucose essentially supplies the energy for neurotransmission. The only energy reserve for the brain in astrocytes is glycogen, but it is synthesized at a much lower level than other types of conventional energy reserves [START_REF] Mergenthaler | Sugar for the brain: the role of glucose in physiological and pathological brain function[END_REF].

Glucose metabolism in fasting period

Glucose disposal and production

The time period from 6 to 12 hours after the last meal to the next is referred to as the fasting period.

Blood glucose levels must be kept between 80 and 90 mg/dL even if there is no glucose entry into the body, while insulin concentrations must stay below 10 µIU/mL. In a fasted state, non-insulin dependent tissue glucose uptake primarily affects the brain (50 %), skeletal muscle (15 %), blood cells (10 %), and kidneys (5 %). There is no storage, and the rate of glucose production from endogenous sources is roughly equal to the rate of glucose consumption, which is estimated at 2 mg/kg/min [START_REF] Gerich | Control of glycaemia[END_REF].

The liver is essential for the production of endogenous glucose and accounts for 80 % of the glucose produced and released into the bloodstream [START_REF] Gerich | Physiology of glucose homeostasis[END_REF]. The kidney comes in second place with 20 % of the contribution, and the intestine contributes very little [START_REF] Gerich | Physiology of glucose homeostasis[END_REF].There are two main mechanisms that permit endogenous production:

-glycogenolysis by the liver, that accounts for 50 % of the glucose produced and consists of the release of glucose from glycogen, its main form of storage.

-gluconeogenesis, essentially by the liver and the kidney (respectively 30 % and 20 % of total glucose release), consisting of the de novo synthesis of glucose from precursors.

Glycogenolysis

The first mechanism for releasing glucose in the fasting state is the depletion of liver glycogen stores.

After a 24-hour fast, the entire glycogen reserve is used up, and as a backup mechanism, gluconeogenesis increases concurrently (Figure 5). When fasting for the typical length of time, liver glycogenolysis contributes to 50 % of the production of glucose; however, if the fast is prolonged, gluconeogenesis can overtake this percentage. Skeletal muscle can also store glycogen, but unlike the liver, muscle lacks the enzyme glucose-6-phosphatase and is unable to release free glucose. Only emergency situations result in brain glycogenolysis [START_REF] Kanungo | Glycogen metabolism and glycogen storage disorders[END_REF].

The total amount of glycogen stored is influenced by the quantity of carbohydrates consumed at the previous meal, the length of starvation [START_REF] Rothman | Quantitation of Hepatic Glycogenolysis And Gluconeogenesis in Fasting Humans With 13 C NMR[END_REF], and the level of physical activity [START_REF] Hearris | Regulation of Muscle Glycogen Metabolism during Exercise: Implications for Endurance Performance and Training Adaptations[END_REF]. Data from [START_REF] Rothman | Quantitation of Hepatic Glycogenolysis And Gluconeogenesis in Fasting Humans With 13 C NMR[END_REF] One glucose-1-phosphate molecule can be released during the breakdown of glycogen thanks to the glycogen phosphorylase. Insulin and intracellular glucose concentration inhibit this enzyme while glucagon and adrenaline activate it [START_REF] Stalmans | Control of glycogen synthesis in health and disease[END_REF]. After that, glucose-1-phosphate is changed into glucose-6-phosphate and then glucose, before being released into the bloodstream (Paredes-Flores and Mohiuddin, 2023).

Gluconeogenesis

Parallel to glycogenolysis, gluconeogenesis emerges as the primary mechanism of glucose synthesis following the depletion of glycogen stores. The liver enables the synthesis of glucose from precursors other than carbohydrates. These precursors can include glycerol, lactate, alanine, glutamine, and other aminoacids. Lactate is the main precursor of gluconeogenesis (about 45 %), followed by alanine (20 %) and glutamine (15 %). Glycerol represents only 12 % [START_REF] Gerich | Physiology of glucose homeostasis[END_REF].

Skeletal muscle is the major source of these substrates and allows the supply of lactate and alanine from glycogenolysis and glutamine directly from proteolysis once glycogen is depleted. Muscle is thus responsible for 70 % of the alanine released in the systemic circulation, 40 % of the lactate and 45 % of the glutamine [START_REF] Dimitriadis | Regulation of Postabsorptive and Postprandial Glucose Metabolism by Insulin-Dependent and Insulin-Independent Mechanisms: An Integrative Approach[END_REF].

The hormone-sensitive lipase catalyzes the breakdown of triglycerides into glycerol and non-esterified fatty acids (NEFA) in adipose tissue. The liver then transforms glycerol into glucose. Skeletal muscle can use NEFA as energetic substrates for oxidation, and as NEFA production rises, glucose uptake and oxidation by the muscle decrease. NEFA also permit the liver and kidney to stimulate gluconeogenesis [START_REF] Ferrannini | Effect of fatty acids on glucose production and utilization in man[END_REF].

Regulations of glucose metabolism

Action of insulin

Synthesis, secretion and signalization

The most significant hormone in the control of glucose metabolism is insulin. It is a peptide hormone The main target tissues of insulin are the skeletal muscle, the liver and the white adipose tissue. In skeletal muscle, insulin promotes glucose utilization and storage by increasing glucose transport and net glycogen synthesis. In liver, insulin activates glycogen synthesis, increases lipogenic gene expression, and decreases gluconeogenic gene expression. In white adipocyte tissue, insulin suppresses lipolysis and increases glucose transport and lipogenesis [START_REF] Petersen | Mechanisms of Insulin Action and Insulin Resistance[END_REF].

The insulin receptor is a transmembrane receptor with tyrosine kinase activity. Following the fixation of insulin, the receptor dimerizes, which causes autophosphorylation and activates signal transduction.

A phosphorylation cascade involving the IRS and AKT proteins constitutes the signal transduction.

After insulin binds to its receptor in the skeletal muscle, a transduction signal causes GLUT4 to move from the cytosol to the cell membrane, where it then allows glucose to enter the cell (Figure 6). In the liver, the entrance of glucose into the hepatocytes via GLUT2 is independent from insulin but the AKT signaling leads to fast effects such as activation of the glycogen and protein synthetic machinery and slower transcriptionally mediated effects include upregulation of glucokinase, dimunition of gluconeogenic capacity, and stimulation of de novo lipogenic capacity. In the adipose tissue, insulin signaling allows the translocation of GLUT4 to the membrane for glucose entrance. The most critical physiological functions of insulin action in white adipose tissue are suppression of lipolysis (required by the action of the phosphodiesterase 3B) and stimulation of glucose uptake [START_REF] Petersen | Mechanisms of Insulin Action and Insulin Resistance[END_REF].

The release of insulin from pancreatic beta cells is a controlled process that is influenced by a variety of variables, including blood glucose levels, hormonal levels, and nervous system activity. Glucose is absorbed into the portal vein during meal assimilation and joins the beta cells in entry by GLUT2 transporters. When glucose enters a beta cell, the glycolysis pathway is activated, which results in ATP synthesis and, ultimately, the closure of potassium ATP-dependent channels, depolarization of the cell membrane, and opening of calcium channels. The final cause of the insulin exocytosis from vesicles translocation to the membrane is the rise of intracellular calcium content, from extracellular liquid but also from the endoplasmic reticulum (Figure 7). Thus, the insulin secretion is biphasic; the first phase is a brief peak that lasts for no longer than five minutes and involves the use up of the insulin that had been previously stored in the vesicles. The second phase is characterized by a more gradual rise, with a later peak that persists throughout the postprandial glycemic excursions. An intravenous glucose tolerance test can reveal the two secretion phases, and research has shown that maintaining a healthy glucose tolerance depends on the kinetics of insulin secretion, or more specifically, the presence of the first peak of insulin secretion. Thus, a change in this initial peak is one of the first indications of impaired glucose tolerance (Del Prato and Tiengo, 2001).

Several mechanisms control insulin secretion in a healthy individual [START_REF] Fu | Regulation of Insulin Synthesis and Secretion and Pancreatic Beta-Cell Dysfunction in Diabetes[END_REF]:

-nutrients: glucose is the main stimulator of insulin secretion, but amino acids and NEFA can also stimulate insulin release. After passive diffusion through the cell, fatty acids are transformed into acetyl coenzyme A, which enters into the Krebs cycle, at the initiation of insulin granules exocytosis.

Alanine is transformed into pyruvate and other amino acids such as leucine or glutamine are transformed into other substrates of the Krebs cycle.

-gastrointestinal hormones that stimulate insulin secretion include GIP and GLP-1 (incretin hormones), but they also include gastrin, secretin, and cholecystokinin. Due to the intestinal detection and absorption of nutrients, incretin hormones are released from the enteroendocrine cells. This mechanism participates to the control of postprandial glucose excursions, improving glucose tolerance.

-other pancreatic hormones: glucagon stimulates insulin secretion whereas somatostatin decrease it.

-nervous system: the parasympathetic system activates insulin secretion, whereas the othosympathetic system, especially via the action of adrenaline, decreases it.

-catecholamines: their action inhibits insulin secretion.

Physiological effects

Insulin affects the metabolism of glucose, lipids, and proteins, which primarily take place in the liver, skeletal muscles, and adipose tissue. Insulin is considered the hormone of anabolism.

Effect on glucose metabolism

Insulin is the principal hormone involved in glucose regulation. Its action consists of modulating blood glucose in (Figure 8):

-suppressing endogenous glucose production by the liver and the kidney. The expression and activity levels of the limiting enzymes involved in gluconeogenesis, particularly the glucose-6phosphatase and the phosphoenolpyruvate carboxykinase, are modulated, enabling this potent suppression. It was demonstrated that the increase in insulin concentrations in the portal vein directly mediated the suppression of hepatic glucose production [START_REF] Lewis | Hepatic Glucose Production Is Regulated Both by Direct Hepatic and Extrahepatic Effects of Insulin in Humans[END_REF]. But according to some studies [START_REF] Cherrington | The direct and indirect effects of insulin on hepatic glucose production in vivo[END_REF][START_REF] Mittelman | Indirect effect of insulin to suppress endogenous glucose production is dominant, even with hyperglucagonemia[END_REF], the primary mechanism by which insulin suppresses endogenous glucose production is an indirect, systemic effect that is mediated by substrates precursors of gluconeogenesis such as glycerol, lactate of amino acids, but also free fatty acids. Consequently, gluconeogenesis is lowered when the systemic levels of these precursors are reduced.

-stimulating glucose disposal (oxidation and storage) by the insulin-sensitive tissues. The recruitment of GLUT4 to the membranes of skeletal muscles, the heart, and adipose tissue is made possible by the insulin signaling pathway, greatly facilitating the entry of glucose. Additionally, insulin enables the activation of the glucose phosphorylation into glucose-6-phosphate, enabling the initiation of the glycolysis pathway and the maintenance of the gradient of glucose concentration between intracellular and extracellular fluid. Because GLUT2 is insulin-independent, insulin has no effect on the entrance of glucose into hepatocytes in the liver. On the other hand, insulin has a favorable impact on the phosphorylation of glucose-6-phosphate. Lastly, insulin stimulates glycogen synthesis in the liver and muscles by activating glycogen synthase. Insulin inhibits glycogen phosphorylase, which stops glycogenolysis.

Effect on lipid and protein metabolism 80 % of the energy reserves of the body are found in adipose tissue, which allows for the storage of energy in the form of triglycerides. Insulin promotes the synthesis and activity of lipoprotein lipase, which enables the uptake and esterification of NEFA from blood lipoproteins. Insulin is a key hormone that inhibits the action of the hormone sensitive lipase, which is the main hormone responsible for lipolysis. Insulin also stimulates the accumulation of triglycerides in adipose tissue.

Regarding the metabolism of proteins, insulin promotes the active transport of aminoacids into cells, speeds up protein synthesis, and lowers proteolysis. When eating a meal with an increased protein content, the liver and muscles use the extra aminoacids for fatty acid synthesis.

The postprandial inhibition of lipolysis and proteolysis by insulin results in a fall in the levels of amino acids, glycerol, and fatty acids in the blood, constituting the indirect insulin effect of endogenous production [START_REF] Mittelman | Inhibition of lipolysis causes suppression of endogenous glucose production independent of changes in insulin[END_REF][START_REF] Rebrin | Causal linkage between insulin suppression of lipolysis and suppression of liver glucose output in dogs[END_REF].

Action of glucagon

The main hyperglycemic hormone that functions as an insulin counterregulator is glucagon. It is a 29aminoacid peptide hormone that is released by pancreatic alpha cells following the maturation of its precursor proglucagon. The half-life of glucagon is only 5-6 minutes. This hormone promotes catabolism and permits the maintenance of glucose release in the bloodstream during periods of fasting [START_REF] Müller | The New Biology and Pharmacology of Glucagon[END_REF].

In healthy individuals, alpha cells secrete glucagon in situations involving decreased blood glucose levels, prolonged fasting, physical activity, and protein-rich meals. Endocrine or paracrine factors may also affect glucagon release. Globally, insulin, somatostatin, amylin, or GLP-1 inhibit glucagon secretion while ghrelin or GIP activate it. The autonomic nervous system also stimulates its release [START_REF] Janah | Glucagon Receptor Signaling and Glucagon Resistance[END_REF].

Glucagon levels typically range from 60 to 200 pg/mL, but they can rise above 1 ng/mL under fasting or stressful circumstances [START_REF] Müller | The New Biology and Pharmacology of Glucagon[END_REF]. Due to significant liver degradation, which directs the action of glucagon to the liver, the level of glucagon in the portal vein during a fast is generally 1.7-fold higher than in the systemic circulation. Blood glucose levels affect the blood levels of glucagon and insulin: when blood glucose levels are low, glucagon levels rise, while when blood glucose levels are high, insulin levels rise. Therefore, the effect of glucagon on the liver is determined by the insulin/glucagon ratio [START_REF] Unger | Glucagon and the Insulin:Glucagon Ratio in Diabetes and Other Catabolic Illnesses[END_REF]. The primary effects of glucagon are on the liver, where they include stimulation of gluconeogenesis and glycogenolysis as well as inhibition of glycogenogenesis due to its effects on the key enzymes in these metabolic pathways. In order to release the precursors of endogenous glucose production in the systemic circulation, glucagon increases protein catabolism and amino cid release from muscles [START_REF] Quesada | Physiology of the pancreatic α-cell and glucagon secretion: role in glucose homeostasis and diabetes[END_REF]. It also stimulates lipolysis and inhibits lipogenesis in adipose tissue (Figure 8).

Action of other mechanisms

The other mechanisms involved in glucose metabolism regulation have essentially a hyperglycemic effect and concern:

-the orthosympathetic system: via the action of adrenaline in stimulating glucagon and inhibiting insulin secretion. The orthosympathetic system thus has a similar effect as glucagon on the liver, skeletal muscle, and adipose tissue. It is a regulatory pathway that acute stress activates.

-glucocorticoids: they have a positive effect on gene transcription coding for enzymes involved in gluconeogenesis, lipolysis, and proteolysis, independently of blood glucose levels. Their action also leads to an increase in hepatic glycogen storage.

-growth hormone, which has an anti-insulin effect, directly or indirectly via growth factors.

Growth hormone also has an anabolic function in protein metabolism and stimulates lipolysis.

Complex hormonal regulation is needed to maintain the postprandial glycemic response. A delicate balance between the actions of insulin and all other catabolic hormones protects glucose homeostasis.

Incretin effect

Insulin is released in greater amounts in response to an oral glucose challenge than it is in response to an intravenous glucose challenge. This event is called "incretin effect" and highlights the release of intestinal hormones from enteroendocrine cells jointly with intestinal glucose absorption, which does not occur after intravenous glucose administration [START_REF] Nauck | Incretin hormones: Their role in health and disease[END_REF].

GIP and GLP-1 hormones increase the release of insulin and the suppression of glucagon secretion by fixation on their own receptor located in islets. When compared to intravenous administration, the insulin secretory response to oral glucose administration is at least two fold higher [START_REF] Seino | Understanding the Incretin Effect[END_REF]. GLP-1 is released from L-cells, which are found lower in the small and large intestine, whereas GIP is produced in enteroendocrine K cells, epithelial cells of the intestinal mucosa located in the duodenum and proximal jejunum (Figure 9).

In human subjects who are fasting, GIP and GLP-1 basal levels are in the low pmol/L range. The release of GIP and GLP-1 begins shortly after the beginning of food intake, peaks at 15-50 pmol/L between 40-60 minutes after ingestion, and returns to basal levels several hours later [START_REF] Holst | The Physiology of Glucagon-like Peptide 1[END_REF].

The release of incretin hormones remains yet partially known. It is triggered by glucose detection (even if the contribution of sweet taste receptor is controversial) and other complex carbohydrates, triglycerides, proteins, and aminoacids to a lesser extent. The rate of nutrients entering the intestinal lumen, due to the rate of gastric emptying, basically affects the secretion of GLP-1 and GIP; therefore, a minimum rate is required to start the release. The rate of duodenal glucose delivery needed to stimulate GLP-1 secretion was estimated to be 1.4 kcal/min [START_REF] Schirra | Gastric emptying and release of incretin hormones after glucose ingestion in humans[END_REF]. Intestinal absorption of glucose by SGLT1 [START_REF] Gorboulev | Na+-Dglucose Cotransporter SGLT1 is Pivotal for Intestinal Glucose Absorption and Glucose-Dependent Incretin Secretion[END_REF] would appear as a major contributor of incretin release and the presence of a neural transmission is also supposed. Additional factors, such as bile acids or the microbiome, can also promote the release of incretin hormones [START_REF] Pais | Stimulation of incretin secreting cells[END_REF]. It is interesting to note that GIP and GLP-1 secretion almost occur simultaneously, whereas L-cells are located more distally, suggesting the existence of a neural signal from the proximal gut to the distal part of the gut, anticipating GLP-1 release before nutrients reached the L-cells [START_REF] Brubaker | Regulation of Intestinal Proglucagon-Derived Peptide Secretion by Intestinal Regulatory Peptides[END_REF]. Under most physiological circumstances, the levels of active incretin hormones are below their total levels because the dipeptidyl peptidase-4 (DPP4) enzyme degrades and inactivates both GIP and GLP-1.

Although an interindividual variation in GIP and GLP-1 levels has been noted, it is still unknown whether this variation results from the quantity of enteroendocrine cells or from the efficiency of the mechanisms that control the release of these hormones [START_REF] Nauck | Secretion of incretin hormones (GIP and GLP-1) and incretin effect after oral glucose in first-degree relatives of patients with type 2 diabetes[END_REF].

Incretin hormones have an insulinotropic effect, but this effect depends on blood glucose levels; it can only be induced by hyperglycemia, so incretin hormones cannot cause hypoglycemia events. The lowest blood sugar level at which the incretin effect can occur was determined to be 66 mg/dL. From this point on, there is a positive correlation between the incremental blood glucose concentrations and the amount of increased insulin secretion [START_REF] Nauck | Effects of Glucagon-Like Peptide 1 on Counterregulatory Hormone Responses, Cognitive Functions, and Insulin Secretion during Hyperinsulinemic, Stepped Hypoglycemic Clamp Experiments in Healthy Volunteers[END_REF]. In addition to their impact on beta cells, GIP and GLP-1 also have pleiotropic effects. They target the central nervous system by reducing appetite and food intake and increasing satiety [START_REF] Flint | Glucagon-like peptide 1 promotes satiety and suppresses energy intake in humans[END_REF].

Through the activation of the lipoprotein lipase, GIP can also promote the storage of triglycerides in adipose tissue [START_REF] Yip | GIP Biology and Fat Metabolism[END_REF]. On a physiological and pharmacological level, GLP-1 slows gastric emptying in the gastrointestinal tract, whereas GIP is unable to do so. As a result, the rate of nutrients reaching the intestinal mucosa is delayed. This delays the rate of absorption, which in turn delays the rate at which exogenous glucose and triglycerides appear after eating [START_REF] Deane | Endogenous Glucagon-Like Peptide-1 Slows Gastric Emptying in Healthy Subjects, Attenuating Postprandial Glycemia[END_REF].

Additionally, GIP and GLP-1 play a role in bones metabolism by promoting bone formation and preventing bone resorption. GLP-1 has been shown to have a variety of positive effects, including those on cardiac blood supply, substrate uptake, ischemia tolerance, and the development of atherosclerosis [START_REF] Nauck | Incretin hormones: Their role in health and disease[END_REF]) (Figure 10).

Role of the kidney in glucose metabolism

Although it is not a glucose storage organ, the kidney is crucial to maintain glucose homeostasis. Like all other organs, the kidney uses glucose as fuel for operation. It has been estimated that during the postprandial period, the kidney uses about 10 % of the total amount of glucose taken in by the body.

During fasting, the kidney also contributes to the production of endogenous glucose and is responsible for 20 % of the total glucose released [START_REF] Gerich | Physiology of glucose homeostasis[END_REF].

In addition to producing and consuming glucose, the kidney also has the capacity to reabsorb glucose following glomerular filtration of the plasma, acting as a mechanism for glucose homeostasis. The amount of glucose that is filtered under normal circumstances is 180 g, or about 180 liters of plasma per day (the amounts of glucose that are metabolized and produced by the kidney after gluconeogenesis are estimated to be 25-35 g and 15-55 g, respectively). The kidneys reabsorb almost all of the 180 g of filtered glucose, depriving the urine of glucose in most cases. The reabsorption of filtered glucose is linearly correlated with blood glucose levels. The point at which the reabsorption process is saturated occurs at a blood glucose level of 11 mmol/L (200 mg/dL) [START_REF] Gerich | Role of the kidney in normal glucose homeostasis and in the hyperglycaemia of diabetes mellitus: therapeutic implications[END_REF].

Glucose is reabsorbed in the proximal convoluted tubule via SGLT cotransporters. The main player, SGLT2, a high-capacity low-affinity glucose transporter, accounts for 90 % of the total glucose reabsorbed, with SGLT1 (high-affinity and low-capacity) handling the remaining 10 %. SGLT2 allows the cotransport of 1 molecule of sodium and 1 molecule of glucose [START_REF] Wright | Biology of Human Sodium Glucose Transporters[END_REF]. Federation, 2006).

II. Type 2 diabetes and implication of intestinal glucose absorption in its pathophysiology

Definition and classification

The state of progressively worsening glucose homeostasis between the "healthy" and the "type 2

diabetes" states is referred as "prediabetes." Subjects with a glycemia included in the range of 1.10 g/L (6.1 mmol/L) and 1.25 g/L (7 mmol/L) after an 8-hour fasting, verified twice, or a glycemia in the range of 1.40 g/L (4.8 mmol/L) and 2 g/L (11.1 mmol/L) 2 hours after a 75 g oral glucose challenge are considered prediabetics (American Diabetes Association, 2014;World Health Organization and International Diabetes Federation, 2006). People who are prediabetic have impaired glucose tolerance, which results in higher-than-normal blood sugar levels after meals or under other physiological circumstances. If prediabetes is an intermediate phenotype before the onset of type 2 diabetes, then not all prediabetic subjects will inevitably go on to develop type 2 diabetes. The conversion rate of subjects from prediabetes to type 2 diabetes depends on their characteristics [START_REF] Bansal | Prediabetes diagnosis and treatment: A review[END_REF] and this rate has been estimated at 4-6 % for subjects with only impaired glucose tolerance, at 6-9 % for subjects with only impaired fasting glycemia, and at 15-19 % for those with both characteristics [START_REF] Gerstein | Annual incidence and relative risk of diabetes in people with various categories of dysglycemia: A systematic overview and meta-analysis of prospective studies[END_REF].

Since 90 % of diabetes cases are type 2 cases, type 2 diabetes is the predominant etiologic classification for diabetes. Type 1 diabetes is a form of diabetes with beta cell destruction by autoantibodies, leading to a severe insulin deficiency. This destruction is usually immune mediated but can also be idiopathic.

Type 2 diabetes is, for its part, characterized first by a predominantly insulin resistance with relative troubles in insulin secretion and then by a predominantly deficiency in insulin secretion associated with insulin resistance. Insulin resistance is thus associated with a set of polymorphic symptoms related to obesity. Thus, six metabolic disorders-visceral obesity, fasting glycemia greater than 1.10 g/L, insulin resistance, dyscholesterolemia, hypertriglyceridemia, and high blood pressure-have been used to define the term metabolic syndrome. Someone who meets at least 3 out of 6 criteria is considered to suffer from metabolic syndrome (DeFronzo and Ferrannini, 1991). Other distinct types of diabetes have also been identified; these include iatrogenic diabetes brought on by drug use, diseases of the exocrine pancreas, endocrinopathies, genetic defects in insulin action, genetic defects in beta cell function, as seen in Maturity-Onset Diabetes of the Young (MODY), and neonatal diabetes.

The list also includes gestational diabetes mellitus (American Diabetes Association, 2014).

The type 2 diabetes group is particularly heterogeneous, and type 2 diabetes is distinguished from the other forms more by exclusion criteria than by actual inclusion criteria. The development of more accurate classification systems is a future goal for type 2 diabetes definition: new adult-onset diabetes subgroups have been suggested (Ahlqvist et al., 2018) and used subsequently (Raverdy et al., 2022). LADA=latent autoimmune diabetes in adults. SAID=severe autoimmune diabetes. SIDD=severe insulin-deficient diabetes.

SIRD=severe insulin-resistant diabetes. MOD=mild obesity-related diabetes. MARD=mild age-related diabetes.

Epidemiology

Over 90 % of all cases of diabetes are type 2, which is more common than any other type and affects people of all ages, genders, and socioeconomic backgrounds.

The International Diabetes Federation (IDF) predicts that more than one in ten adults worldwide now have diabetes. In adults aged 20 to 79, diabetes affected 537 million people worldwide (10. 12). In France in 2020, more than 3.5 million people (5.3 % of the total population) were diagnosed with diabetes and benefited from pharmacological treatment, with a disparity concerning sex because it affected 6 % of men compared to 4.5 % of women. Territorial disparities were very marked because diabetes prevalence is particularly high in overseas ("Outremer") territories (more than 9 % in La Réunion and Guadeloupe and more than 7.5 % in Guyane and Martinique), Seine-Saint-Denis (8.1 %) and the Nord-East of France (more than 6 %) whereas the western France is less impacted (Santé publique France, 2021).

The increase in the prevalence of type 2 diabetes followed the increase of obesity. In fact, the prevalence of obesity worldwide increased by three between 1975 and 2016. In 2016, the number of adult subjects suffering from obesity (Body Mass Index (BMI) over 30 kg/m 2 ) was estimated at 650 million and overweight at 1.9 billion (BMI between 25 and 30 kg/m 2 ), corresponding respectively to a prevalence of 13 % and 39 %. Concerning children, 39 million under the age of 5 were overweight or obese in 2020, and over 340 million were aged 5-19 (World Health Organization, 2021).

Complications

About 1.5 million deaths per year are directly related to diabetes, according to the World Health Organization, and the International Diabetes Federation estimated that 6.7 million people would die from the disease in 2021 (International Diabetes Federation, 2021). The crude and age-standardized rates of diabetes-related mortality in France are 53.1 and 30.0/100 000, respectively, with men experiencing a higher rate than women (40.7 versus 22.6/100 000) (Santé publique France, 2019).

The mortality rate in diabetes is caused by the numerous complications brought on by chronic hyperglycemia. The production of mitochondrial superoxide causes tissue damage as a result of hyperglycemia. Endothelial cells in the retinal capillaries, mesangial cells in the renal glomerulus, and neurons and Schwann cells in peripheral nerves are among the cells that are particularly sensitive to hyperglycemia [START_REF] Stolar | Glycemic Control and Complications in Type 2 Diabetes Mellitus[END_REF]. Consequently, the retina, the kidney and the peripheral nerves are organs particularly affected by hyperglycemia-related complications.

Concerning the retina, diabetic retinopathy constitutes the leading cause of blindness in the world.

Macular edema or the development of neo-vessels as a result of a retinal split are thought to be the causes of the vision loss that worsens over time. In a systematic review, the annual incidence of diabetic retinopathy was estimated to be between 2.2 and 12.7 % [START_REF] Sabanayagam | Incidence and progression of diabetic retinopathy: a systematic review[END_REF].

Kidney disease in diabetes is identified by either a rise in albumin excretion in urines or a fall in glomerular filtration rate [START_REF] Gembillo | Kidney Disease in Diabetic Patients: From Pathophysiology to Pharmacological Aspects with a Focus on Therapeutic Inertia[END_REF]. Type 2 diabetic patients are thought to develop chronic kidney disease in nearly 50 % of cases [START_REF] Thomas | Changing epidemiology of type 2 diabetes mellitus and associated chronic kidney disease[END_REF]. Kidney inflammatory lesions, cell damage, and apoptosis, as well as tissue remodeling and fibrosis, are all caused by hyperglycemia.

Concerning the peripheral nerves, over 50 % of diabetes patients are predicted to experience symptoms of neuropathy as their diabetes progresses, and neuropathy is estimated at 30 % in diabetic subjects. Neuropathy is described by symptoms of numbness, tingling, pain, or weakness that appear generally in the feet before spreading more proximally. Additionally, patients with severe neuropathy run the risk of developing ulcerations, which in the worst cases can result in lower-extremity amputations. According to estimates, 15 % of diabetic patients will experience ulceration as the disease progresses [START_REF] Callaghan | Diabetic neuropathy: clinical manifestations and current treatments[END_REF].

Additionally, macrovascular complications from hyperglycemia include atherosclerosis, myocardial infarction, arteriopathy, and stroke. When compared to subjects without diabetes, subjects with diabetes had significantly higher levels of vascular inflammation, neovascularization, intraplaque hemorrhage, and reparative collagen [START_REF] Puhalla | Inflammation, neovascularization and intra-plaque hemorrhage are associated with increased reparative collagen content: Implication for plaque progression in diabetic atherosclerosis[END_REF]. In a Finnish study, HbA1c > 7.9 % was linked to 12 % of cardiovascular event mortality and 21 % incidence of coronary heart disease events [START_REF] Kuusisto | NIDDM and Its Metabolic Control Predict Coronary[END_REF]. According to the Paris Prospective Study, people with type 2 diabetes or impaired glucose tolerance have a 2.5-fold higher risk of dying from coronary heart disease compared to healthy people [START_REF] Eschwege | Coronary heart disease mortality in relation with diabetes, blood glucose and plasma insulin levels. The Paris Prospective Study, ten years later[END_REF].

According to several epidemiological studies, patients with type 2 diabetes are more likely to develop cancers of the liver, pancreas, stomach, colorectum, kidney, and breast. The onset of cancer would be caused by the hyperglycemic condition [START_REF] Abudawood | Diabetes and cancer: A comprehensive review[END_REF].

Thus, many serious comorbidities are caused by type 2 diabetes. This is why improving glycemic control through medical or interventional treatments, as well as early disease diagnosis, is crucial for lowering complications from long-term hyperglycemia.

Well-described pathophysiology

Dysregulation of the energetic metabolism, and particularly of glycemic control, characterizes type 2 diabetes. In other words, there is a change in how the glucose from the alimentation is stored or used.

The environmental factors that contribute to type 2 diabetes include obesity, sedentary behavior, and a genetic predisposition. It is well known that the pathophysiological causes of diabetes onset include insulin resistance and inadequate insulin secretion.

Insulin resistance

Figure 13: Simultaneous glucose and insulin test [START_REF] Himsworth | Diabetes mellitus: its differentiation into insulin-sensitive and insulininsensitive types[END_REF].

Patient I = insulin-insensitive; Patient II = insulin-sensitive
After simultaneous injections of glucose and insulin in type 2 diabetic patients, some subjects responded by continuously lowering blood glucose levels, while others showed a noticeably rising blood glucose level; these were therefore deemed to be insulin-insensitive [START_REF] Himsworth | Diabetes mellitus: its differentiation into insulin-sensitive and insulininsensitive types[END_REF]. It means that tissues sensitive to insulin are unable to lower blood sugar levels to the same extent at the usual plasma insulin concentration (Figure 13).

In other words, the efficiency of the suppression of endogenous glucose production and lipolysis, the cellular glucose uptake, and the glucose storage into glycogen are decreased. Beta cells release more insulin to make up for the decreased responsiveness of their tissues, which raises fasting plasma insulin levels and delays the time it takes for blood glucose levels to return to baseline after a meal. The main factors influencing the development of insulin resistance are excessive glucose and lipid intake before the onset of the illness. Thus, insulin resistance and hyperinsulinemia are the driving forces behind a vicious cycle that, when it reaches its peak, could result in beta cell failure from gluco-and lipotoxicity and type 2 diabetes [START_REF] Petersen | Mechanisms of Insulin Action and Insulin Resistance[END_REF].

Insulin resistance is a significant polymorphic metabolic disorder that involves numerous pathways. It is now understood that obesity-related insulin resistance is a result of a decrease in the content of insulin receptors as well as impaired cellular insulin signal transduction [START_REF] Petersen | Mechanisms of Insulin Action and Insulin Resistance[END_REF].

The pathogenesis of insulin resistance has been linked to cellular mechanisms including the accumulation of ectopic lipids, activation of the unfolded protein response, cytokine release, and inflammation [START_REF] Samuel | Mechanisms for insulin resistance: common threads and missing links[END_REF]. Since various tissues are insulin-sensitive and each has unique functional effects, different types of insulin resistance have been described for these various tissues, including the liver, the skeletal muscle and the white adipose tissue.

In the liver

The physiological effects of insulin on the liver during the postprandial state include the inhibition of gluconeogenesis and glycogenolysis and the stimulation of glycogen synthesis. Hepatic insulin resistance can have acute, chronic, intrahepatic, or extrahepatic components. It has also been reported that hepatic insulin resistance can be selective for glucose or lipids handling [START_REF] Petersen | Mechanisms of Insulin Action and Insulin Resistance[END_REF].

Acute components

In type 2 diabetes, the lack of suppression of hepatic gluconeogenesis is the primary indicator of hepatic insulin resistance and is the cause of fasting hyperglycemia [START_REF] Dinneen | Carbohydrate metabolism in non-insulin-dependent diabetes mellitus[END_REF]. It occurs shortly after insulin is released and also has an extrahepatic origin because it is made possible by the inhibition of lipolysis in adipose tissue, which lowers the turnover of NEFA and glycerol [START_REF] Rebrin | Causal linkage between insulin suppression of lipolysis and suppression of liver glucose output in dogs[END_REF]. However, to a lesser extent, there may also be a decrease in the intrahepatic lipolysis suppression. Although it varies depending on the species or the length of the fast, the glycogen content is also a sign of hepatic insulin resistance. In insulin resistance states, there is less suppression of glycogenolysis and less net hepatic glycogen synthesis, which results in a smaller daily variation in the amount of glycogen in the liver and a globally constant level of glycogen due to a lack of insulin control of both glycogen synthesis and utilization [START_REF] Basu | Obesity and Type 2 Diabetes Impair Insulin-Induced Suppression of Glycogenolysis as Well as Gluconeogenesis[END_REF][START_REF] Krssak | Alterations in Postprandial Hepatic Glycogen Metabolism in Type 2 Diabetes[END_REF].

Defects of hepatic insulin receptor tyrosine kinase activation and actors of the insulin signaling pathway (especially IRS and AKT) phosphorylation have been identified, similar to those in skeletal muscle and adipose tissue.

Chronic components

Chronic indicators of hepatic insulin resistance include changes to the genes responsible for gluconeogenesis and de novo lipogenesis. Gluconeogenesis-related genes exhibit increased expression levels, whereas lipogenesis-related genes exhibit decreased expression levels [START_REF] Petersen | Mechanisms of Insulin Action and Insulin Resistance[END_REF]. Additionally, an increase in fasting plasma insulin level represents a rough indicator of hepatic insulin resistance. This indicator is particularly helpful in studies with a large cohort of patients because it enables the calculation of indexes (Singh, 2010).

Insulin resistance is now widely acknowledged to be a common early sign in type 2 diabetes patients.

If insulin resistance is the first disorder that many people notice, it is undeniably proven that a defect in beta cell insulin secretion causes type 2 diabetes to develop. Due to both insulin action and secretion defects, which can be acquired either genetically or environmentally, type 2 diabetes can progress [START_REF] Defronzo | Skeletal Muscle Insulin Resistance Is the Primary Defect in Type 2 Diabetes[END_REF].

In the skeletal muscle

The skeletal muscle is the primary actor for the uptake of glucose from the blood system. This uptake is regulated by insulin and then GLUT4 translocation. Because muscle accounts for about 25 % of total postprandial glucose uptake and 80 % of glucose disposal during an insulin-stimulated glucose disposal test (measured by hyperinsulinemic euglycemic clamp, the gold standard technique of insulin resistance measurement in vivo), muscle insulin resistance is a major contributor to whole body obesity-related insulin resistance [START_REF] Defronzo | Skeletal Muscle Insulin Resistance Is the Primary Defect in Type 2 Diabetes[END_REF].

Insulin resistance therefore primarily refers to a defect in glucose transport into the cell in skeletal muscle. The synthesis of glycogen has been found to be significantly impaired (by about 50 %) in both type 2 diabetic patients and lean subjects with insulin resistance, suggesting that a primary blockade in the glycogen synthesis pathway could eventually result in a reduction in glucose transport [START_REF] Shulman | Ectopic Fat in Insulin Resistance, Dyslipidemia, and Cardiometabolic Disease[END_REF].

However, other data suggested that glucose transport would be the main rate-regulating step and that individuals with insulin resistance would initially have defective GLUT4 translocation to the membrane.

In fact, defects of insulin resistance receptors have been identified, including defects in insulin receptor tyrosine kinase activity and content, which impairs the phosphorylation of IRS1, PI3K, and AKT, the key players in the insulin signaling pathway, resulting in a reduction in GLUT4 translocation and glycogen synthesis [START_REF] Galuska | Insulin signaling and glucose transport in insulin resistant skeletal muscle. Special reference to GLUT4 transgenic and GLUT4 knockout mice[END_REF] (Figure 14). In order to assess the relative contribution of each specific signaling defect to the final pattern of skeletal muscle insulin resistance, the actual research perspectives are focused on computational modeling of signaling pathways [START_REF] Petersen | Mechanisms of Insulin Action and Insulin Resistance[END_REF].

In the adipose tissue

In comparison to the mechanisms affecting skeletal muscle and the liver, the ones causing insulin resistance in adipose tissue are more complicated and poorly understood. Similar to skeletal muscle, insulin-stimulated glucose uptake is permitted by adipocytes, and this function is compromised by obesity-related insulin resistance. White adipose tissue, however, is much less quantitatively significant than skeletal muscle because it accounts for less than 5 % of the overall total glucose disposal by the body in the postprandial state [START_REF] Kelley | Skeletal muscle glycolysis, oxidation, and storage of an oral glucose load[END_REF]. Because of this, the insulin resistance of adipose tissue is more indirect than direct, with implications for the insulin sensitivity of skeletal muscle and the liver. Insulin has an impact on adipose tissue by suppressing lipolysis and promoting fatty acid esterification. As a result, adipose tissue insulin resistance causes a poor suppression of lipolysis that is accompanied by a decrease in lipogenesis, and ultimately results in the release of NEFA and glycerol into the blood, preventing the liver from suppressing its endogenous glucose production.

The specific molecular players coordinating the impairment of adipocyte insulin sensitivity are poorly understood, in contrast to the skeletal muscle and the liver. These defects in pathway signaling seem to involve the insulin receptor content and tyrosine kinase activity as in the muscle and the liver [START_REF] Freidenberg | Decreased kinase activity of insulin receptors from adipocytes of non-insulin-dependent diabetic subjects[END_REF][START_REF] Kolterman | Relationship between in Vivo Insulin Resistance and Decreased Insulin Receptors in Obese Man*[END_REF], the carbohydrate responsive-element-binding protein (ChREBP) transcription factor promoting lipogenesis [START_REF] Herman | A novel ChREBP isoform in adipose tissue regulates systemic glucose metabolism[END_REF], but also autocrine or paracrine substances, such as TNF-α, adiponectin, resistin or leptin, that may impair insulin signaling [START_REF] Arner | The adipocyte in insulin resistance: key molecules and the impact of the thiazolidinediones[END_REF].

Deficiency of insulin secretion

Both a defect in beta cell mass and a defect in beta cell function may contribute to the lack of insulin secretion that characterizes type 2 diabetes, and both conditions appear to be linked to glucose intolerance prior to the development of type 2 diabetes.

Loss of beta cell mass

About 70 % of the islet volume and 3-5 % of the total pancreatic mass are made up of beta cells. Beta cell mass has been quantitatively estimated in postmortem pancreas from both type 2 diabetes patients and healthy volunteers in some studies. According to the findings, type 2 diabetic subjects had a 30 % [START_REF] Clark | Islet amyloid, increased A-cells, reduced B-cells and exocrine fibrosis: quantitative changes in the pancreas in type 2 diabetes[END_REF] or 60 % [START_REF] Butler | Beta Cell Deficit and Increased Beta-Cell Apoptosis in Humans With Type 2 Diabetes[END_REF] lower beta cell mass than lean subjects. In addition to the islet amyloid deposit, a slight increase in the number of alpha cells was also noted.

The loss of beta cell mass is related to glucose tolerance, and some evidences suggest that glucose intolerance occurs after a beta cell mass decrease of 50 % in humans: if in rodents a pancreatectomy over 90 % is required to induce a deficit in insulin secretion [START_REF] Ebrahimi | Beta cell identity changes with mild hyperglycemia: Implications for function, growth, and vulnerability[END_REF], a reduction of 50 % of the beta cell mass following an administration of streptozotocin, a beta cell toxic, is sufficient to induce hyperglycemia in non-human primates [START_REF] Mcculloch | Correlations of In Vivo Beta Cell Function Tests With Beta Cell Mass and Pancreatic Insulin Content in Streptozocin-Administered Baboons[END_REF]. These findings suggest that, in contrast to other species, relatively small changes in the beta cell population can affect insulin secretion in humans [START_REF] Clark | Decreased insulin secretion in type 2 diabetes: a problem of cellular mass or function?[END_REF]. Patients with impaired glucose tolerance and impaired fasting glycemia were also reported to have 20 % and 40 % less beta cell mass, respectively [START_REF] Butler | Beta Cell Deficit and Increased Beta-Cell Apoptosis in Humans With Type 2 Diabetes[END_REF][START_REF] Meier | Pancreatic diabetes manifests when beta cell area declines by approximately 65% in humans[END_REF]. Additionally, a link between beta cell mass and HbA1c was shown in both diabetic and non-diabetic subjects [START_REF] Saikat | β-cell dysfunction: Its critical role in prevention and management of type 2 diabetes[END_REF], supporting the hypothesis that beta cell mass declines before the onset of type 2 diabetes. But in this study, the loss of beta cell mass in type 2 diabetes was seen independently of the length of diabetes, indicating that this loss may not be the only factor contributing to the onset of insulin secretion deficiency.

Loss of beta cell function

The beta cell mass is not entirely responsible for the insulin release from beta cells in response to a glucose stimulation. The heterogeneity of beta cell response to a glucose stimulus has been clearly identified [START_REF] Miranda | Pancreatic β-cell heterogeneity in health and diabetes: classes, sources, and subtypes[END_REF]. It was proposed that less than 50 % of the total mass of in vivo beta cells would be required to achieve a correct responsiveness to glucose at any time, and that the remaining percentage would constitute a large storage of secretory ability that can be recruited in case of insulin resistance. The point at which the secretory ability is surpassed causes insulin resistance to change into type 2 diabetes [START_REF] Clark | Decreased insulin secretion in type 2 diabetes: a problem of cellular mass or function?[END_REF]. This suggests that type 2 diabetes-related beta cell dysfunction results in a complex network of relationships between the environment of the beta cells and the intracellular pathway of insulin secretion.

Assessment of beta cell function in vivo remains a challenge because it is difficult to separate beta cell function per se from insulin sensitivity. Effective predictors of changes in glucose tolerance independent of insulin resistance are models of secretion parameters that attempt to capture the dynamic of insulin release in response to variations in blood glucose levels over time [START_REF] Ferrannini | β-Cell function in type 2 diabetes[END_REF]. In this perspective, abnormalities of beta cell function described in the pathogenesis of type 2 diabetes concern: an increase in fasting plasma insulin and total insulin release after a glucose challenge; an important impairment of beta cell glucose sensitivity, evaluated at 20-30 % compared to healthy subjects (Figure 15), and described as the most important predictive factor of the diabetes progression, independently of age, sex and obesity [START_REF] Ferrannini | Natural history and physiological determinants of changes in glucose tolerance in a non-diabetic population: the RISC Study[END_REF]; a reduction of insulin secretion rate, reflecting the incompetence of beta cell to correctly respond to incremental glucose stimulations (Mari et al., 2008); and a reduction of the incretin effect, due to a defect of release from the intestine or a GLP-1 resistance of the beta cells [START_REF] Aulinger | β-Cell Sensitivity to GLP-1 in Healthy Humans Is Variable and Proportional to Insulin Sensitivity[END_REF]. The full line is the best fit (and its 95% confidence intervals, dotted lines) adjusted for sex, age, and body mass index (BMI).

The alteration of the insulin secretion pattern is one of the earliest observable in vivo signs of beta cell function loss. The Acute Insulin Response (AIR), which refers to the first phase of insulin secretion, is constantly decreasing in patients with impaired glucose tolerance or in the early stages of type 2 diabetes, even if the second phase is generally enhanced (Figure 16). Lots of data highlighted the critical role of the first phase of insulin secretion in postprandial glycemic control. Its action is particularly important for the liver (more than the peripheral tissues), especially for the suppression of endogenous glucose production (Del Prato and Tiengo, 2001;Marcelli-Tourvieille et al., 2006). In a longitudinal study conducted in the Pima Indian population, it has yet been conclusively shown that a defect in AIR manifests early in the spontaneous progression of the disease and that this defect can initiate people transition from a healthy state to one of impaired glucose tolerance and, eventually, type 2 diabetes [START_REF] Weyer | The natural history of insulin secretory dysfunction and insulin resistance in the pathogenesis of type 2 diabetes mellitus[END_REF]. The relationship between beta cell function and glucose metabolism and between beta cell mass and glucose metabolism has been shown to be very clear. Furthermore, the evidence suggests a relationship between beta cell mass and function. In a study conducted by our group, there was a positive correlation between the maximum AIR measured following intravenous glucose or arginine administration in vivo and the pancreatic beta cell mass that was subsequently isolated (Hubert et al., 2008(Hubert et al., , 2005)). Furthermore, it appears that the in vivo C-peptide-to-glucose ratio following an oral glucose tolerance test is a good indicator of beta cell area [START_REF] Meier | Functional Assessment of Pancreatic β-Cell Area in Humans[END_REF]. Even though beta cell mass and function can sometimes be separated, it is actually challenging to do so. Because of this, we now refer to "beta cell functional mass" more frequently, and it is now known that beta cell functional mass is impaired as type 2 diabetes progresses [START_REF] Saikat | β-cell dysfunction: Its critical role in prevention and management of type 2 diabetes[END_REF].

Cellular mechanisms of beta cell insulin secretion deficiency

When there is an energetic overload, hyperglycemia and hyperlipidemia events frequently occur, which can result in insulin resistance and inflammatory mechanisms. Thus, beta cells are exposed to a variety of harmful pressures, including inflammatory, endoplasmic reticulum, oxidative, and amyloid stress, which start the loss of islets integrity and function. In fact, the unfolded protein response (UPR)

or oxidative stress pathway is activated by the gluco-and lipotoxicity brought on by obesity.

Additionally, a high glucose concentration promotes the ability of beta cells to produce reactive oxygen species by increasing the production of misfolded insulin and islet amyloid polypeptide (IAAP). All of these stress signals have an impact on the calcium mobilization of the endoplasmic reticulum, which is a mediator of the migration and degranulation of insulin vesicles at beta cell membranes. They also encourage the release of proapoptotic signals and cytokines, which attract macrophages and promote the inflammatory response. These pathophysiological processes eventually result in a dysregulation of glycemia by impairing islet integrity and functionality or paracrine communication within the pancreas (Galicia-Garcia et al., 2020) (Figure 17). Because human beta cells have a limited capacity for regeneration, the loss of beta cell mass and function represents a pathophysiological mechanism that is particularly harmful. If beta cell replication phenomena were seen in the first five years of life, beta cell mass would remain constant throughout childhood [START_REF] Meier | β-Cell Replication Is the Primary Mechanism Subserving the Postnatal Expansion of β-Cell Mass in Humans[END_REF]. However, this plasticity is constrained, resulting in a beta cell workload saturation that can be exceeded if excessive caloric intake persists, followed by a final beta cell failure [START_REF] Saisho | β-Cell Mass and Turnover in Humans[END_REF]. Obesity can cause a small expansion of beta cell mass, but this plasticity is also constrained. However, these processes are reversible, and in type 2 diabetic patients, restoring appropriate insulin secretion is a key therapeutic approach.

Environmental and genetic risk factors for type 2 diabetes

Environmental factors

Today, it is widely accepted that a number of factors, including lifestyle choices, diet, socioeconomic status, environmental toxins, genetics, and epigenetics, are linked to type 2 diabetes. Insufficient beta cells and insulin resistance are both influenced by all of these factors [START_REF] Mambiya | The Play of Genes and Non-genetic Factors on Type 2 Diabetes[END_REF].

Since decades, certain behaviors, such as drinking alcohol, smoking, or being sedentary, have been definitively linked to type 2 diabetes. Because stress contributes to the activation of the hypothalamicpituitary-adrenal axis, which causes insulin resistance and beta cell dysfunction, it plays a role in the regulation of glucose homeostasis. A significant weight gain that could lead to obesity is triggered by insomnia, which also leads to the dysregulation of the hormones that control appetite. Additionally, insomnia can lead to an increase in blood pressure and the orthosympathetic nervous system, which are risk factors for insulin resistance. Additionally, the intracellular diffusion of some antibiotics, such as fluoroquinolones, has been linked to type 2 diabetes [START_REF] Spruijt-Metz | Behavioral Contributions to the Pathogenesis of Type 2 Diabetes[END_REF]. These effects include the genesis of oxidative stress and magnesium deficiency.

The consumption of a diet high in sucrose or saturated fats contributes significantly to the development of metabolic disorders. Beyond the macronutrient makeup of food, some micronutrient deficiencies have been identified as type 2 diabetes risk factors: deficiencies in vitamin K, vitamin D, vitamin E, magnesium, and antioxidants like beta-carotene or alpha-tocopherol have been positively linked to the onset of the disease [START_REF] Ärnlöv | Serum and dietary β-carotene and α-tocopherol and incidence of type 2 diabetes mellitus in a community-based study of Swedish men: report from the Uppsala Longitudinal Study of Adult Men (ULSAM) study[END_REF][START_REF] Yahaya | Mechanistic links between vitamin deficiencies and diabetes mellitus: a review[END_REF].

Persistent Organic Pollutants (POPs) are certain environmental chemicals that exhibit resistance to all forms of inactivation processes and complete their cycle in food. POP can be found in animal products such as meat, fish, or daily products. It was demonstrated that their ingestion led to their accumulation into lipid droplets in the adipose tissue or to their binding to circulating lipids in the blood system. In the organism, POP has a deleterious effect on the insulin synthesis process and release by beta cells as for as its signaling in the liver, skeletal muscle and adipose tissue [START_REF] Carpenter | Environmental Contaminants as Risk Factors for Developing Diabetes[END_REF].

Genetic and epigenetic factors

It has been noted that the hereditary component of type 2 diabetes plays a significant role in the progression of the condition. There are numerous candidate genes and Single Nucleotide Polymorphisms (SNPs) that have been discovered, some of which are involved in the process of insulin secretion, such as kcnj11 (KIR6.2), slc2a2 (GLUT2) or hnf1 (HNF1), and others which are involved in the action of insulin, such as insr, ppar, or pik3r1 [START_REF] Mambiya | The Play of Genes and Non-genetic Factors on Type 2 Diabetes[END_REF].

Many other genetic factors can also be involved in type 2 diabetes pathophysiology. For example, 3 missense variants of SGLT1 have been identified as protective from diabetes and cardiovascular diseases (Seidelmann et al., 2018), letting us suppose the potential existence of other variants of these transporter of glucose that could be associated to a higher risk of developing type 2 diabetes.

Epigenetics appears to play an important complementary role for the explanation of type 2 diabetes heredity, though the explicative portion of genetic variants in type 2 diabetes onset has only been evaluated at 10-30 % [START_REF] Brunetti | Recent advances in the molecular genetics of type 2 diabetes mellitus[END_REF]. Despite not involving changes in the nucleotide gene sequence, epigenetics, which includes micro RNAs, DNA methylation, and histone modifications, can partially explain the occurrence of type 2 diabetes because changes in gene expression that appear in one generation of cells can be passed on to the following one. For instance, some environmental factors, like the diet during pregnancy or a starvation period, can cause irreversible hypermethylation of DNA, which can affect genes involved in insulin secretion or signaling and promote the onset of metabolic disorders. The insulin sensitivity gene was hypermethylated and downregulated in children born from mothers who had gestational diabetes mellitus during pregnancy [START_REF] Ding | Transgenerational Glucose Intolerance With Igf2/H19 Epigenetic Alterations in Mouse Islet Induced by Intrauterine Hyperglycemia[END_REF].

Implication of intestinal glucose absorption on postprandial glucose response

The rate of gastric emptying, the efficacy of digestion and the transport of glucose through the enterocytes are the main determinants of intestinal glucose absorption. Thus, every change in each of these determinants can influence the pattern of absorption, and consequently the postprandial glucose response. This is why all these mechanisms are supposed to be implicated in type 2 diabetes pathophysiology.

Variations in the rate of gastric emptying

Gastric emptying determines the exposure of the nutrients into the intestinal lumen (Figure 18), consequently the rate of appearance of exogenous glucose into the systemic circulation, and finally the postprandial glucose excursion (Ryan J. Jalleh et al., 2022;[START_REF] Wu | Role of intestinal glucose absorption in glucose tolerance[END_REF].

One of the pioneer studies conducted by the group of Horowitz evaluated in healthy subjects that gastric emptying accounts for about 34 % of the variance in peak plasma glucose after a 75-g oral glucose load, that the plasma glucose level at 120 min is inversely rather than directly related to gastric emptying and that the distal stomach influences gastric emptying of glucose [START_REF] Horowitz | Relationship between oral glucose tolerance and gastric emptying in normal healthy subjects[END_REF]. In patients with early type 2 diabetes, the correlation between gastric emptying and postprandial glucose response was also confirmed [START_REF] Jones | Gastric Emptying in Early Noninsulin-Dependent Diabetes Mellitus[END_REF].

Using intraduodenal glucose infusions at different rates of delivery, the postprandial glucose, insulin, and incretin responses were the highest consequently to the highest rates of delivery in healthy [START_REF] Chaikomin | Initially more rapid small intestinal glucose delivery increases plasma insulin, GIP, and GLP-1 but does not improve overall glycemia in healthy subjects[END_REF]; C. S. Marathe et al., 2015) and obese subjects [START_REF] Trahair | Effects of small intestinal glucose on glycaemia, insulinaemia and incretin hormone release are load-dependent in obese subjects[END_REF]. In patients with well-controlled type 2 diabetes, blood glucose, insulin and GLP-1 responses were also critically dependent on the small intestinal glucose load [START_REF] Ma | Effects of variations in duodenal glucose load on glycaemic, insulin, and incretin responses in type 2 diabetes[END_REF]. 

Jalleh et al., 2022)

Gastric emptying is both a determinant of, and determined by, blood glucose.

Conversely, with delayed gastric emptying rates, the peak rate of meal glucose appearance was delayed [START_REF] Woerle | Importance of changes in gastric emptying for postprandial plasma glucose fluxes in healthy humans[END_REF], associated with a greater total insulin sensitivity, decreased total beta cell responsivity and lower endogenous glucose production [START_REF] Hinshaw | Effects of delayed gastric emptying on postprandial glucose kinetics, insulin sensitivity, and β-cell function[END_REF].

Acute changes in blood glucose can modulate the rate of gastric emptying, as kind of feedback mechanism [START_REF] Phillips | Gastric emptying and glycaemia in health and diabetes mellitus[END_REF]. Hyperglycemia delays gastric emptying in healthy humans (Kuo et al., 2010b) whereas insulin-induced hypoglycemia accelerated it in normal individuals [START_REF] Berne | Hypoglycaemia and gastric emptying[END_REF] and subjects with diabetes [START_REF] Russo | Insulininduced hypoglycemia accelerates gastric emptying of solids and liquids in long-standing type 1 diabetes[END_REF].

The correlation between gastric emptying and postprandial glucose response was shown timedependent according to the glycemic status. In healthy individuals as for as patients with type 2 diabetes, the AUC of postprandial glucose between 0 and 30 minutes was positively related to the amount emptied at 30 min [START_REF] Horowitz | Relationship between oral glucose tolerance and gastric emptying in normal healthy subjects[END_REF][START_REF] Marathe | Relationships of Early And Late Glycemic Responses With Gastric Emptying During An Oral Glucose Tolerance Test[END_REF]. In patients with type 2 diabetes or glucose intolerance, but not in healthy people, gastric emptying was identify as a significant determinant of the first 60 minutes of postprandial glycemic response [START_REF] Jones | Gastric Emptying in Early Noninsulin-Dependent Diabetes Mellitus[END_REF] Chinmay S. Marathe et al., 2015). Moreover, the relationship of the plasma glucose at 120 minutes with gastric emptying is inverse in healthy subjects and direct in type 2 diabetes [START_REF] Horowitz | Relationship between oral glucose tolerance and gastric emptying in normal healthy subjects[END_REF]Ryan J Jalleh et al., 2022). The later peak of postprandial glycemia profile associated to a delay in insulin release and impaired insulin sensitivity commonly described in glucose intolerant and type 2 diabetic patients versus normoglycemic individuals could explain this time-dependent association (Figure 19). The rate of gastric emptying was also related to the ethnicity [START_REF] Phillips | Gastric emptying in ethnic populations: possible relationship to development of diabetes and metabolic syndrome[END_REF]. Non-diabetic Mexican American exhibited a more rapid glucose gastric emptying compared to non-Hispanic whites, associated with hyperinsulinemia [START_REF] Schwartz | Gastric emptying in Mexican Americans compared to non-Hispanic whites[END_REF]. This characteristic was proposed as a contributing factor for the increased risk of obesity and type 2 diabetes in this population. Moreover, Han Chinese with relatively well-controlled T2D have more rapid gastric emptying compared to Caucasians, which is associated with a greater postprandial glycemic excursion [START_REF] Wang | Disparities in gastric emptying and postprandial glycaemia between Han Chinese and Caucasians with type 2 diabetes[END_REF].

Finally, a lot of studies listed in some reviews (Goyal et al., 2019a;[START_REF] Marathe | Relationships Between Gastric Emptying, Postprandial Glycemia, and Incretin Hormones[END_REF][START_REF] Phillips | Gastric emptying and glycaemia in health and diabetes mellitus[END_REF][START_REF] Skytte | Effects of carbohydrate restriction on postprandial glucose metabolism, β -cell function, gut hormone secretion, and satiety in patients with Type 2 diabetes[END_REF] support the existence of a rapid gastric emptying in early stages of type 2 diabetes and proposed it as a potential pathophysiological mechanism in type 2 diabetes occurrence.

The most severe complication of gastric motility in the later stages of type 2 diabetes is gastroparesis.

Gastroparesis is characterized by a persistent delay in gastric emptying without mechanical obstruction [START_REF] Goyal | Gastric Emptying Abnormalities in Diabetes Mellitus[END_REF]Ryan J. Jalleh et al., 2022). The rate of prevalence of gastroparesis among type 2 diabetic patients is evaluated at 32-47 % and concerns alteration of the nervous mechanisms involved in gastric emptying control [START_REF] Goyal | Gastric Emptying Abnormalities in Diabetes Mellitus[END_REF]. Additionally, a kind of pacemaker, constituted by the Interstitial Cells of Cajal (ICC), plays a key role in gastrointestinal motility. The pathophysiological mechanisms underlying gastroparesis are complex and polymorphic, but at later stages of the disease, dysfunction due to glucotoxicity of chronic blood glucose levels occurs. A deficiency of the ICC is typically linked to a compromised inflammatory response that results in a shift in the population of macrophages from M2 to M1 expression. Increased oxidative stress, abnormalities in vagal innervation, intrinsic nerves, and inhibitory neurons are all caused by an increase in M1 macrophages (Ryan J. Jalleh et al., 2022).

Gastroparesis is frequently accompanied by gastro-intestinal symptoms like nausea, vomiting, or abdominal distension, but no causal relationship between the symptoms and the motor defects could be established [START_REF] Goyal | Gastric Emptying Abnormalities in Diabetes Mellitus[END_REF].

In conclusion, it has now been amply shown that the rate of gastric emptying affects the postprandial glycemic response in both healthy people and people with impaired glucose tolerance. Although there is plenty of evidence showing that gastric emptying is sped up in the early stages of the disease, it is still unknown whether rapid gastric emptying associated with higher postprandial glycemic excursion is primarily abnormal (Goyal et al., 2019a). Regularly high postprandial glycemic excursions cause oxidative stress, which alters inhibitory neuromuscular transmission. This increases gastric contractility, which accelerates gastric emptying and creates a vicious cycle [START_REF] Goyal | Gastric Emptying Abnormalities in Diabetes Mellitus[END_REF].

Variations in the availability of glucose

The Glycemic Index

The Glycemic Index (GI) was developed in 1981 as a classification indicator for naturally occurring carbohydrates [START_REF] Jenkins | Glycemic index of foods: a physiological basis for carbohydrate exchange[END_REF]. The goal of this indicator is to predict the postprandial glycemic response based on the type of carbohydrate, and to measure a food's hyperglycemic potential in comparison to a reference carbohydrate (typically glucose or white bread). It allows foods to be ranked on the basis of the rate of digestion and absorption of the carbohydrates that they contain

The Glycemic Index is determined by comparing the incremental Area Under Curve (iAUC) of postprandial glycemia following oral administration of a standard amount (50 g) of a particular carbohydrate to the iAUC obtained after ingesting an equivalent amount of glucose [START_REF] Wolever | The glycemic index: methodology and clinical implications[END_REF]. Glucose is thus considered as the carbohydrate with the maximal Glycemic Index of 100.

Therefore, a carbohydrate that has been highly processed will have a high GI (> 70) and, as a result, a high postprandial glycemia peak (Figure 20). Conversely, low-GI foods lead (< 55) to lower postprandial glycemic response [START_REF] Augustin | Glycemic index, glycemic load and glycemic response: An International Scientific Consensus Summit from the International Carbohydrate Quality Consortium (ICQC)[END_REF]. The glycemic indexes of more than 4000 foods have already been determined. The vast majority of fruits and vegetables, legumes, and wholegrain bread are foods with low glycemic indexes. On the other hand, foods with a high Glycemic Index include white bread, rice, potatoes, and all refined cereal products [START_REF] Atkinson | International tables of glycemic index and glycemic load values 2021: a systematic review[END_REF]. The GI presents also some limitations. Only a certain number of food items have officially tested values and the number of participants used for evaluation is often limited [START_REF] Pasmans | Nutritional strategies to attenuate postprandial glycemic response[END_REF]. Considerable interindividual variability (differences in iAUC between 15 and 139 mg/dL) in postprandial glycemic responses in healthy individuals were also observed following the ingestion of a same GI-meal [START_REF] Vega-López | Interindividual Variability and Intra-Individual Reproducibility of Glycemic Index Values for Commercial White Bread[END_REF]. Additionally, some subjects exhibit a much larger postprandial glycemic response after banana (low GI) than after cookies (high GI) ingestion [START_REF] Zeevi | Personalized Nutrition by Prediction of Glycemic Responses[END_REF]. This finding is thus particularly evocative of the complexity of the interindividual variability of the postprandial glucose response and the GI remains a useful tool to standardize the nutritional recommendation.

The rate of starch digestion

The rate of starch digestion is moreover an indicator, established in vitro, allowing to classify the carbohydrates from in vitro measurement according to their availability. Three major fractions are thus defined: rapidly digestible starch (RDS), slowly digestible starch (SDS) and resistant starch (RS). In consequence, rapidly available glucose (RAG) includes RDS, free glucose and the glucose moiety of sucrose. Positive correlations were thus observed in vitro between GI and both RDS and RAG [START_REF] Englyst | Measurement of rapidly available glucose (RAG) in plant foods: a potential in vitro predictor of the glycaemic response[END_REF].

Abundance of intestinal disaccharidases

Additionally, in parallel to the nature of the carbohydrate itself, the activity and the abundance of intestinal disaccharidases influence the rate of digestion. In fact, a study found a increase in sucrase and isomaltase by 1.5-to 2-fold in the small intestine of diabetic patients compared to controls [START_REF] Dyer | Expression of monosaccharide transporters in intestine of diabetic humans[END_REF]. In experimental diabetic animals, these levels were also increased [START_REF] Deng | Polysaccharide from Gynura divaricata modulates the activities of intestinal disaccharidases in streptozotocin-induced diabetic rats[END_REF][START_REF] Liu | Berberine suppresses intestinal disaccharidases with beneficial metabolic effects in diabetic states, evidences from in vivo and in vitro study[END_REF]. These elements suggest that the increase in the disaccharidase activity could exacerbate postprandial glucose excursions. The adaptative or causal component of this finding in the pathophysiology of type 2 diabetes, however, is still unclear [START_REF] Liu | Insulin deficiency induces abnormal increase in intestinal disaccharidase activities and expression under diabetic states, evidences from in vivo and in vitro study[END_REF].

Pathophysiological consequences of a high rate of carbohydrates digestion

The rate of availability of glucose highly influences the physiological mechanisms underlying the postprandial glucose response. In early postprandial period (0-2h after the meal ingestion), the consumption of a high GI meal leads to a rapid absorption of carbohydrate and to a relatively high blood glucose level and a high insulin-to-glucagon ratio that would tend to exaggerate the normal anabolic response to eating. During the middle postprandial period (2-4h), blood glucose concentrations decreases to below preprandial level but the biological effects of the high insulin and low glucagon levels persists. And during the late postprandial period, an increase of counterregulatory hormones after a high GI meal restore euglycemia and cause a marked increase in free fatty acid levels by stimulation of glycogenolytic and gluconeogenic pathways. After a low GI meal consumption, the insulin-to-glucagon ratio is lower and thus the postprandial hypoglycemia and its hormonal consequences do not occur [START_REF] Ludwig | The Glycemic Index: Physiological Mechanisms Relating to Obesity, Diabetes, and Cardiovascular Disease[END_REF] (Figure 21).

A lot of research have been performed to elucidate the relation between the nature of the carbohydrates intake and the consequent outcome on postprandial glucose response [START_REF] Pasmans | Nutritional strategies to attenuate postprandial glycemic response[END_REF][START_REF] Vlachos | Glycemic Index (GI) or Glycemic Load (GL) and Dietary Interventions for Optimizing Postprandial Hyperglycemia in Patients with T2 Diabetes: A Review[END_REF]. A series of systematic reviews and meta-analyses demonstrated that the consumption of high-GI diets were associated with a increase of the metabolic risk compared with low-GI meal [START_REF] Reynolds | Carbohydrate quality and human health: a series of systematic reviews and meta-analyses[END_REF]. Dietary high glycemic index and load have even been clearly identify as causal factor of type 2 diabetes onset [START_REF] Livesey | Dietary Glycemic Index and Load and the Risk of Type 2 Diabetes: Assessment of Causal Relations[END_REF]. 

Microbiota alterations: consequences for fermentation, systemic inflammation, and glucose absorption

The human gastrointestinal tract is home to trillions of bacteria, and numerous studies have examined the relationship between the microbiota and host health, particularly in terms of diet, metabolism, immunity, drug bioavailability, and behavior. The nature of the ingested carbohydrates influences the rate of digestion and consequently the total fraction of glucose absorbed by the small intestine. The nature of the non-absorbed fraction is recognized to influence the nature of the microbiota.

Microbiota has now been definitively linked to a wide range of illnesses, particularly human metabolic diseases like obesity or type 2 diabetes [START_REF] Wu | Linking Microbiota to Human Diseases: A Systems Biology Perspective[END_REF].

The regular consumption of a western diet, which has a low fiber content and a high sugar and protein content, has been shown to impair the diversity of bacterial species in the intestine. The two major bacterial groups in the human gut are Bacteroidetes and Firmicutes. Depending on the subject's metabolic state, differences in the Bacteroidetes/Firmicutes ratio have been noted: obese subjects appear to have a lower Bacteroidetes proportion than lean subjects [START_REF] Jandhyala | Role of the normal gut microbiota[END_REF][START_REF] Karlsson | Gut metagenome in European women with normal, impaired and diabetic glucose control[END_REF][START_REF] Ley | Microbial ecology: human gut microbes associated with obesity[END_REF]. This shift observed in people with obesity seems to also be associated with a reduction in the global microbiota ability to produce SCFAs and an increased incidence of chronic inflammatory diseases. According to Makki et al., the production of SCFA by the microbiota is crucial for the stimulation of mucus and the production of anti-microbial peptides, which in turn increases the expression of tight junction proteins and ensures the well-being of the intestinal barrier [START_REF] Makki | The Impact of Dietary Fiber on Gut Microbiota in Host Health and Disease[END_REF]. Therefore, every change or imbalance in the microbiota may impair the health of the intestinal barrier, which will then allow bacteria and their fragments and substrates to move around. The process, known as "metabolic endotoxemia," is a key factor in the systemic inflammation that results in insulin resistance and is well-described in the onset of disease [START_REF] Festi | Gut microbiota and metabolic syndrome[END_REF].

Even though the relationship between the microbiota, inflammation, insulin sensitivity, and secretion has been well documented, it is still unclear whether the diversity of bacterial species has a direct impact on intestinal glucose absorption. Some studies support the ability of the microbiota to influence intestinal glucose absorption [START_REF] Anhê | Human gut microbiota after bariatric surgery alters intestinal morphology and glucose absorption in mice independently of obesity[END_REF][START_REF] Ota | Treatment with broad-spectrum antibiotics upregulates Sglt1 and induces small intestinal villous hyperplasia in mice[END_REF] but alterations of microbiota seem more to be the result of variations of intestinal glucose absorption than the contrary.

Variations in the number and functionality of glucose transporters

Association between SGLT1 level and postprandial glucose response

The transport of the unities of glucose, previously released, across the enterocytes constitutes the main determinant of intestinal glucose absorption. The number and functionality of the glucose transporters is thus clearly associated with postprandial glucose response.

In humans, duodenal SGLT1 expression level correlates with early postprandial glucose since it is increased in individuals with 1-hour postload hyperglycemia or impaired glucose tolerance, as well as in subjects with type 2 diabetes (Fiorentino et al., 2017). In particular, subject with a 1-hour postprandial glucose higher than 155 mg/dL exhibits higher SGLT1 levels than subjects with 1-hour glucose postload lower than this value (Figure 22). Conversely, a value of 1-hour postprandial glucose over 155 mg/dL combined with HbA1c-defined normal or prediabetes conditions identifies individuals with increased duodenal levels of SGLT1 [START_REF] Fiorentino | One-hour post-load hyperglycemia combined with HbA1c identifies individuals with augmented duodenal levels of sodium/glucose co-transporter 1[END_REF].

Acute changes of transporters levels following the ingestion of a high-carbohydrate meal

The amount of functional transporters changes as a result of the carbohydrate composition of the diet.

Following a diet rich in carbohydrates, intraluminal glucose levels can rise quickly to high values (more than 30 mM), which causes a saturation phenomenon of the transporters already in place. Thus, more mechanisms are set up for this reason. An increase in SGLT1 exocytosis is seen at the apical pole as a short-term process (a few minutes), and GLUT2 recruitment is seen at the basal pole. The expression of SGLT1 and GLUT2 has been shown to increase after several meals rich in carbohydrates, for example, in rodents [START_REF] Diamond | Effect of dietary carbohydrate on monosaccharide uptake by mouse small intestine in vitro[END_REF][START_REF] Miyamoto | Differential responses of intestinal glucose transporter mRNA transcripts to levels of dietary sugars[END_REF], piglets [START_REF] Moran | Expression of Na+/glucose co-transporter 1 (SGLT1) in the intestine of piglets weaned to different concentrations of dietary carbohydrate[END_REF] and humans [START_REF] Dyer | Expression of monosaccharide transporters in intestine of diabetic humans[END_REF]Fiorentino et al., 2017;[START_REF] Nguyen | Accelerated Intestinal Glucose Absorption in Morbidly Obese Humans: Relationship to Glucose Transporters, Incretin Hormones, and Glycemia[END_REF].

Furthermore, in cases of high intraluminal glucose concentrations, the GLUT2 transporter, which is typically found basolaterally during standard meals, can also be transitory found at the apical membrane after a high carbohydrate diet. In a mouse study, after giving a simple sugar meal orally, GLUT2 was massively recruited to the meal-facing membrane. High intraluminal glucose levels stimulated this recruitment, which increased glucose transport, which was not observed in GLUT2 KO mice [START_REF] Gouyon | Simple-sugar meals target GLUT2 at enterocyte apical membranes to improve sugar absorption: a study in GLUT2-null mice[END_REF]. According to several studies [START_REF] Ait-Omar | GLUT2 Accumulation in Enterocyte Apical and Intracellular Membranes: A Study in Morbidly Obese Human Subjects and ob/ob and High Fat-Fed Mice[END_REF][START_REF] Kellett | Sugar Absorption in the Intestine: The Role of GLUT2[END_REF][START_REF] Kellett | Apical GLUT2: A Major Pathway of Intestinal Sugar Absorption[END_REF], GLUT2 translocates from the cytosol to the apical pole and allows the entrance of monosaccharides in enterocytes by facilitate diffusion.

Chronic adaptations of SGLT1 and GLUT2 in metabolic disease development

In case of a regular consumption of meals with a high carbohydrate content, the acute changes of the levels of the transporters observed can become permanent.

The association between SGLT1 and dysglycemia has been yet well described in some reviews [START_REF] Koepsell | Glucose transporters in the small intestine in health and disease[END_REF][START_REF] Lehmann | Intestinal SGLT1 in metabolic health and disease[END_REF]. Subjects with type 2 diabetes or impaired glucose tolerance showed a higher SGLT1 level of expression compared to healthy individuals [START_REF] Dyer | Expression of monosaccharide transporters in intestine of diabetic humans[END_REF]Fiorentino et al., 2017).

Moreover, Fiorentino and coworkers showed a similar increase in SGLT1 content in subjects with type 2 diabetes and glucose intolerance compared to healthy subjects (Fiorentino et al., 2017) (Figure 22). (B) Correlation between duodenal SGLT-1 protein levels and 1-hour post-load plasma glucose levels.

If the contribution of SGLT1 on intestinal glucose absorption, postprandial glucose response and diabetes clearly established, the one of the basal GLUT2 transporter remains incompletely understood.

GLUT2 is also able to translocate from the cytosol to the apical membrane in case of high carbohydrate content in the intestinal lumen [START_REF] Kellett | Sugar Absorption in the Intestine: The Role of GLUT2[END_REF], and this translocation can become permanent if the high-sucrose intake endure, as shown in obese subjects and mice, leading to an increase in intestinal glucose absorption (Figure 23). However, in fasting state, this accumulation seems to lead more to a release of glucose into the intestinal lumen than to an increase in intestinal glucose absorption, as a kind of protective mechanism [START_REF] Ait-Omar | GLUT2 Accumulation in Enterocyte Apical and Intracellular Membranes: A Study in Morbidly Obese Human Subjects and ob/ob and High Fat-Fed Mice[END_REF]. 

Causal relationship between SGLT1 level and postprandial glucose response

According to the previous presented data, it has remained unclear whether the modifications in the SGLT1 levels observed are simply mechanisms brought on by a prolonged exposure to highcarbohydrate foods or if they are structurally linked to the genetic background of a subject, which would make them the primary cause of the disorders. In fact, the positive association between the apical intestinal transport of glucose and postprandial glucose response is supposed causal.

Mouse model without the regulator gene Rsc1A1 of SGLT1 expression exhibited increased SGLT1 protein levels in the small intestine and then developed metabolic disorders [START_REF] Osswald | Mice without the Regulator Gene Rsc1A1 Exhibit Increased Na+/Glucose Cotransport in Small Intestine and Develop Obesity[END_REF].

Moreover, a study performed in Otsuka Long-Evans Tokushima Fatty rats showed that an increased in SGLT1 expression, concomitant with intestinal hypertrophy, is partly associated with postprandial hyperglycemia before the onset of insulin resistance and dysglycemia [START_REF] Fujita | Increased intestinal glucose absorption and postprandial hyperglycaemia at the early step of glucose intolerance in Otsuka Long-Evans Tokushima Fatty Rats[END_REF]. Increased intestinal glucose absorption is thus presented here as a princeps cause of postprandial hyperglycemia, and consequently type 2 diabetes.

Finally, using mendelian randomization, Seidelmann and coworkers have supported the causal relationship between intestinal glucose absorption and early postprandial glucose response, by discovering SGLT1 variants protective for cardiometabolic diseases and associated with better glucose tolerance (Seidelmann et al., 2018). In fact, three damaging missense variants of SGLT1 (prevalence rate of 6.7 % in this cohort) were identified and associated with a lower 2-hour postprandial glycemia and a better glucose tolerance compared to subjects deprived of these variants. According to this study, a 20 mg/dL drop in 2-hour postprandial glycemia over a period of 25 years would significantly lower the incidence of type 2 diabetes and obesity. However, the existence of other SGLT1 variants with higher efficiency has not been highlighted so far.

Glucose sensing and intestinal glucose absorption

Evidence for the connection between intestinal glucose transporters, glucose absorption, incretin release, and glucose detection has grown significantly. Glucose detection seems thus to stimulate glucose absorption.

This mechanism can be stimulated by low-calorie artificial sweeteners, largely prevalent in soft drinks.

In fact, evidences, support that artificial sweeteners like saccharin, sucralose, acesulfame K, or steviol glycosides stimulate STRs and lead to upregulation of SGLT1 in wild-type mice [START_REF] Egan | Taste Cells of the Gut and Gastrointestinal Chemosensation[END_REF]. Additionally, subjects with type 2 diabetes have higher levels of expression of T1R2, one of the subunits of the sweet-taste receptor, than did control subjects. Moreover, the level and the functionality of the sweet taste receptors was associated with a rise in intestinal glucose absorption [START_REF] Young | Disordered Control of Intestinal Sweet Taste Receptor Expression and Glucose Absorption in Type 2 Diabetes[END_REF].

These data let suggest the ability of the stimulation of the sweet taste receptor to increase postprandial glucose excursions, but to our knowledge, it has not been clearly demonstrated sofar.

The implication of the low-calories artificial sweeteners on dysglycemia remained controversial and there are not enough data on low-calorie artificial sweeteners globally to declare them unsafe.

III. Intestinal glucose absorption: a therapeutic target in type 2 diabetes management

There are many therapeutic options for managing type 2 diabetes. Due to the polymorphic nature of type 2 diabetes, choosing the most individualized and appropriate treatment is one of the most crucial aspects of managing the disease.

Dietary and hygienic approaches are frequently taken into consideration first. Anti-diabetic medications can be used alone or in combination to enhance insulin secretion, insulin sensitivity, limit intestinal glucose absorption, or prevent kidney reabsorption. If they are unsuccessful in maintaining glycemic control, interventional therapy as metabolic surgery can also be recommended under stricter eligibility requirements. Intestinal glucose absorption, as one of the main actors in glucose homeostasis, represents a particularly appropriate therapeutic target.

Nutritional approaches 1.1 Nutritional approaches limiting intestinal glucose absorption

According to the majority of meta-analyses and clinical trials [START_REF] Vlachos | Glycemic Index (GI) or Glycemic Load (GL) and Dietary Interventions for Optimizing Postprandial Hyperglycemia in Patients with T2 Diabetes: A Review[END_REF][START_REF] Zafar | Low-glycemic index diets as an intervention for diabetes: a systematic review and meta-analysis[END_REF], using dietary strategies to reduce the appearance of exogenous glucose during meals is important for improving postprandial glycemic control.

Influencing the rate of gastric emptying

The rate of gastric emptying positively affects the postprandial glucose response. Consequently, the nature of the meal can influence the rate of delivery of the nutrients inside the intestinal lumen, then the rate of absorption and finally the postprandial glucose response. The rate of gastric emptying is impacted only by the composition of food since neither the speed of ingestion [START_REF] Alsalim | Insulin and incretin hormone responses to rapid versus slow ingestion of a standardized solid breakfast in healthy subjects[END_REF], nor the intensity of a previous physical exercise [START_REF] Mattin | The Effect of Exercise Intensity on Gastric Emptying Rate, Appetite and Gut Derived Hormone Responses after Consuming a Standardised Semi-Solid Meal in Healthy Males[END_REF], and nor the posture [START_REF] Jones | Effects of posture on gastric emptying, transpyloric flow, and hunger after a glucose drink in healthy humans[END_REF] seem to affect it.

Basically, the slowly digestible carbohydrates significantly delay gastric emptying and decrease postprandial glucose and insulin response, as demonstrated in rats [START_REF] Hasek | Carbohydrates designed with different digestion rates modulate gastric emptying response in rats[END_REF]. However, the cereal composition itself seems not to be impacting because the gastric rates observed respectively after ingestion of different types of cereal [START_REF] Hlebowicz | Effect of commercial rye whole-meal bread on postprandial blood glucose and gastric emptying in healthy subjects[END_REF][START_REF] Najjar | The acute impact of ingestion of breads of varying composition on blood glucose, insulin and incretins following first and second meals[END_REF] or bread processing [START_REF] Bondia-Pons | Postprandial differences in the plasma metabolome of healthy Finnish subjects after intake of a sourdough fermented endosperm rye bread versus white wheat bread[END_REF][START_REF] Hlebowicz | Effect of commercial rye whole-meal bread on postprandial blood glucose and gastric emptying in healthy subjects[END_REF] did not differ. The enrichment of the meal in fibers appears in contrast to be particularly relevant in slowing gastric emptying [START_REF] Benini | Gastric emptying of a solid meal is accelerated by the removal of dietary fibre naturally present in food[END_REF][START_REF] Hlebowicz | Effect of commercial breakfast fibre cereals compared with corn flakes on postprandial blood glucose, gastric emptying and satiety in healthy subjects: a randomized blinded crossover trial[END_REF], with beneficial consequences on postprandial glycemia.

The texture of the meal plays a key role in the rate of gastric emptying since a chyme with a high viscosity slows it [START_REF] Hamad | Emulsion acid colloidal stability and droplet crystallinity modulate postprandial gastric emptying and short-term satiety: a randomized, doubleblinded, crossover, controlled trial in healthy adult males[END_REF][START_REF] Kung | Correlating in vitro digestion viscosities and bioaccessible nutrients of milks containing enhanced protein concentration and normal or modified protein ratio to human trials[END_REF]. In fact, viscous fibers, including beta-glucan (Nazare et al., 2010a) in oat bran [START_REF] Juvonen | Viscosity of oat bran-enriched beverages influences gastrointestinal hormonal responses in healthy humans[END_REF][START_REF] Wolever | Increasing oat β-glucan viscosity in a breakfast meal slows gastric emptying and reduces glycemic and insulinemic responses but has no effect on appetite, food intake, or plasma ghrelin and PYY responses in healthy humans: a randomized, placebo-controlled, crossover trial[END_REF] and guar gum [START_REF] Torsdottir | Dietary guar gum effects on postprandial blood glucose, insulin and hydroxyproline in humans[END_REF], favorably affect satiety as well as postprandial carbohydrate and lipid metabolism. They delay gastric emptying and strongly affect short-term gut hormone responses by increasing the levels of satiety hormones and decreasing the ghrelin one.

The pre-administration of some aminoacids before a meal leads to a decrease in gastric emptying rate, with consequent decrease of postprandial glucose response. It was clearly shown for glutamine [START_REF] Du | Effects of Glutamine on Gastric Emptying of Low-and High-Nutrient Drinks in Healthy Young Subjects-Impact on Glycaemia[END_REF] and tryptophan [START_REF] Ullrich | Effects of Intragastric Administration of Tryptophan on the Blood Glucose Response to a Nutrient Drink and Energy Intake, in Lean and Obese Men[END_REF] but not for leucine, isoleucine or phenylalanine [START_REF] Elovaris | Intragastric administration of leucine and isoleucine does not reduce the glycaemic response to, or slow gastric emptying of, a carbohydrate-containing drink in type 2 diabetes[END_REF][START_REF] Fitzgerald | Effects of L-Phenylalanine on Energy Intake and Glycaemia-Impacts on Appetite Perceptions, Gastrointestinal Hormones and Gastric Emptying in Healthy Males[END_REF]. In healthy humans, the addition of protein to oral glucose lowers postprandial blood glucose concentrations acutely, predominantly by slowing gastric emptying, although protein also stimulates incretin hormones and non-glucose-dependent insulin release [START_REF] Karamanlis | Effects of protein on glycemic and incretin responses and gastric emptying after oral glucose in healthy subjects[END_REF]. This effect was particularly noticeable after the administration of a whey protein preload [START_REF] Hutchison | Acute load-dependent effects of oral whey protein on gastric emptying, gut hormone release, glycemia, appetite, and energy intake in healthy men[END_REF][START_REF] Pham | The Effects of a Whey Protein and Guar Gum-Containing Preload on Gastric Emptying, Glycaemia, Small Intestinal Absorption and Blood Pressure in Healthy Older Subjects[END_REF][START_REF] Smith | The Postprandial Glycaemic and Hormonal Responses Following the Ingestion of a Novel, Ready-to-Drink Shot Containing a Low Dose of Whey Protein in Centrally Obese and Lean Adult Males: A Randomised Controlled Trial[END_REF].

The coadministration of lipids with the meal was also a strategy particularly described in diabetes to decrease postprandial glucose excursions by delaying gastric emptying [START_REF] Bozzetto | Gastrointestinal effects of extravirgin olive oil associated with lower postprandial glycemia in type 1 diabetes[END_REF][START_REF] Collier | Effect of co-ingestion of fat on the metabolic responses to slowly and rapidly absorbed carbohydrates[END_REF][START_REF] Gentilcore | Effects of fat on gastric emptying of and the glycemic, insulin, and incretin responses to a carbohydrate meal in type 2 diabetes[END_REF].

Influencing the rate of digestion

A lot of nutritional approaches were tested in order to decrease the availability of glucose, and consequently the rate of digestion and then the one of absorption. Reducing the glycemic index of the meals have appeared efficient to decrease postprandial glucose excursions and improve glycemic control. A systematic review and meta-analysis of randomized controlled trials demonstrated that the low-GI diet is more effective in controlling glycated hemoglobin and fasting blood glucose compared with a higher-GI diet or control in patients with type 2 diabetes [START_REF] Ojo | The Effect of Dietary Glycaemic Index on Glycaemia in Patients with Type 2 Diabetes: A Systematic Review and Meta-Analysis of Randomized Controlled Trials[END_REF].

Co-administration of protein and lipid substrates

First, adding protein or lipid substrates in a carbohydrate meal leads to a reduction of the postprandial glucose response. This is why the glycemic index (GI) of a carbohydrate component has to be recalculated according to if it co-ingested with a lipid or protein load [START_REF] Wolever | Prediction of the Relative Blood Glucose Response of Mixed Meals Using the White Bread Glycemic Index[END_REF].

Replacing glucose by low-calorie sweeteners

One of another option to decrease the GI consists in replacing glucose or sucrose by low-calorie sweeteners, such as stevia, aspartame, trehalose, and isomaltulose. Artificial sweeteners represent a group of various components with important differences in their pharmacokinetics parameters (absorption, distribution, metabolization, elimination, digestion by the microbiota…). This is why the biological fate following their administration is as different as their biochemical properties [START_REF] Magnuson | Biological fate of low-calorie sweeteners[END_REF]. Studies demonstrated the beneficial substitution of sucrose-meal by low-GI meals with trehalose and isomaltulose in healthy subjects [START_REF] Henry | Low-glycaemic index sweetener-based beverages reduce 24-h glucose profiles in healthy adults[END_REF][START_REF] Yoshizane | Glycemic, insulinemic and incretin responses after oral trehalose ingestion in healthy subjects[END_REF] and patients with impaired glucose tolerance [START_REF] Van Can | Reduced glycaemic and insulinaemic responses following trehalose and isomaltulose ingestion: implications for postprandial substrate use in impaired glucose-tolerant subjects[END_REF]. However, the use of artificial sweeteners is controversial because some as suspected to stimulate sweet taste receptors, and consequently upregulating SGLT1 [START_REF] Margolskee | T1R3 and gustducin in gut sense sugars to regulate expression of Na+-glucose cotransporter 1[END_REF] as for as creating a paradoxical increase of appetite [START_REF] Blundell | Paradoxical effects of an intense sweetener (aspartame) on appetite[END_REF][START_REF] Pierce | Overeating by Young Obesity-prone and Lean Rats Caused by Tastes Associated With Low Energy Foods[END_REF]. However, there are globally not enough evidences about low caloric artificial sweeteners to qualify them as unsafety and they represent currently more a useful tool in the management of postprandial glucose response.

Addition of fibers

The addition of fibers into the meal is clearly a way to decrease the availability of glucose. The fibers include a heterogeneity of compounds which highly differ in water solubility, viscosity, binding and bulking ability and fermentability [START_REF] Pasmans | Nutritional strategies to attenuate postprandial glycemic response[END_REF]. Prebiotic, insoluble and viscous soluble fibers are the main types with beneficial effect on postprandial glucose response.

Inulin-type fructans are nonviscous soluble fibers that have prebiotic properties. It means that they can be selectively used by the intestinal microbiota to confer a health benefit [START_REF] Hughes | The Prebiotic Potential of Inulin-Type Fructans: A Systematic Review[END_REF]. In healthy subjects, the partial replacement of sucrose by oligofructose from chicory or inulin resulted in a reduction of postprandial blood glucose response compared to the full-carbohydrate equivalent [START_REF] Lightowler | Replacement of glycaemic carbohydrates by inulintype fructans from chicory (oligofructose, inulin) reduces the postprandial blood glucose and insulin response to foods: report of two double-blind, randomized, controlled trials[END_REF]. A microbiota shift to an increase in bifidobacterial would be an underlying mechanism contributing to the beneficial effect observed on postprandial glucose response [START_REF] Vandeputte | Prebiotic inulin-type fructans induce specific changes in the human gut microbiota[END_REF]. Additionally, a meta-analysis conducted on 33 randomized controlled trials showed the improvement of glycemic control in subject with prediabetes or diabetes following supplementation in inulin-type fructans [START_REF] Wang | Inulin-type fructans supplementation improves glycemic control for the prediabetes and type 2 diabetes populations: results from a GRADE-assessed systematic review and dose-response meta-analysis of 33 randomized controlled trials[END_REF].

Insoluble fibers contained in foods with whole grains, fruits and vegetables cannot be dissolved in water and lead to fecal bulking [START_REF] Mcrorie | Understanding the Physics of Functional Fibers in the Gastrointestinal Tract: An Evidence-Based Approach to Resolving Enduring Misconceptions about Insoluble and Soluble Fiber[END_REF]. The consumption of insoluble fibers allows an improvement of postprandial glucose response by altering nutrient absorption, delaying the time of the gastrointestinal transit [START_REF] Pantophlet | Metabolic Profiling Reveals Differences in Plasma Concentrations of Arabinose and Xylose after Consumption of Fiber-Rich Pasta and Wheat Bread with Differential Rates of Systemic Appearance of Exogenous Glucose in Healthy Men[END_REF] and inducing a beneficial microbiota shift [START_REF] Ranaivo | Chitin-glucan supplementation improved postprandial metabolism and altered gut microbiota in subjects at cardiometabolic risk in a randomized trial[END_REF] Viscous soluble fibers (gel-forming fibers such as beta glucan, psyllium or guar gum) are now wellknown for their ability to form a non-digestible non-fermentable gel into the gastrointestinal tract, leading to a delay of gastric emptying and reduction of amylolysis [START_REF] Repin | Investigation of mechanisms involved in postprandial glycemia and insulinemia attenuation with dietary fibre consumption[END_REF] and finally lowering postprandial glucose response [START_REF] Giuntini | The Effects of Soluble Dietary Fibers on Glycemic Response: An Overview and Futures Perspectives[END_REF][START_REF] Telle-Hansen | A Three-Day Intervention With Granola Containing Cereal Beta-Glucan Improves Glycemic Response and Changes the Gut Microbiota in Healthy Individuals: A Crossover Study[END_REF].

Increasing the content of slowly digestible starch (SDS)

Increasing the content of SDS in foods has beneficial consequences on postprandial glucose response.

Substituting extruded cereals with biscuits enriched in SDS slows down the availability of glucose from the breakfast and its appearance in peripheral circulation, blunts the changes in plasma glucose kinetics and homeostasis, reduces excursions in plasma glucose, and possibly distributes the glucose ingested over a longer period following the meal [START_REF] Péronnet | Plasma glucose kinetics and response of insulin and GIP following a cereal breakfast in female subjects: effect of starch digestibility[END_REF]. A recent meta-analysis provides moreover evidence that SDS intake is positively correlated with a reduction of postprandial glucose response [START_REF] Wang | Association of Slowly Digestible Starch Intake with Reduction of Postprandial Glycemic Response: An Update Meta-Analysis[END_REF]. The quantitative relationship of the reduction in the postprandial glycemic response and SDS consumption was used in these studies to quantify the slow digestion property on an extended time scale, and supplement the in vitro concept of SDS.

Foods with natural inhibitors of the digestive enzymes

Plants are an important source of natural compounds presenting the ability of inhibiting α-glucosidase.

Many of these compounds belong to the family of polyphenols and can be found in some fruits and berries [START_REF] Castro-Acosta | Berries and anthocyanins: promising functional food ingredients with postprandial glycaemia-lowering effects[END_REF]. For example, the administration of kiwifruit resulted in an attenuated glycemic response in healthy individuals [START_REF] Monro | Dietary Fibre and Organic Acids in Kiwifruit Suppress Glycaemic Response Equally by Delaying Absorption-A Randomised Crossover Human Trial with Parallel Analysis of 13C-Acetate Uptake[END_REF]. The α-glucosidase inhibitory effect of anthocyanin, a specific polyphenol found in blueberry, blackcurrant, apple, red grape or cinnamon, was demonstrated in vitro [START_REF] Ercan | Inhibitory effects of bioaccessible anthocyanins and procyanidins from apple, red grape, cinnamon on α-amylase, α-glucosidase and lipase[END_REF][START_REF] Kong | Optimization of Extraction of Hypoglycemic Ingredients from Grape Seeds and Evaluation of α-Glucosidase and α-Amylase Inhibitory Effects In Vitro[END_REF], with associated beneficial consequences on postprandial glucose and insulin lowering [START_REF] Bell | A study of glycaemic effects following acute anthocyanin-rich blueberry supplementation in healthy young adults[END_REF].

Other substrates, such as L-arabinose, D-sorbose [START_REF] Oku | D-sorbose inhibits disaccharidase activity and demonstrates suppressive action on postprandial blood levels of glucose and insulin in the rat[END_REF] or inulin-type fructans [START_REF] Neyrinck | Intestinal Sucrase as a Novel Target Contributing to the Regulation of Glycemia by Prebiotics[END_REF], also target the digestive enzymes. The inhibiting effect of L-arabinose on simple carbohydrates but also starch was demonstrated in healthy humans, with a consequent lowering effect of glycemic response [START_REF] Pol | Efficacy of L-Arabinose in Lowering Glycemic and Insulinemic Responses: The Modifying Effect of Starch and Fat[END_REF], and the enrichment of 4 % in beverage was established in vitro and confirmed in vivo [START_REF] Krog-Mikkelsen | The effects of Larabinose on intestinal sucrase activity: dose-response studies in vitro and in humans[END_REF] to reach this effect.

Influencing glucose transport

Dietary compounds are able to enhance or decrease intestinal glucose uptake by the enterocyte glucose transporters.

The consumption of meal rich in carbohydrates created an adaptation of the enterocytes and a recruitment of SGLT1 at the apical pole [START_REF] Koepsell | Glucose transporters in the small intestine in health and disease[END_REF]. It was particularly studied in rats models, in which the chronical intake of dietary sugars [START_REF] Miyamoto | Differential responses of intestinal glucose transporter mRNA transcripts to levels of dietary sugars[END_REF], fructose [START_REF] Kishi | Sucrase-isomaltase and hexose transporter gene expressions are coordinately enhanced by dietary fructose in rat jejunum[END_REF] but also high-medium-chain triacylglycerols [START_REF] Yasutake | Dietary regulation of sucrase-isomaltase gene expression in rat jejunum[END_REF] increases the expression of jejunal SGLT1, leading to enhancement of intestinal glucose transport for the following meals. The SGLT1 upregulative capacity of the low-calories artificial sweeteners was also shown in animal models [START_REF] Margolskee | T1R3 and gustducin in gut sense sugars to regulate expression of Na+-glucose cotransporter 1[END_REF][START_REF] Moran | Expression of Na+/glucose co-transporter 1 (SGLT1) in the intestine of piglets weaned to different concentrations of dietary carbohydrate[END_REF].

On the contrary, some natural plants compounds, beyond their inhibitory effect on α-glucosidases, are also able to decrease intestinal glucose uptake.

It is the case for phenolic compounds (natural phlorizin from apple or anthocyanin from blackcurrant extracts, cardamomin…) for which the inhibitory effect was demonstrated in vitro for SGLT1 and GLUT2

in Caco-2 cells [START_REF] Alzaid | Regulation of glucose transporter expression in human intestinal Caco-2 cells following exposure to an anthocyanin-rich berry extract[END_REF][START_REF] Farrell | Attenuation of glucose transport across Caco-2 cell monolayers by a polyphenol-rich herbal extract: interactions with SGLT1 and GLUT2 transporters[END_REF][START_REF] Zhouyao | The inhibition of intestinal glucose absorption by oat-derived avenanthramides[END_REF]. Their effect on the inhibition of intestinal glucose absorption was also confirmed in vivo in mice [START_REF] Satsu | Inhibitory Effect of Tangeretin and Cardamonin on Human Intestinal SGLT1 Activity In Vitro and Blood Glucose Levels in Mice In Vivo[END_REF] and healthy humans, with a subsequent decrease of postprandial glucose response in randomized, controlled, double-blinded cross-over trial [START_REF] Castro-Acosta | Apple and blackcurrant polyphenol-rich drinks decrease postprandial glucose, insulin and incretin response to a high-carbohydrate meal in healthy men and women[END_REF][START_REF] König | Guava (Psidium guajava) Fruit Extract Prepared by Supercritical CO2 Extraction Inhibits Intestinal Glucose Resorption in a Double-Blind, Randomized Clinical Study[END_REF]. Apple kale extracts administration during several weeks allowed moreover the improvement of postprandial hyperglycemia in mice submitted to an high-fat high-sucrose diet [START_REF] Schloesser | Antidiabetic Properties of an Apple/Kale Extract In Vitro, In Situ, and in Mice Fed a Western-Type Diet[END_REF], highlighting the relevance of dietary approaches containing SGLT1 inhibitors for type 2 diabetes management.

Such an effect was also shown with terpenoids, extracted from cinnamon, clove, or ginger. Their antihyperglycemic effect was demonstrated in vitro and in mouse model, as for as their selective inhibition of SGLT1 and α-glucosidases [START_REF] Ortega | Antihyperglycemic Effects of Salvia polystachya Cav. and Its Terpenoids: α-Glucosidase and SGLT1 Inhibitors[END_REF][START_REF] Valdés | Antihyperglycemic Effects of Annona diversifolia Safford and Its Acyclic Terpenoids: α-Glucosidase and Selective SGLT1 Inhibitiors[END_REF].

Finally, if beta glucans delay gastric emptying and limit amylolysis thanks to their viscosity, they seem also to inhibit intestinal glucose uptake, by creating a physical barrier limiting the interactions between glucose and SGLT1 and GLUT2 [START_REF] Abbasi | Oat β-glucan depresses SGLT1-and GLUT2mediated glucose transport in intestinal epithelial cells (IEC-6)[END_REF][START_REF] Malunga | Beta-Glucan From Barley Attenuates Post-prandial Glycemic Response by Inhibiting the Activities of Glucose Transporters but Not Intestinal Brush Border Enzymes and Amylolysis of Starch[END_REF].

Other approaches

In the DiRECT trial, the team of Taylor conducted an open-label, cluster randomized trial in British patients with type 2 diabetes. The dietary intervention involved replacing the entire diet: for 3 to 5 months, the energetic content of the diet was fixed at 850 kcal/day, and then, over the course of 8 weeks, food was gradually reintroduced. Anti-diabetic and anti-hypertensive medications were completely suppressed during the course of this diet [START_REF] Lean | Primary care-led weight management for remission of type 2 diabetes (DiRECT): an open-label, cluster-randomised trial[END_REF]. A remission of type 2 diabetes without the use of medication was achieved by approximately half of the trial participants, proving the viability of this strategy. However, the drastic diet as set up in the DiRECT trial is frustrating for the patients and difficult to conserve in the long-term [START_REF] Forouhi | Dietary and nutritional approaches for prevention and management of type 2 diabetes[END_REF].

Additionally, the daily context of meal consumption has also become important in nutritional therapy.

In fact, the postprandial glycemic response that occurs after consuming a standardized meal varies depending on the time of day. In cross-sectional and experimental studies, the advantages of eating more at breakfast versus at dinner were amply shown to reduce postprandial glucose excursions [START_REF] Henry | Chrononutrition in the management of diabetes[END_REF]. In this light, various intermittent fasting techniques have been tried. Intermittent fasting involves either a regular interruption of energy consumption for a set amount of time each day or a drastic reduction in food intake on one or two days per week [START_REF] Klempel | Intermittent fasting combined with calorie restriction is effective for weight loss and cardio-protection in obese women[END_REF]. Time

Restriction Eating is the name of this last strategy, which involves eating only during a window of 4-8 hours and fasting for 16-20 hours in between [START_REF] Carlson | Impact of reduced meal frequency without caloric restriction on glucose regulation in healthy, normal-weight middle-aged men and women[END_REF]. Some meta-analyses showed that these diets were not inferior to alternatives that involved restricting caloric intake, but they were more patient-friendly in the long term [START_REF] Borgundvaag | Metabolic Impact of Intermittent Fasting in Patients With Type 2 Diabetes Mellitus: A Systematic Review and Meta-analysis of Interventional Studies[END_REF][START_REF] Wang | Intermittent fasting versus continuous energyrestricted diet for patients with type 2 diabetes mellitus and metabolic syndrome for glycemic control: A systematic review and meta-analysis of randomized controlled trials[END_REF].

Medical therapy 2.1 Molecules limiting intestinal glucose absorption

Influencing the rate of gastric emptying

Pharmacological molecules are able to alter gastric emptying, with the corresponding consequences on postprandial glucose response. Pharmacologic acceleration of gastric emptying with prokinetic molecules such as erythromycin [START_REF] Gonlachanvit | Effect of Altering Gastric Emptying on Postprandial Plasma Glucose Concentrations Following a Physiologic Meal in Type-II Diabetic Patients[END_REF] resulted in higher postprandial glucose concentrations whereas delaying it, via opioids [START_REF] Gonlachanvit | Effect of Altering Gastric Emptying on Postprandial Plasma Glucose Concentrations Following a Physiologic Meal in Type-II Diabetic Patients[END_REF] or GLP-1 [START_REF] Deane | Endogenous Glucagon-Like Peptide-1 Slows Gastric Emptying in Healthy Subjects, Attenuating Postprandial Glycemia[END_REF][START_REF] Jones | Effects of lixisenatide on postprandial blood pressure, gastric emptying and glycaemia in healthy people and people with type 2 diabetes[END_REF] or amylin analogs [START_REF] Samsom | Pramlintide, an amylin analog, selectively delays gastric emptying: potential role of vagal inhibition[END_REF][START_REF] Young | Roles of amylin in diabetes and in regulation of nutrient load[END_REF], results in lower postprandial glucose concentration after a physiological meal in healthy subjects and type 2 diabetes.

GLP-1 has a particularly pleiotropic effect and GLP-1 receptor agonists have taken a leading role in type 2 diabetes management, particularly through their effect on satiety and weight loss and their augmentation of hyperglycemia-induced insulin secretion [START_REF] Nauck | GLP-1 receptor agonists in the treatment of type 2 diabetes -state-of-the-art[END_REF]. Several molecules have yet been developed, with a short-or long-term action and variable physiological effects (Ryan J. Jalleh et al., 2022;[START_REF] Trujillo | GLP-1 receptor agonists: an updated review of head-tohead clinical studies[END_REF]. GLP-1 receptor agonists present the ability to delay the rate of gastric emptying, symptom considered initially by the European Medicine Agency as a side effect (European Medicines Agency, 2022). This characteristic was particularly highlighted for short-acting exenatide [START_REF] Linnebjerg | Effect of exenatide on gastric emptying and relationship to postprandial glycemia in type 2 diabetes[END_REF] and lixisenatide [START_REF] Jones | Effects of lixisenatide on postprandial blood pressure, gastric emptying and glycaemia in healthy people and people with type 2 diabetes[END_REF][START_REF] Rayner | Effects of Sustained Treatment With Lixisenatide on Gastric Emptying and Postprandial Glucose Metabolism in Type 2 Diabetes: A Randomized Controlled Trial[END_REF] and for long-acting dulaglutide [START_REF] Clinic | A 5-week study of the pharmacokinetics and pharmacodynamics of LY2189265, a novel, long-acting glucagon-like peptide-1 analogue, in patients with type 2 diabetes[END_REF], liraglutide [START_REF] Meier | Contrasting Effects of Lixisenatide and Liraglutide on Postprandial Glycemic Control, Gastric Emptying, and Safety Parameters in Patients With Type 2 Diabetes on Optimized Insulin Glargine With or Without Metformin: A Randomized, Open-Label Trial[END_REF] and semaglutide [START_REF] Hjerpsted | Semaglutide improves postprandial glucose and lipid metabolism, and delays first-hour gastric emptying in subjects with obesity[END_REF]. The effect on delaying gastric emptying of dual GLP-1 and GIP receptor agonist tirzepatide has also been observed (Jastreboff et al., 2022;[START_REF] Urva | The novel dual glucosedependent insulinotropic polypeptide and glucagon-like peptide-1 (GLP-1) receptor agonist tirzepatide transiently delays gastric emptying similarly to selective longacting GLP-1 receptor agonists[END_REF]. However, this effect seemed to be positively associated with the decrease of postprandial glucose excursions, that proposed the rate of gastric emptying as a mechanism that would be particularly relevant to target in type 2 diabetes management.

Influencing the rate of digestion

The pharmacological approach aiming at decreasing the rate of digestion of carbohydrates consists in the inhibition of α-glucosidases, such as acarbose, voglibose or miglitol.

A recent meta-analysis provided quantitative estimation of reductions of posprandial glucose response following α-glucosidases inhibitors in diabetes (-1.5 mmol/L) but also non-diabetes (-0.5 mmol/L) individuals, associated with a reduction of postprandial insulin excursion [START_REF] Alssema | Effects of alpha-glucosidase-inhibiting drugs on acute postprandial glucose and insulin responses: a systematic review and meta-analysis[END_REF].

Acarbose has been associated with a reduction of the risk of cardiovascular disease [START_REF] Chiasson | Acarbose Treatment and the Risk of Cardiovascular Disease and Hypertension in Patients With Impaired Glucose Tolerance: The STOP-NIDDM Trial[END_REF] and a reduction of diabetes progression in patients with impaired glucose tolerance (Holman et al., 2017). However, gastrointestinal side effects, as for as flatulence, diarrhea or abdominal pain were frequently reported, limiting its use [START_REF] Rosak | Critical evaluation of the role of acarbose in the treatment of diabetes: patient considerations[END_REF]. This is why the current preclinical research in α-glucosidases inhibitors consist in identifying natural compounds with α-glucosidases inhibitory profile isolated from plant sources with a superior benefice and lower side effects [START_REF] Elhady | Deciphering Molecular Aspects of Potential α-Glucosidase Inhibitors within Aspergillus terreus: A Computational Odyssey of Molecular Docking-Coupled Dynamics Simulations and Pharmacokinetic Profiling[END_REF][START_REF] Kęska | Novel α-Glucosidase Inhibitory Peptides Identified In Silico from Dry-Cured Pork Loins with Probiotics through Peptidomic and Molecular Docking Analysis[END_REF].

Influencing intestinal glucose uptake

SGLT1 inhibitors

The main approaches consist in targeting SGLT1 for intestinal glucose uptake inhibition. The actual molecules are inspired by the famous polyphenol phlorizin, naturally found in apple. Phlorizin was first used in experimental biology and then medical research after its discovery in 1835. Its ability to improve postprandial glycemic response without affecting insulin action was what made its use interesting [START_REF] Ehrenkranz | Phlorizin: a review[END_REF]. However, the first description of its effects were essentially renal and selective SGLT2 inhibitors were developed at the beginning (Dominguez Rieg and Rieg, 2019).

More recently, there have been studies to develop dual SGLT1/SGLT2 and selective SGLT1 inhibitors.

As dual inhibitors, sotagliflozin (20-fold higher potency for SGLT2 than SGLT1) [START_REF] Cefalo | Sotagliflozin, the first dual SGLT inhibitor: current outlook and perspectives[END_REF]D. R. Powell et al., 2020;[START_REF] Sano | Sodium-glucose cotransporters: Functional properties and pharmaceutical potential[END_REF] but also LIK066 [START_REF] He | The effects of licogliflozin, a dual SGLT1/2 inhibitor, on body weight in obese patients with or without diabetes[END_REF] and LX4211 [START_REF] Powell | LX4211 increases serum glucagon-like peptide 1 and peptide YY levels by reducing sodium/glucose cotransporter 1 (SGLT1)-mediated absorption of intestinal glucose[END_REF][START_REF] Zambrowicz | LX4211, a Dual SGLT1/SGLT2 Inhibitor, Improved Glycemic Control in Patients With Type 2 Diabetes in a Randomized, Placebo-Controlled Trial[END_REF] block both enterocyte glucose uptake and kidney glucose reabsorption.

These uses are associated with a delayed and blunted intestinal glucose absorption after meals, with also a net increase of GLP-1 and PYY release and a decrease of GIP release and consequently a lower postprandial blood glucose. After administration, the effective regional SGLT1 inhibition of sotaglifozin persists for at least 5 hours (D. R. Powell et al., 2020).

Several molecules with selective SGLT1 inhibition have also been developed. Mizagliflozin is currently the most selective SGLT1 inhibitor (with 300-fold more selective to SGLT1 than SGLT2). It is a nonabsorbable compounds (availability of 0.02 %), which guarantee its local action [START_REF] Ohno | Absorption, disposition, metabolism and excretion of [14C]mizagliflozin, a novel selective SGLT1 inhibitor, in rats[END_REF].

Other compounds presenting a locally acting selective SGLT1 inhibition have been discovered [START_REF] Goodwin | Discovery of LX2761, a Sodium-Dependent Glucose Cotransporter 1 (SGLT1) Inhibitor Restricted to the Intestinal Lumen, for the Treatment of Diabetes[END_REF][START_REF] Kuroda | Synthesis and Structure-Activity Relationship of C-Phenyl D-Glucitol (TP0454614) Derivatives as Selective Sodium-Dependent Glucose Cotransporter 1 (SGLT1) Inhibitors[END_REF]. The action of selective SGLT1 inhibitors results thus in a potent blocking of intestinal glucose uptake, a delayed intestinal glucose absorption, an increase in GLP-1 release and a decrease in GIP secretion, leading finally to a decrease of postprandial glucose response, as demonstrated in humans and diabetic rats [START_REF] Dobbins | Selective sodium-dependent glucose transporter 1 inhibitors block glucose absorption and impair glucose-dependent insulinotropic peptide release[END_REF][START_REF] Oguma | Intestinal Sodium Glucose Cotransporter 1 Inhibition Enhances Glucagon-Like Peptide-1 Secretion in Normal and Diabetic Rodents[END_REF]. An increase of GLP-2 release was also highlighted in another study performed in diabetic rats [START_REF] Io | SGL5213, a novel and potent intestinal SGLT1 inhibitor, suppresses intestinal glucose absorption and enhances plasma GLP-1 and GLP-2 secretion in rats[END_REF].

To resume, intestinal inhibition of SGLT1 has numerous beneficial effects on postprandial glucose response. This action is direct, by inhibiting intestinal glucose uptake and consequently delaying and decreasing intestinal glucose absorption, and also indirect, by inducing a prolonged increase in GLP-1 levels.

Metformin

One of the primary first-line medications for lowering glycemia in type 2 diabetes is metformin.

Metformin has a pleiotropic effect and is recognized to decrease hepatic endogenous glucose production [START_REF] Hunter | Metformin reduces liver glucose production by inhibition of fructose-1-6-bisphosphatase[END_REF] and increase insulin sensitivity [START_REF] Stumvoll | Metabolic effects of metformin in non-insulin-dependent diabetes mellitus[END_REF]. Additionally, recent data suggests that metformin primary acts on the intestine instead of via the systemic circulation [START_REF] Buse | The Primary Glucose-Lowering Effect of Metformin Resides in the Gut, Not the Circulation: Results From Short-term Pharmacokinetic and 12-Week Dose-Ranging Studies[END_REF]. Gastric emptying (Sato et al., 2017), bile acid trafficking [START_REF] Sansome | Mechanism of glucoselowering by metformin in type 2 diabetes: Role of bile acids[END_REF], GLP-1 release [START_REF] Bahne | Metformin-induced glucagon-like peptide-1 secretion contributes to the actions of metformin in type 2 diabetes[END_REF], or reshaping in the gut microbiota [START_REF] Bauer | Metformin Alters Upper Small Intestinal Microbiota that Impact a Glucose-SGLT1-Sensing Glucoregulatory Pathway[END_REF] seem to be involved.

An inhibitory action of metformin on intestinal glucose absorption has also been suggested in rodent models using ex vivo models of perfused intestine [START_REF] Ikeda | Inhibitory effect of metformin on intestinal glucose absorption in the perfused rat intestine[END_REF][START_REF] Wilcock | Reconsideration of inhibitory effect of metformin on intestinal glucose absorption[END_REF] but remained controversial for a long time [START_REF] Horakova | Metformin acutely lowers blood glucose levels by inhibition of intestinal glucose transport[END_REF][START_REF] Lenzen | Effect of metformin on SGLT1, GLUT2, and GLUT5 hexose transporter gene expression in small intestine from rats[END_REF][START_REF] Sakar | Metformin-induced regulation of the intestinal D-glucose transporters[END_REF]. In this recent study from our group, the implication of metformin on intestinal glucose absorption and postprandial glucose response was clearly established. Zubiaga and coworkers demonstrated the ability of oral metformin to transiently lower postprandial glucose response by preventing the translocation of SGLT1 to the apical pole of enterocytes (Figure 24). They moreover have insisted on the necessity to administer this drug before a meal, to guarantee this inhibitory effect on absorption, and not after or at bedtime, thus challenging the current recommendation [START_REF] Zubiaga | Oral metformin transiently lowers post-prandial glucose response by reducing the apical expression of sodium-glucose co-transporter 1 in enterocytes[END_REF].

Incretino-mimetics

Inhibitors of dipeptidyl-peptidase-4 (DPP-4)

The GIP and GLP-1 incretin hormones are quickly inactivated in the blood system. The dipeptidylpeptidase-4 inhibitors, also known as gliptins, prevented the breakdown of GIP and GLP-1, which indirectly increased incretin levels in the bloodstream. As a result, they help to improve the biological actions of incretins, which results in increased insulin release as well as decreased glucagon and hepatic glucose production and increased satiety.

DPP-4 inhibitors significantly improve fasting and postprandial glycemia, reduce HbA1c by 0.8 %, and inhibit DPP-4 activity by 80 % in vivo. They have good tolerance, and neither weight gain nor hypoglycemic events have been reported [START_REF] Duez | DPP-4 inhibitors in the treatment of type 2 diabetes[END_REF].

GLP-1 receptor agonists

In 2005, exenatide became the first GLP-1 receptor agonist to be approved for the treatment of type 2 diabetes. The first challenge was to create other molecules or formulations that could overcome their rapid elimination without requiring twice-daily injections.

Nowadays, GLP-1 receptor agonists have been developed, with different half-life time: short acting agents (exenatide twice daily or lixisenatide) or long-acting agents (liraglutide, once-weekly exenatide, dulaglutide, albiglutide and semaglutide). Since GLP-1 has a pleiotropic effect, GLP-1 receptor agonists share also the same properties in allowing: an augmentation of hyperglycemia-induced insulin secretion; suppression of glucagon secretion; delaying gastric emptying (as described previously); prevention of high postprandial glycemic excursions; and decrease of appetite and body weight.

Because they have a similar impact on HbA1c reduction and weight loss without the risk of hypoglycemic events, GLP-1 receptor agonists are preferred as the first-line injectable treatment over insulin. They may be combined with insulin or additional diabetes medications. More recently, the protective action of GLP-1 receptor agonists against myocardial infarction or stoke (and the associated mortality) has been particularly reported [START_REF] Nauck | GLP-1 receptor agonists in the treatment of type 2 diabetes -state-of-the-art[END_REF].

Other molecules

The therapeutic arsenal is large and includes molecules targeting several pathophysiological pathways (Figure 25). The drugs can be used as mono-or multimodal therapy, in first or second intention. Their efficacy is variable according to the phenotype of each patient and they are often associated with side effects, such as weight gain. 

Stimulating insulin release: sulfonylureas and glinides

The stimulation of glucose-induced insulin release was the first pharmacological approach for type 2 diabetes management, leading to the introduction of sulfonylureas as an anti-diabetic drug more than 50 years ago. Sulfonylurea use has remained the primary pharmacological strategy for patients with newly diagnosed type 2 diabetes since its introduction due to its consistent ability to stimulate insulin secretion while having few unwanted side effects. The American Diabetes Association regarded sulfonylureas as a first-line diabetes monotherapy, as well as in conjunction with other anti-diabetic medications (American Diabetes Association, 2004). Sulfonylureas enhance insulin release thanks to their binding to the sulfonylurea receptor, one of the subunits of the KATP channel, leading to the closure of the channel, a membrane depolarization, and consequently an influx of calcium ions causing exocytosis of the granules of insulin. Glinides, such as repaglinide, nateglinide and mitiglinide, have the same action mechanism and a similar hyperglycemic power as sulfonylurea but a different binding site on the KATP channel subunit. The action of these two types of molecules can help to mimic the early phase of insulin release, via enhancing the exocytosis of granules.

In fact, sulfonylureas have been linked to an increased risk of hypoglycemia, body weight gain, betacell exhaustion, and limited specificity for closing pancreatic KATP channels. As a result, new concerns about their recommendations have emerged over the past few decades. Hypoglycemia represents a major therapeutic issue since hypoglycemia events were reported in 11-30 % of diabetic patients treated with sulfonylureas, according to studies [START_REF] Jennings | Symptomatic Hypoglycemia in NIDDM Patients Treated With Oral Hypoglycemic Agents[END_REF][START_REF] Diabetes | The effect of intensive treatment of diabetes on the development and progression of long-term complications in insulin-dependent diabetes mellitus[END_REF]. As with many other anti-diabetic medications, body weight gain is also a side effect brought on by the increased insulin release. Additionally, sulfonylurea treatment has been shown to increase beta cell apoptosis in rodent and human islets [START_REF] Efanova | Glucose and Tolbutamide Induce Apoptosis in Pancreatic β-Cells[END_REF][START_REF] Maedler | Sulfonylurea Induced β-Cell Apoptosis in Cultured Human Islets[END_REF]. Finally, some molecules have a cross-reactivity with the KATP channel of the cardiovascular system, resulting in a deleterious effect on cardiac function, especially under ischemic conditions [START_REF] Scognamiglio | Effects of Treatment With Sulfonylurea Drugs or Insulin on Ischemia-Induced Myocardial Dysfunction in Type 2 Diabetes[END_REF].

However, their beneficial effect on glucose-stimulated insulin secretion is especially helpful when given in conjunction with other antidiabetic medications, as a multimodal therapy, in order to maximize its potential for reducing the risk of side effects (Del [START_REF] Del Prato | The place of sulfonylureas in the therapy for type 2 diabetes mellitus[END_REF].

Stimulating insulin sensitivity

Biguanides

As the only medication in the biguanides family currently in use, metformin (1,1-dimethylbiguanide) is regarded as the first-line therapy for type 2 diabetes. It has a good safety profile because it does not induce an increased risk of hypoglycemia events and does not lead to weight gain, although gastrointestinal symptoms, such as abdominal pain, nausea, or diarrhea are common side effects.

Metformin allows a reduction of hyperglycemia thanks to a decrease of HbA1c up to 1.5 %, independently of Body Mass Index, age and duration of diabetes [START_REF] Holman | 10-Year Follow-up of Intensive Glucose Control in Type 2 Diabetes[END_REF].

Metformin does not stimulate insulin secretion and does not act directly on the pancreas; instead, it seems to have more of an impact on insulin-sensitive tissue. Understanding of every mechanism underlying the improvement in glucose homeostasis under metformin therapy is still lacking. In fact, the pleiotropic action of metformin suggests a large diversity of mechanisms of action according to each tissue rather than a singly mode of action. The primary antidiabetic action of metformin involves an exacerbation of the suppression of hepatic glucose production by almost 40 % [START_REF] Hundal | Mechanism by which metformin reduces glucose production in type 2 diabetes[END_REF] and a stimulation of systemic glucose disposal [START_REF] Inzucchi | Efficacy and Metabolic Effects of Metformin and Troglitazone in Type II Diabetes Mellitus[END_REF]. These mechanisms seem underlying an activation of the cellular metabolism via the phosphorylation of the AMP-activated protein kinase (AMPK), leading to an inhibition of the mitochondrial respiratory chain complex 1. This inhibition results in alterations in cellular energy charge and redox state, making the cells more responsive to insulin. Emerging evidence reported a beneficial action of metformin on the systemic inflammation induced by obesity thanks to direct and indirect effects on tissue-resident immune cells in organs involved in metabolism regulation, especially the adipose tissue, the liver and the gastrointestinal tract [START_REF] Foretz | Understanding the glucoregulatory mechanisms of metformin in type 2 diabetes mellitus[END_REF]. Additionally, metformin appears to have a significant impact on the digestive tract through its effects on GLP-1 secretion, bile acid remodeling, microbiota reshaping and intestinal glucose absorption [START_REF] Bauer | Metformin Alters Upper Small Intestinal Microbiota that Impact a Glucose-SGLT1-Sensing Glucoregulatory Pathway[END_REF][START_REF] Sansome | Mechanism of glucoselowering by metformin in type 2 diabetes: Role of bile acids[END_REF][START_REF] Zubiaga | Oral metformin transiently lowers post-prandial glucose response by reducing the apical expression of sodium-glucose co-transporter 1 in enterocytes[END_REF].

Glitazones

Glitazones, also known as thiazolidinediones, are a class of medications used as a second-line treatment for type 2 diabetes with the goal of reducing insulin resistance. Troglitazone, rosiglitazone, and pioglitazone are the three main molecules, and they were introduced to the market for the first time in 2000 in Europe.

The mechanism of action of glitazones involves its binding to the nuclear receptor Peroxisome

Proliferator-Activated Receptor gamma (PPARγ), essentially found in adipocytes but also in the liver and the skeletal muscle in a lesser extent. PPARγ is a transcription factor of genes involved in cellular differentiation or metabolic pathway signaling, so that the binding of glitazones to PPARγ leads to an enhancement of insulin action in the adipose tissue, but also in the liver and the skeletal muscle.

According to Stenkula and Erlanson-Albertsson, glitazones also appear to decrease the number of large adipocytes while promoting the development of smaller, less inflammatory, and consequently more insulin-sensitive adipocytes [START_REF] Stenkula | Adipose cell size: importance in health and disease[END_REF]. Thus, glitazones help to increase insulin sensitivity and are thought to lower levels of free fatty acids and triglycerides [START_REF] Bradley | The glitazones: a new treatment for type 2 diabetes mellitus[END_REF].

But using glitazones is linked to a number of negative side effects, including an increase in body weight, an increased risk of fractures, fluid retention, heart failure, hypercholesterolemia, and a risk of carcinogenesis (in the urinary bladder for pioglitazone). They are not regarded as a rational monotherapy in the general management of type 2 diabetes because of this [START_REF] Lindberg | The role of glitazones in management of type 2 diabetes. A DREAM or a nightmare?[END_REF].

Inhibiting renal glucose reabsorption

Since almost all of the glucose filtered by the kidney at euglycemia is reabsorbed by SGLT2 in the tubules, the kidney is crucial for maintaining glucose homeostasis. In this light, pharmacological inhibitors of SGLT2 (with also an action on SGLT1) have recently been created in order to raise urinary excretion without requiring the action of insulin, thereby lowering plasma glucose levels. Canagliflozin, dapagliflozin, empagliflozin, and ertugliflozin are the molecules that are offered in the United States and Europe [START_REF] Hasan | SGLT2 inhibitors in the treatment of type 2 diabetes[END_REF][START_REF] Lupsa | Use of SGLT2 inhibitors in type 2 diabetes: weighing the risks and benefits[END_REF].

The beneficial effect of SGLT2 inhibitors as monotherapy or bitherapy on glucose lowering allows a reduction in HbA1c of between 0.4 and 1.1 % compared to before treatment. Due to its action of intestinal SGLT1 inhibition, canagliflozin permits a particularly significant decrease [START_REF] Roden | Empagliflozin monotherapy with sitagliptin as an active comparator in patients with type 2 diabetes: a randomised, double-blind, placebo-controlled, phase 3 trial[END_REF][START_REF] Stenlöf | Efficacy and safety of canagliflozin monotherapy in subjects with type 2 diabetes mellitus inadequately controlled with diet and exercise[END_REF]. Beyond improving glucose homeostasis, SGLT2 inhibitors also induce weight loss, decrease in blood pressure, and a reduction in the occurrence of cardiovascular events and nephropathic risk. They are also associated with a low incidence of hypoglycemia events.

Although the SGLT2 inhibitors are typically well tolerated, they can cause well-described adverse events, such as infections of the genitourinary tract, diabetic ketoacidosis, skeletal fracture, volume depletion, acute kidney injury, or an increased risk of bladder and breast cancer [START_REF] Lupsa | Use of SGLT2 inhibitors in type 2 diabetes: weighing the risks and benefits[END_REF].

Due to their protective effect against the occurrence of major cardiac events, SGLT2 inhibitors have been recommended as a second-line treatment after metformin by the American Diabetes Association since 2018 (American Diabetes Association, 2017).

Interventional therapy: metabolic surgery 3.1 Introduction

To control postprandial glycemic response, a wide range of dietary strategies have been developed, and they serve as the first-line treatment for diabetes remission. However, for the vast majority of type 2 diabetes patients, they do not enable significant weight loss, glycemic control improvement, or a decrease in cardiovascular morbidity. The second option is to use medical therapy, with the possibility of using a variety of drugs that target various pathophysiological aspects of type 2 diabetes, including insulin secretion, insulin resistance, kidney glucose reabsorption, and intestinal glucose absorption.

However, medical therapy only partially achieves the desired glycemic control and cardiovascular mortality reductions [START_REF] Mingrone | Bariatric Surgery versus Conventional Medical Therapy for Type 2 Diabetes[END_REF]. Additionally, the majority of medical treatments have side effects, such as weight gain, which can be detrimental to glycemic control, hypoglycemic incidents, digestive issues, or an increased risk of cardiovascular events.

Bariatric surgery represents an interventional approach to obesity management. It was initially developed as a weight-reduction therapy but has been reported to allow type 2 diabetes remission [START_REF] Sjöström | Lifestyle, Diabetes, and Cardiovascular Risk Factors 10 Years after Bariatric Surgery[END_REF] and to improve glycemic control independently of weight loss [START_REF] Umeda | Early Improvement in Glycemic Control After Bariatric Surgery and Its Relationships with Insulin, GLP-1, and Glucagon Secretion in Type 2 Diabetic Patients[END_REF] associated with a reduction in the rate of severe cardiovascular disease events [START_REF] Sjöström | Lifestyle, Diabetes, and Cardiovascular Risk Factors 10 Years after Bariatric Surgery[END_REF].This is why the term "metabolic surgery" also emerged.

In The laparoscopic adjustable gastric band (LAGB), sleeve gastrectomy (SG), and gastric bypass (GBP;

Roux-en-Y gastric bypass or biliopancreatic diversion) are the bariatric surgery procedures that are permitted in France. SG is the most commonly practiced intervention and concerned 57 % of surgeries in 2013, whereas the prevalence of GBP was evaluated at 31 % and at 13 % for LAGB (Figure 26).

However, these rates are submitted to national disparities because GPB are more performed in the Ilede-France, North and Rhône-Alpes area [START_REF] Halimi | Chirurgie bariatrique : état des lieux en France en 2019[END_REF].

There are still being developed additional cutting-edge bariatric/metabolic surgery methods. Research in metabolic surgery is primarily focused on developing the interventions that will have the greatest clinical benefit in reducing the risk of both short-and long-term complications. Even though the clinical benefits of interventions today are well known, the physiological mechanisms underlying these benefits, particularly the improvement of glucose homeostasis, are still not fully understood.

Additionally, one of the current perspectives is to identify the type 2 diabetes patients for whom surgery will be especially effective and to best tailor each surgical intervention to each patient's phenotype. Sleeve Gastrectomy (SG) Sleeve gastrectomy (SG) consists of a subtotal vertical gastrectomy in which the pylorus is preserved.

Different interventions

The fundus, corpus, and antrum are resealed in order to create a tubular duct along the small curvature of the stomach. The resection included 80 % of the stomach, and the remaining gastric pouch has a capacity of 60-100 mL.

Due to the absence of multiple intestinal anastomosis, SG is regarded as a simpler procedure than gastric bypass. Some variations of SG have been described, but no comparative study has been done

to determine the benefits of these variations. To maximize metabolic effects, SG is sometimes combined with other intestinal bypass procedures, such as biliopancreatic diversion or SG transit with bipartition [START_REF] Benaiges | Laparoscopic sleeve gastrectomy: More than a restrictive bariatric surgery procedure?[END_REF].

Roux-en-Y gastric bypass

The Roux-en-Y gastric bypass (RYGB) consists of the elaboration of a gastric pouch of 15-30 mL without extracting the remaining stomach. The upper intestinal segment is affected by the bypass and includes the duodenum and the proximal jejunum. Two anastomoses are performed: a gastro-jejunal and a jejuno-jejunal. Consequently, the portion of the intestine that receives bile and pancreatic enzymes is completely excluded from the route of the chyme. Gastro-intestinal tract is thus reshaping in "Y", leading to the elaboration of 3 different limbs: the bilio-pancreatic limb (measuring about 50 cm), the alimentary limb (about 100 cm) and the common limb, the most distal (between 300 and 400 cm).

These dimensions are valid for standard RYGB because some variations concerning the length of each limb have been described [START_REF] Miras | The Effect of Standard Versus Longer Intestinal Bypass on GLP-1 Regulation and Glucose Metabolism in Patients With Type 2 Diabetes Undergoing Roux-en-Y Gastric Bypass: The Long-Limb Study[END_REF].

Remission of type 2 diabetes

The clinical benefits of metabolic surgery are multiple and include weight loss [START_REF] O'brien | Long-Term Outcomes After Bariatric Surgery: a Systematic Review and Meta-analysis of Weight Loss at 10 or More Years for All Bariatric Procedures and a Single-Centre Review of 20-Year Outcomes After Adjustable Gastric Banding[END_REF], reduction of cardiovascular risk [START_REF] Van Veldhuisen | Bariatric surgery and cardiovascular disease: a systematic review and metaanalysis[END_REF], reduction of hypertension [START_REF] Schiavon | Effects of Bariatric Surgery in Obese Patients With Hypertension: The GATEWAY Randomized Trial (Gastric Bypass to Treat Obese Patients With Steady Hypertension)[END_REF], improvement of dyslipidemia [START_REF] Liu | The effects of bariatric surgery on dyslipidemia and insulin resistance in overweight patients with or without type 2 diabetes: a systematic review and network meta-analysis[END_REF], improvement of hepatic steatosis and NASH (Caiazzo et al., 2014;[START_REF] Lassailly | Bariatric Surgery Provides Long-term Resolution of Nonalcoholic Steatohepatitis and Regression of Fibrosis[END_REF] and improvement of glycemic control.

One of the earliest and most striking effects of metabolic surgery is effectively an improvement in postprandial glucose response in patients with obesity and type 2 diabetes. The restoration of a tightly regulated glucose homeostasis appears to be unrelated to weight loss and has been replicated

worldwide. Many randomized controlled trials confirmed that metabolic surgery allows a better improvement of postprandial glucose control compared to medical therapy (Figure 28) [START_REF] Aminian | Patient-reported Outcomes After Metabolic Surgery Versus Medical Therapy for Diabetes: Insights From the STAMPEDE Randomized Trial[END_REF][START_REF] Kirwan | Diabetes Remission in the Alliance of Randomized Trials of Medicine Versus Metabolic Surgery in Type 2 Diabetes (ARMMS-T2D)[END_REF][START_REF] Mingrone | Metabolic surgery versus conventional medical therapy in patients with type 2 diabetes: 10-year follow-up of an open-label, single-centre, randomised controlled trial[END_REF][START_REF] Mingrone | Bariatric-metabolic surgery versus conventional medical treatment in obese patients with type 2 diabetes: 5 year follow-up of an open-label, single-centre, randomised controlled trial[END_REF]. In the randomized controlled trial conducted by Mingrone et al., the 10-year type 2 diabetes remission rate was 5.5 % for medical therapy compared to 50.0 % for BPD and 25.0 % for RYGB group [START_REF] Mingrone | Metabolic surgery versus conventional medical therapy in patients with type 2 diabetes: 10-year follow-up of an open-label, single-centre, randomised controlled trial[END_REF]. Higher rates of type 2 diabetes remission following RYGB were confirmed at 1, 3, and 5 years in a recent meta-analysis that was conducted on 7 randomized controlled trials and included 477 patients who received either RYGB surgery or medical therapy [START_REF] Cui | Long-term outcomes of Roux-en-Y gastric bypass versus medical therapy for patients with type 2 diabetes: a meta-analysis of randomized controlled trials[END_REF]. Some meta-analyzed comparative studies between different treatments revealed that RYGB had a better impact on type 2 diabetes remission than SG [START_REF] Fatima | Sleeve gastrectomy versus Roux-en-Y Gastric Bypass for remission of type 2 diabetes mellitus at 1, 3 and 5 years: a systematic review and meta-analysis[END_REF]Hayoz et al., 2018). According to a meta-analysis comparing RYGB and BPD, BPD tends to result in greater diabetes resolution than RYGB [START_REF] Hedberg | Duodenal switch versus Roux-en-Y gastric bypass for morbid obesity: systematic review and meta-analysis of weight results, diabetes resolution and early complications in single-centre comparisons[END_REF].

Mechanisms involved in postprandial glucose response improvement

The improvement of postprandial glucose response following metabolic surgery remains incompletely unknown but seems to involve a large range of mechanisms, dependent or independent of weight loss, and involving intestinal rearrangement (Laferrère and Pattou, 2018) (Figure 29). Clearly, caloric restriction is crucial for enhancing glucose homeostasis. Following bariatric surgery, limiting food intake reduces the gluco-and lipotoxicity that had previously resulted from nutrient overconsumption [START_REF] Livingstone | Food Intake Following Gastric Bypass Surgery: Patients Eat Less but Do Not Eat Differently[END_REF]. As a result, there is a decrease in inflammation, visceral fat mass, and ectopic deposits, which enhances insulin sensitivity [START_REF] Flynn | Caloric Restriction and Weight Loss Are Primary Factors in the Early Tissue-Specific Metabolic Changes After Bariatric Surgery[END_REF]. The reduction in stomach volume (the gastric pouch), along with hormonal components that control satiety and insulin secretion, is what causes the caloric restriction. After SG and RYGB, there is a reduced retention of the food in the gastric pouch, resulting in accelerated gastric emptying [START_REF] Garay | Influence of antrum size on gastric emptying and weight-loss outcomes after laparoscopic sleeve gastrectomy (preliminary analysis of a randomized trial)[END_REF][START_REF] Svane | Postprandial Nutrient Handling and Gastrointestinal Hormone Secretion After Roux-en-Y Gastric Bypass vs Sleeve Gastrectomy[END_REF]. As a result, the nutrients enter the intestinal lumen more quickly, causing the release of gastrointestinal hormones like GLP-1, cholecystokinin (CCK), peptide YY (PYY), and oxyntomodulin. The key role of these hormones in the central nervous system and specifically in the regulation of satiety has been clearly demonstrated [START_REF] Steinert | Ghrelin, CCK, GLP-1, and PYY(3-36): Secretory Controls and Physiological Roles in Eating and Glycemia in Health, Obesity, and After RYGB[END_REF], which could explain the decrease of food intake following bariatric surgery.

The increased release of GLP-1 after a meal after SG or RYGB stimulates beta cell insulin secretion in addition to postprandial regulation of satiety. However, beta cell function after RYGB is only minimally improved, especially if beta cell function is severely impacted in the type 2 diabetes phenotype [START_REF] Dutia | Limited recovery of β-cell function after gastric bypass despite clinical diabetes remission[END_REF]. The increased postprandial insulin secretion after metabolic surgery would seem to depend more on the enteric stimulation than a real improvement of beta cell sensitivity to glucose (Laferrère and Pattou, 2018).

Another suggested mechanism for improving glycemic control is a change in bile acid metabolism. The liver produces bile acids, which are then stored in the gallbladder and released in the duodenum after meals [START_REF] Di Ciaula | Bile Acid Physiology[END_REF]. The mix of bile acids with pancreatic exocrine secretion and nutrients from the stomach allows the intestinal absorption of glucose and lipids, mechanism that occurs in the common limb for subjects operated from RYGB surgery [START_REF] Albaugh | Bile acids and bariatric surgery[END_REF]. In addition to playing a critical role in lipid absorption, bile acids also function as signaling molecules that control inflammation and metabolism [START_REF] Chávez-Talavera | Bile Acid Control of Metabolism and Inflammation in Obesity, Type 2 Diabetes, Dyslipidemia, and Nonalcoholic Fatty Liver Disease[END_REF][START_REF] Trabelsi | Intestinal bile acid receptors are key regulators of glucose homeostasis[END_REF]. They bind to two different types of receptors, the nuclear receptor farnesoid X receptor (FXR) and the Takeda-G-proteinmembrane receptor-5 (TGR5), which are located in pleiotropic organs involved in glucose homeostasis.

While activation of TGR5 on the L-cell stimulates GLP-1 release, intestinal-specific activation of FXR reduces insulin resistance, lipid levels, inflammation, and atherosclerosis [START_REF] Mazuy | Nuclear bile acid signaling through the farnesoid X receptor[END_REF].

Increased postprandial GLP-1, better glucose tolerance, and weight loss have all been linked to increased circulating levels of bile acids after bariatric surgery. These high levels of circulating bile acids could be explained by an increase in hepatic synthesis, intestinal reabsorption, or decreased hepatic uptake (O. Chávez-Talavera et al., 2017) and could contribute to the increased GLP-1 secretion and decreased insulin resistance observed after surgery.

Additionally, a reshaping of the microbiota in terms of diversity and function is a suggested mechanism for improving glucose homeostasis following bariatric surgery. Modifications to glucose transport and sensing, GLP-1 release, short-chain fatty acid absorption, lipogenesis, dietary intake, energy expenditure, and bile acid metabolism are some of the suggested mechanisms [START_REF] Anhê | Human gut microbiota after bariatric surgery alters intestinal morphology and glucose absorption in mice independently of obesity[END_REF][START_REF] Bauer | Metformin Alters Upper Small Intestinal Microbiota that Impact a Glucose-SGLT1-Sensing Glucoregulatory Pathway[END_REF][START_REF] Coimbra | Gut Microbiota Profile in Adults Undergoing Bariatric Surgery: A Systematic Review[END_REF].

Alteration of intestinal glucose absorption pattern after metabolic surgery

Beyond the intestinal endocrine functions and their consequences on insulin sensitivity and secretion, modification in intestinal glucose absorption and metabolism seems to also play a key role in the postprandial glucose response improvement following metabolic surgery (Figure 30). Due to the intervention on the stomach, the gastric retention is strongly suppressed, leading to a clearly highlighted acceleration of the rate of gastric emptying for both SG [START_REF] Chambers | Regulation of gastric emptying rate and its role in nutrient-induced GLP-1 secretion in rats after vertical sleeve gastrectomy[END_REF][START_REF] Melissas | Alterations of Global Gastrointestinal Motility After Sleeve Gastrectomy: A Prospective Study[END_REF][START_REF] Svane | Postprandial Nutrient Handling and Gastrointestinal Hormone Secretion After Roux-en-Y Gastric Bypass vs Sleeve Gastrectomy[END_REF]Vigneshwaran et al., 2016a) and RYGB surgeries [START_REF] Camastra | Long-Term Effects of Bariatric Surgery on Meal Disposal and b-Cell Function in Diabetic and Nondiabetic Patients[END_REF][START_REF] Svane | Postprandial Nutrient Handling and Gastrointestinal Hormone Secretion After Roux-en-Y Gastric Bypass vs Sleeve Gastrectomy[END_REF][START_REF] Wang | Accelerated gastric emptying but no carbohydrate malabsorption 1 year after gastric bypass surgery (GBP)[END_REF].

The rapid gastric emptying and intestinal transit induced by SG and RYGB was proposed as a major determinant of changes in glucose absorption, incretin release and action, and postprandial glucose response [START_REF] Laferrère | Diabetes remission after bariatric surgery: is it just the incretins?[END_REF]Nguyen et al., 2014a). Incretin levels are drastically increased after surgery.

The postprandial incretin effect on insulin secretion, blunted in diabetes, improves rapidly after the surgery, with a significant decrease in postprandial glucose levels. The favorable metabolic changes after RYGB are in part GLP-1 dependent because the insulin release and the postprandial glucose response improvement were blocked by the administration of a GLP-1 antagonist [START_REF] Kindel | Duodenal-jejunal exclusion improves glucose tolerance in the diabetic, Goto-Kakizaki rat by a GLP-1 receptor-mediated mechanism[END_REF].

The rapid gastric emptying induced by the surgery is thus the main determinant of incretin release since limiting intestinal glucose delivery to the physiological value of 4 kcal/min after RYGB prevented the important release of incretins, the enhancement of insulin release and the improvement of postprandial glucose response (Nguyen et al., 2014a).

The velocity of gastric emptying represents a relevant therapeutic target for postprandial glucose excursions management: if dietary and pharmacological approaches focus on slowing it to decrease the glycemic excursions, the surgical strategy, in contrast, leads to an acceleration of the delivery of the chyme into the intestine, resulting in a particularly efficient effect on postprandial glucose response improvement.

Bypass surgeries slow the digestion of carbohydrates

Contrary to the sleeve gastrectomy, the bypass procedures involved a redesign of the intestinal tract that affects its physiology. A study in Goto-Kakizaki rats revealed the key role of the duodeno-jejunal bypass (DJB) on the improvement of postprandial glucose response, independently of gastric emptying, food intake, and body weight [START_REF] Rubino | The Mechanism of Diabetes Control After Gastrointestinal Bypass Surgery Reveals a Role of the Proximal Small Intestine in the Pathophysiology of Type 2 Diabetes[END_REF].

The exclusion of the proximal intestine clearly affects the breakdown of carbohydrates into glucose and consequently delays the digestion of carbohydrates since after RYGB, pancreatic α-amylase could act on starch only distally, in the common limb. It is also suggested that this mechanism participate to the enhancement of the GLP-1 release, classically observed [START_REF] Martinussen | Augmented GLP-1 Secretion as Seen After Gastric Bypass May Be Obtained by Delaying Carbohydrate Digestion[END_REF]. However, no real carbohydrate malabsorption seems to occur after RYGB despite the delay of digestion (Wang et al., 2012).

Consequently, the exclusion of the proximal intestine set up in bypass surgeries can be viewed as producing the same effect on the intestinal availability of glucose as the ingestion of slowly digestible starch.

Gastric bypass decreases overall intestinal glucose absorption

Studies performed in humans with glucose labeled OGTT have shown a clear acceleration of intestinal glucose absorption after RYGB [START_REF] Bradley | Gastric bypass and banding equally improve insulin sensitivity and β cell function[END_REF][START_REF] Camastra | Long-Term Effects of Bariatric Surgery on Meal Disposal and b-Cell Function in Diabetic and Nondiabetic Patients[END_REF][START_REF] Magkos | Effect of Roux-en-Y gastric bypass and laparoscopic adjustable gastric banding on gastrointestinal metabolism of ingested glucose[END_REF][START_REF] Svane | Postprandial Nutrient Handling and Gastrointestinal Hormone Secretion After Roux-en-Y Gastric Bypass vs Sleeve Gastrectomy[END_REF]. A significant 60-min peak of exogenous glucose appearance, which quickly returns to baseline, is typically seen and is associated with a similar postprandial glucose and insulin response.

The amount of glucose absorbed during the first hour following ingestion has thus been shown increased by 20 % in operated patients compared to non-operated [START_REF] Camastra | Nutrients handling after bariatric surgery, the role of gastrointestinal adaptation[END_REF][START_REF] Svane | Postprandial Nutrient Handling and Gastrointestinal Hormone Secretion After Roux-en-Y Gastric Bypass vs Sleeve Gastrectomy[END_REF]. This modification was observed in both short-term (16 weeks) [START_REF] Bradley | Gastric bypass and banding equally improve insulin sensitivity and β cell function[END_REF] and longterm studies (12 months) [START_REF] Camastra | Long-Term Effects of Bariatric Surgery on Meal Disposal and b-Cell Function in Diabetic and Nondiabetic Patients[END_REF].

Concerning the total amount of glucose absorbed, only a slight reduction (about 5 %) of the total exogenous glucose appearance after meal ingestion has been quantify in some studies after RYGB compared to the pre-surgery state [START_REF] Camastra | Long-Term Effects of Bariatric Surgery on Meal Disposal and b-Cell Function in Diabetic and Nondiabetic Patients[END_REF][START_REF] Magkos | Effect of Roux-en-Y gastric bypass and laparoscopic adjustable gastric banding on gastrointestinal metabolism of ingested glucose[END_REF]. According to the authors, the mechanism allowing a significant improvement in postprandial glucose response after metabolic surgery seems to involve more the drastic release of intestinal hormones allowed by the accelerated gastric emptying than a significant decrease in total glucose absorption. In this line, the slight reduction of the total amount of glucose absorbed observed in these studies would thus have a minor contribution to the postprandial glycemic control improvement compared to the other physiological mechanisms. However, the design of these studies does not take in consideration the considerably altered rate of digestion after RYGB since OGTT, in which glucose is not digested but directly absorbed, is not a physiological meal.

In fact, bypass surgeries seem to decrease the total amount of glucose absorbed during a meal, by influencing both the rate of digestion and also intestinal glucose transport.

A preclinical study in rats has shown that duodenal exclusion significantly influences both intestinal structure and glucose transport function, with glucose absorptive capacity reduced (by 68 %) after RYGB [START_REF] Stearns | Impact of Roux-en-Y gastric bypass surgery on rat intestinal glucose transport[END_REF]. Another investigation using obese Zucker rats showed a reduction in portal glucose levels after RYGB during an OGTT or directly after glucose intra-duodenal administration [START_REF] Pal | Portal milieu and the interplay of multiple antidiabetic effects after gastric bypass surgery[END_REF]. In the same line, a study conducted by our team in healthy minipigs showed that bile diversion caused by RYGB modulates intestinal glucose uptake in the small intestine [START_REF] Baud | Bile Diversion in Roux-en-Y Gastric Bypass Modulates Sodium-Dependent Glucose Intestinal Uptake[END_REF]. In this study, glucose was only absorbed in the common limb, whereas sodium-glucose co-transport did not take place in the bile-deprived alimentary limb. The addition of bile in the alimentary limb, however, restored intestinal glucose uptake. Since glucose can only be efficiently absorbed in the presence of bile (which provides sodium), and since the common limb of the intestine measuring approximately 300-400 cm instead of the entire 700 cm length of a normal non-operated intestine, the fraction of the intestine that can efficiently absorb glucose is significantly decreased after gastric bypass (Figure 31).

In this perspective, more recent studies [START_REF] Anhê | Human gut microbiota after bariatric surgery alters intestinal morphology and glucose absorption in mice independently of obesity[END_REF][START_REF] Meng | Roux-en-Y gastric bypass alters intestinal glucose transport in the obese Zucker rat[END_REF] support a decrease of intestinal glucose absorption following RYGB, in particular by a inhibition of SGLT1.

Implication of the number and functionality of SGLT1 after gastric bypass

If overall intestinal glucose absorption is decreased after RYGB, participating to the improvement of postprandial glucose response, it still remains unclear whether the level of expression and functionality of SGLT1 is involved.

Lower intestinal glucose absorption observed after RYGB seems effectively to be SGLT1-mediated [START_REF] Anhê | Human gut microbiota after bariatric surgery alters intestinal morphology and glucose absorption in mice independently of obesity[END_REF] and SGLT1 and GLUT2 levels have been shown decreased in the alimentary and the common limb [START_REF] Meng | Roux-en-Y gastric bypass alters intestinal glucose transport in the obese Zucker rat[END_REF]. Additionally, a study performed in a mouse model of duodenojejunal bypass showed a decrease in SGLT1 expression, associated with an electrogenic reduction of intestinal glucose absorption [START_REF] Yan | Reduction of Intestinal Electrogenic Glucose Absorption After Duodenojejunal Bypass in a Mouse Model[END_REF].

On the contrary, a study performed in a type 2 diabetes rat model of ileal interposition showed a weight independent improvement of glucose tolerance and insulin sensitivity despite a 2-fold increased of SGLT1-mediated glucose uptake, suggesting that the improvement of glycemic control after bariatric surgery does not require decreased intestinal glucose absorption. An increased length of villi, hyperplasia of the epithelial layer and increased number of L-cells was also noticed [START_REF] Jurowich | Ileal Interposition in Rats with Experimental Type 2 Like Diabetes Improves Glycemic Control Independently of Glucose Absorption[END_REF].

Hypertrophy of the gut mucosa was demonstrated in other rat studies, particularly in the common and alimentary limbs [START_REF] Cavin | Differences in Alimentary Glucose Absorption and Intestinal Disposal of Blood Glucose After Roux-en-Y Gastric Bypass vs Sleeve Gastrectomy[END_REF][START_REF] Mumphrey | Sleeve Gastrectomy Does Not Cause Hypertrophy and Reprogramming of Intestinal Glucose Metabolism in Rats[END_REF]. This hypertrophy was associated with a proliferation of the crypt cells [START_REF] Le Roux | Gut hypertrophy after gastric bypass is associated with increased glucagonlike peptide 2 and intestinal crypt cell proliferation[END_REF] and an increase in the number and size of villi [START_REF] Stearns | Impact of Roux-en-Y gastric bypass surgery on rat intestinal glucose transport[END_REF], which was not observed after SG [START_REF] Mumphrey | Sleeve Gastrectomy Does Not Cause Hypertrophy and Reprogramming of Intestinal Glucose Metabolism in Rats[END_REF]. Mucosa hyperplasia has also been found in humans [START_REF] Franquet | PET-CT reveals increased intestinal glucose uptake after gastric surgery[END_REF]. Additionally to hyperplasia, an increase in the expression of glucose transporters [START_REF] Cavin | Differences in Alimentary Glucose Absorption and Intestinal Disposal of Blood Glucose After Roux-en-Y Gastric Bypass vs Sleeve Gastrectomy[END_REF][START_REF] Mumphrey | Sleeve Gastrectomy Does Not Cause Hypertrophy and Reprogramming of Intestinal Glucose Metabolism in Rats[END_REF]Nguyen et al., 2014b), as well as of the genes and proteins involved in glucose metabolism [START_REF] Saeidi | Reprogramming of Intestinal Glucose Metabolism and Glycemic Control in Rats After Gastric Bypass[END_REF] was also noticed. As shown in rats [START_REF] Cavin | Differences in Alimentary Glucose Absorption and Intestinal Disposal of Blood Glucose After Roux-en-Y Gastric Bypass vs Sleeve Gastrectomy[END_REF] and in patients [START_REF] Cavin | Differences in Alimentary Glucose Absorption and Intestinal Disposal of Blood Glucose After Roux-en-Y Gastric Bypass vs Sleeve Gastrectomy[END_REF][START_REF] Franquet | PET-CT reveals increased intestinal glucose uptake after gastric surgery[END_REF], these changes were linked to an increased glucose uptake in the alimentary limb. However, rather than an increase in intestinal glucose absorption, the increase in glucose uptake by the enterocytes in the alimentary limb appears to be the result of an adaptation to meet the increased bioenergetic demands caused by hyperplasia in response to exposure to non-digested nutrients [START_REF] Saeidi | Reprogramming of Intestinal Glucose Metabolism and Glycemic Control in Rats After Gastric Bypass[END_REF].

Increased intestinal glucose uptake in the alimentary limb would translate into increased enterocyte glucose disposal.

In conclusion, glucose transport across the enterocyte barrier appears to be reduced after RYGB.

Bypassing the proximal small intestine may deprive the alimentary limb of bile, which would reduce the efficiency of the absorption process efficiency. After RYGB, all limbs exhibited mucosa hyperplasia, which appears to be a compensatory mechanism in response to a reduction in nutrient digestibility and leads to a higher relative glucose uptake by the enterocytes in order to meet the rise in energetic demands brought on by the hyperproliferation. The improvement in glycemic control following RYGB would be in part caused by the quantitative reduction of glucose absorption by bile deprivation coupled with an increase in glucose disposal by the enterocyte.

Influence of bypass techniques on the improvement of postprandial glucose response

All bypass procedures improve glucose homeostasis, but not all of them do so as effectively. According to Laferrère and Pattou, BPD improves postprandial glucose response more than RYGB [START_REF] Laferrère | A Gut Check Explains Improved Glucose Metabolism after Surgery[END_REF]. This improvement seems to be due to an increase in insulin sensitivity but also to a decrease of intestinal glucose absorption and plasma glucose excursion [START_REF] Harris | Biliopancreatic Diversion Induces Greater Metabolic Improvement Than Roux-en-Y Gastric Bypass[END_REF].

Additionally, the technique of OAGB would be linked to higher incidences of side effects like diarrhea, steatorrhea, and nutritional adverse events, suggesting a higher malabsorptive effect [START_REF] Robert | Efficacy and safety of one anastomosis gastric bypass versus Roux-en-Y gastric bypass for obesity (YOMEGA): a multicentre, randomised, open-label, non-inferiority trial[END_REF][START_REF] Ruiz-Tovar | Impact of Biliopancreatic Limb Length (70 cm vs 120 cm), with Constant 150 cm Alimentary Limb, on Long-Term Weight Loss, Remission of Comorbidities and Supplementation Needs After Roux-En-Y Gastric Bypass: a Prospective Randomized Clinical Trial[END_REF]. These findings suggest that the nature of the redesign of the gastrointestinal tract would influence the subsequent intestinal glucose absorption.

The modification of the postprandial glycemic response seems to be due to the length of the respective limbs [START_REF] Laferrère | A Gut Check Explains Improved Glucose Metabolism after Surgery[END_REF]. The long-term results on improvement of metabolic parameters after gastric bypass with a long bilio-pancreatic limb (200 cm) and a short alimentary limb (60 centimeters) versus a long alimentary limb (150 cm) and a short bilio-pancreatic limb (60 cm) were evaluated. Better weight loss was possible with a gastric bypass with a long bilio-pancreatic limb compared to one with a long alimentary limb. However, no difference was observed on postprandial glycemic excursions between these two techniques [START_REF] Nergaard | Gastric Bypass with Long Alimentary Limb or Long Pancreato-Biliary Limb-Long-Term Results on Weight Loss, Resolution of Co-morbidities and Metabolic Parameters[END_REF].

Additionally, the length of the common limb seems to be particularly implicated in postprandial glucose excursions. Because the common limb in BPD-DS is only 50 cm long as opposed to 300-400 cm in RYGB, the efficiency of the intestinal absorption in BPD-DS is significantly reduced when compared to RYGB. As a result, the length of the common limb is inversely related to the distinct impact of gastrointestinal diversion on postprandial glucose excursion [START_REF] Laferrère | A Gut Check Explains Improved Glucose Metabolism after Surgery[END_REF]. This is why interventions with a shorter common limb like BPD-DS [START_REF] Harris | Biliopancreatic Diversion Induces Greater Metabolic Improvement Than Roux-en-Y Gastric Bypass[END_REF][START_REF] Mingrone | Bariatric-metabolic surgery versus conventional medical treatment in obese patients with type 2 diabetes: 5 year follow-up of an open-label, single-centre, randomised controlled trial[END_REF], long-limb RYGB [START_REF] Risstad | Standard vs Distal Roux-en-Y Gastric Bypass in Patients With Body Mass Index 50 to 60: A Double-blind, Randomized Clinical Trial[END_REF] or OAGB [START_REF] Robert | Efficacy and safety of one anastomosis gastric bypass versus Roux-en-Y gastric bypass for obesity (YOMEGA): a multicentre, randomised, open-label, non-inferiority trial[END_REF] would have an increased effect on glucose metabolism than classical RYGB, explained Laferrère and Pattou.

To resume, all of these findings suggest that after gastric bypass, intestinal glucose absorption decreased globally. This decrease would be one of the main contributors to postprandial glycemic control improvement since the longer the excluded intestine, the greater the remission. The main current issues in bariatric surgery consist in developing two techniques of bypass, or medical devices of gastroenteroanastomosis aiming at mimicking gastric bypass [START_REF] Caiazzo | Increased postprandial glucagon-like peptide-1 (GLP-1) production after endoscopic gastrointestinal bypass using the Cousin lumen-apposing stent in a porcine model[END_REF], to achieve the improvement of postprandial glucose response in decreasing the incidence of complications.

IV. Conclusion

The variability of postprandial glucose response has been now well described in healthy individual and a lot of genetic or environmental determinants are responsible for this variability. Lots of research is now focused on the understanding of interindividual variability in nutrition-related issues and on the development of tools to achieve precision nutrition for the prevention and management of metabolic diseases [START_REF] Berry | Human postprandial responses to food and potential for precision nutrition[END_REF][START_REF] Zeevi | Personalized Nutrition by Prediction of Glycemic Responses[END_REF].

Intestinal glucose absorption allows the providing of exogenous glucose into the blood system and contributes to the interindividual variability of postprandial glucose response, in healthy individual and those with impaired glucose tolerance.

Gastric emptying, nature and context of the diet, as for as genetics, are as many determinants of postprandial glucose response. Every alteration of these determinants leads to modification of intestinal glucose absorption and finally postprandial glucose response.

Intestinal glucose absorption seems to correlate with postprandial glucose response and to be involved in type 2 diabetes pathophysiology. Moreover, the therapeutic approaches aiming at blunting intestinal glucose absorption, seems to be particularly relevant to manage type 2 diabetes. In particular, a decrease in intestinal glucose absorption seems to represent one of the main mechanisms leading to postprandial glycemic control improvement following bypass surgeries.

The following parts of this work constitute experimental approaches to better understand the contribution of intestinal glucose absorption on postprandial glucose response, particularly though the validation of D-Xylose test, as a new method of in vivo intestinal glucose absorption measurement.

Part 2

Metabolic Syndrome and Early Signs of Impaired Glucose Tolerance in a Minipig Model of Glucose and Lipid Overabsorption

I. Introduction

The impact of various diabetogenic interventions on minipigs was the main topic of this second section.

The goal of this project was to develop a minipig model of type 2 diabetes using a combination of current methodologies or cutting-edge techniques. This model would be especially useful for advancing our understanding of how intestinal glucose absorption affects postprandial glucose response, type 2 diabetes pathophysiology, as well as changes in intestinal glucose absorption pattern after bariatric surgery. It has never been done before and it continues to be difficult to induce type 2 diabetes in pigs in accordance with the World Health Organization's definition (World Health

Organization and International Diabetes Federation, 2006).

The minipig: a preclinical model with a high translational value for metabolism research

Due to its societal acceptability as an alternative to non-human primates and dogs, the pig, also known as Sus scrofa domesticus, is a large mammal used in biomedical research (1 % of the all species).

Because it shares many anatomical and physiological traits with humans, the pig, a member of the Suidae family, has a particularly high translational value [START_REF] Kleinert | Animal models of obesity and diabetes mellitus[END_REF]. The cardiovascular, urinary, integumentary, and digestive systems are among the cited systems for which the pig is especially well-suited [START_REF] Swindle | Swine as Models in Biomedical Research and Toxicology Testing[END_REF]. Pigs are also one of the most common species used in preclinical toxicological testing [START_REF] Bode | The utility of the minipig as an animal model in regulatory toxicology[END_REF][START_REF] Helke | Animal models of toxicology testing: the role of pigs[END_REF].

The small size of rodents and rabbits is advantageous in terms of maintenance costs but also restrictive when it comes to collecting biomaterial samples (Renner et al., 2016). Minipigs, such as the Göttingen or Yucatan, which were bred specifically for their small size, have the unique ability to weigh up to 80 kg at maturity, whereas domestic pigs raised for human consumption can reach more than 300 kg at maturity (Figure 32), making them very difficult to handle and house. Minipigs make it possible to create adult models that are the same size and have the same anatomy as humans, whereas a domestic pig of these proportions would be a juvenile [START_REF] Bollen | The Göttingen Minipig in Pharmacology and Toxicology[END_REF][START_REF] Panepinto | Influence of Genetics and Diet on the Development of Diabetes in Yucatan Miniature Swine[END_REF]. For this reason, the size and anatomy of minipigs frequently suggest the direct translation of preclinical studies to clinical application in humans of medical devices like bioartificial pancreas [START_REF] Ludwig | Improvement of islet function in a bioartificial pancreas by enhanced oxygen supply and growth hormone releasing hormone agonist[END_REF], surgical techniques like bariatric surgery (Verhaeghe et al., 2014), central catheter implantation, or imaging techniques [START_REF] Ochoa | Effects of chronic intake of starch-, glucose-and fructose-containing diets on eating behaviour in adult minipigs[END_REF].

Pigs are social animals as well. Minipigs are simple to handle, train, and evaluate in terms of behavior and welfare (Royal et al., 2013). In studies examining metabolism, the pig has been used and described frequently [START_REF] Kleinert | Animal models of obesity and diabetes mellitus[END_REF][START_REF] Koopmans | Considerations on pig models for appetite, metabolic syndrome and obese type 2 diabetes: From food intake to metabolic disease[END_REF][START_REF] Litten-Brown | Porcine models for the metabolic syndrome, digestive and bone disorders: a general overview[END_REF]. Pigs are omnivorous (non-rodents), in contrast to rats and mice, and their diet is primarily composed of carbohydrates (60 %). Even though erythrocytes are not permeable to glycosylated compounds (the HbA1c is therefore not a relevant marker) [START_REF] Higgins | Glycosylated hemoglobin in human and animal red cells. Role of glucose permeability[END_REF], fasting blood glucose, insulin and C-peptide levels, and postprandial glycemic response are similar to those in humans (Larsen and Rolin, 2004). As for humans, insulin sensitivity decreases with age, and females are naturally more insulin resistant than males [START_REF] Larsen | Parameters of glucose and lipid metabolism in the male Göttingen minipig: influence of age, body weight, and breeding family[END_REF]. However, pigs have better oral glucose tolerance and glucose disposal than humans (Larsen and Rolin, 2004). Pigs share similarities with humans in terms of their propensity for obesity, sedentary lifestyle, and eating habits [START_REF] Val-Laillet | Review: Impact of food, gut-brain signals and metabolic status on brain activity in the pig model: 10 years of nutrition research using in vivo brain imaging[END_REF], as well as the potential for visceral adiposity genesis and ectopic triglyceride deposition [START_REF] Al-Mashhadi | Diet-Induced Abdominal Obesity, Metabolic Changes, and Atherosclerosis in Hypercholesterolemic Minipigs[END_REF]. Pigs have a similar plasma concentration of total cholesterol, LDL, HDL, and triglycerides to humans, as well as signs of atherosclerosis and NASH induction [START_REF] Al-Mashhadi | Diet-Induced Abdominal Obesity, Metabolic Changes, and Atherosclerosis in Hypercholesterolemic Minipigs[END_REF]Dyson et al., 2006;Uceda et al., 2020).

However, there are some anatomical differences in the pig pancreas (Figure 33), including the presence of a connecting lobe (Winslow pancreas) that connects the head (duodenal lobe) to the tail (splenic lobe) and is situated beneath the portal vein [START_REF] Ferrer | Pig pancreas anatomy: implications for pancreas procurement, preservation, and islet isolation[END_REF]. Beta cells are located more radially in the architecture of islets compared to that of humans [START_REF] Cabrera | The unique cytoarchitecture of human pancreatic islets has implications for islet cell function[END_REF][START_REF] Steiner | Pancreatic islet plasticity: interspecies comparison of islet architecture and composition[END_REF]. Although the pig pancreas is not naturally amyloid-deposit-free, it is still sensitive to oxidative stress [START_REF] Betsholtz | Islet amyloid polypeptide (IAPP):cDNA cloning and identification of an amyloidogenic region associated with the species-specific occurrence of age-related diabetes mellitus[END_REF]. Additionally, the sequence of the insulin in pigs and humans only differs by one aminoacid (Larsen and Rolin, 2004). Although the liver functions similarly to that of humans, it produces more glucose during fasting (4 mg/kg/min as opposed to 2 mg/kg/min) [START_REF] Defronzo | Regulation of splanchnic and peripheral glucose uptake by insulin and hyperglycemia in man[END_REF][START_REF] Müller | Glucose production measured by tracer and balance data in conscious miniature pig[END_REF]. The anatomy, physiology, and microbiota diversity of the intestine are comparable to those of humans, and it also absorbs glucose with the same sensitivity. The length of the small intestine in the pig is higher than in humans (11 meters compared to 7) [START_REF] Gonzalez | Porcine models of digestive disease: the future of large animal translational research[END_REF][START_REF] Halaihel | Heterogeneity of pig intestinal D-glucose transport systems[END_REF]Huntley and Patience, 2018a).

All these characteristics make the minipig particularly suitable for studies in metabolic research. 

Diabetogenic interventions in pigs: existing approaches and limits

If the pig is a preclinical model that is particularly suitable for studies in metabolic research, then the induction of type 2 diabetes itself is the main problem of this model. In pigs, type 2 diabetes does not occur naturally. Additionally, the pig was chosen for its capacity to store energy and has been dedicated to human consumption since its domestication (which began in -9 000 years). As a result, this species has evolved in an environment that is obesogenic and diabetogenic, favoring the emergence of metabolic diseases. Since these illnesses also affect the ability of a subject to reproduce, only animals that can withstand diabetes have been selected. Due to this, modern commercial pigs raised for meat production are likely shielded from the negative effects of a "diabetogenic" environment (Gerstein, 2006).

Different strains of minipigs

Minipigs were chosen for their small size rather than for human consumption; as a result, some strains, like the Göttingen, Ossabaw, or Yucatan minipigs, which are the most widely used types, appear to be more susceptible to metabolic disorders than commercial pigs.

As a result of cross-breeding between Vietnamese pigs, Hormel and Minesota minipigs, and German Landrace, Göttingen minipigs were created in 1962 at the institute of Animal Breeding and Genetics of the University of Göttingen. The parameters of lipid and glucose metabolism were examined and found to be similar to those in humans. It was hypothesized that some animals of the Göttingen strain might be more at risk to develop abnormal glucose tolerance and metabolic syndrome [START_REF] Larsen | Parameters of glucose and lipid metabolism in the male Göttingen minipig: influence of age, body weight, and breeding family[END_REF] because they are very similar to humans in terms of the physiology of insulin secretion (M. Larsen et al., 2002;Larsen and Rolin, 2004).

According to several studies (Dyson et al., 2006;[START_REF] Gutierrez | Efficacy of the porcine species in biomedical research[END_REF]Sturek et al., 2007), Ossabaw minipigs are the strain that is most susceptible to the metabolic syndrome. Due to the intense selection pressure put on it by the dry climate of the Ossabaw island, this strain originated from the "Ossabaw Georgia island" and developed a "thrifty genotype" that allowed it to store energy from low-nutritive substrates with ease. Thus, Ossabaw minipigs are regarded as a natural model of metabolic syndrome and type 2 diabetes, similar to populations that are currently predisposed to these diseases naturally (DeFronzo et al., 2015).

Originally from the Mexican Yucatan peninsula [START_REF] Panepinto | The Yucatan miniature pig as a laboratory animal[END_REF] There have been numerous attempts in the past to create a minipig model of type 2 diabetes from these strains (Figure 34), considering that minipigs have phenotypes that are better adapted to the development of metabolic diseases than commercial pigs.

Surgical approaches: partial or total pancreatectomy

One of the experimental methods for bringing on diabetes involved performing a pancreatectomy. The total pancreatectomy makes it simple and quick to achieve fasting hyperglycemia, but it has poor medium-term viability (Heinke et al., 2016). Additionally, partial pancreatectomies were set up. The extent of the excision determines how severe the induced phenotype will be; a 40-%-pancreatectomy has little effect, whereas an 80-%-excision permits significant changes but is technically more challenging to perform and necessitates lengthy postoperative care [START_REF] Litten-Brown | Porcine models for the metabolic syndrome, digestive and bone disorders: a general overview[END_REF].

Thus, surgical techniques enable the development of insulin-deficient diabetes with a clearly defined loss of exocrine pancreatic tissue, though they are not entirely suited to a type 2 diabetes caused by obesity (Renner et al., 2020).

Chemical approaches targeting beta cells

The induction of diabetes chemically was also investigated. Streptozotocin (STZ, 2-deoxy-2-(3-methyl-3-nitrosourea)-1-D-glucopyranose) is the most frequently used cytotoxic glucose analogue that enters cells via GLUT2 transporters. Nitric oxide and free radicals are produced as a result of DNA damage caused by STZ, which then causes necrosis and beta cell death [START_REF] Lenzen | The mechanisms of alloxan-and streptozotocin-induced diabetes[END_REF]. A single high-dose injection of 150 mg/kg or multiple low-dose injections of 50 mg/kg were two different STZ injection protocols that were used (Dufrane et al., 2006;[START_REF] Gerrity | Diabetes-Induced Accelerated Atherosclerosis in Swine[END_REF]. When used at high doses, STZ causes a severe form of diabetes with a high mortality risk due to hypoglycemia after acute hyperinsulinemia, which leads to beta cell death. To prevent the beta cells from suffering excessive damage, nicotinamide was also used before the injection of STZ (M. O. Larsen et al., 2002;[START_REF] Lee | Development of a type II diabetic mellitus animal model using Micropig®[END_REF]. In these studies, the use of nicotinamide provided a pig model with fasting and postprandial hyperglycemia associated with maintained insulin secretion and beta cell mass.

The main drawback of this approach is the lack of beta cell specificity of STZ since GLUT2 expression is required for STZ efficacy. A significant hepato-and nephrotoxicity is seen after STZ injection at 150 mg/kg because GLUT2 is actually expressed in hepatocytes and nephrocytes (Hara et al., 2008).

The response after STZ administration also exhibits significant interindividual and interspecies variation, and the sensitivity of beta cells to STZ is correlated with the degree of GLUT2 expression.

Accordingly, porcine beta cells have a low level of GLUT2 compared to other species like rats and primates, which accounts for the lack of sensitivity of this species (Dufrane et al., 2006). The existence of a polymorphism of the tcf7l2 gene, the most important gene of type 2 diabetes susceptibility in humans, was proposed as an explicative factor of interindividual variation in pigs [START_REF] Grant | The TCF7L2 Locus: A Genetic Window Into the Pathogenesis of Type 1 and Type 2 Diabetes[END_REF][START_REF] Tu | Growing pigs developed different types of diabetes induced by streptozotocin depending on their transcription factor 7-like 2 gene polymorphisms[END_REF].

The use of alloxan as a beta cell toxin was also documented. Alloxan and dialuric acid, which are created as a result of its reduction, cause the production of superoxide radicals, which greatly increase the intracellular calcium content and swiftly kill beta cells [START_REF] Szkudelski | The mechanism of alloxan and streptozotocin action in B cells of the rat pancreas[END_REF]. Alloxan must be administered at high doses (100-175 mg/kg), just like STZ, and the response to chemical induction of diabetes is also extremely heterogeneous (Badin et al., 2018).

In conclusion, using beta cell toxins is a non-expensive, simple, and noninvasive way to treat insulindeficient diabetes. However, the low expression of GLUT2 in porcine beta cells is generally associated with a high interindividual variation of response. The requirement for high STZ doses results in elevated toxicity for the liver and kidneys due to the lack of specificity of STZ for the pancreas. Additionally, there is only a weak possibility of controlling the exact mass of beta cells damaged, and the probability of self-regeneration cannot be excluded (Renner et al., 2020).

Dietary interventions

Thanks to non-invasive methods that mimic the "Western lifestyle," dietary approaches offer a variety of opportunities to change the metabolism. The typical diets are usually high in energy and enriched with saturated fat or high glycemic index carbohydrates, like sucrose or fructose [START_REF] Koopmans | Considerations on pig models for appetite, metabolic syndrome and obese type 2 diabetes: From food intake to metabolic disease[END_REF]Renner et al., 2020Renner et al., , 2016)). Pigs fed a high-fat, high-sucrose diet for several months exhibited general obesity, insulin resistance, and dyslipidemia (Christoffersen et al., 2013;Johansen et al., 2001;Lim et al., 2018;[START_REF] Liu | Severe Insulin Resistance and Moderate Glomerulosclerosis in a Minipig Model Induced by High-Fat/ High-Sucrose/ High-Cholesterol Diet[END_REF]. Pure cholesterol supplementation makes dyslipidemia worse (Neeb et al., 2010), whereas a high-fat diet defined by choline-deficient amino acids causes NASH to develop [START_REF] Duvivier | Characterization and Pharmacological Validation of a Preclinical Model of NASH in Göttingen Minipigs[END_REF][START_REF] Lützhøft | Marked gut microbiota dysbiosis and increased imidazole propionate are associated with a NASH Göttingen Minipig model[END_REF].

However, even in the case of a high-fat, high-fructose, and high-cholesterol feeding for 9 months, dietary interventions alone do not allow the induction of a real type 2 diabetes phenotype with significant fasting hyperglycemia [START_REF] Panasevich | High-fat, high-fructose, highcholesterol feeding causes severe NASH and cecal microbiota dysbiosis in juvenile Ossabaw swine[END_REF]. To emphasize impaired glucose tolerance and produce hyperglycemia, high-energy diets have been combined with chemical therapies that are toxic to beta cells [START_REF] Larsen | β-Cell function and islet morphology in normal, obese, and obese β-cell mass-reduced Göttingen minipigs[END_REF][START_REF] Otis | Hyperglycemia-Induced Insulin Resistance in Diabetic Dyslipidemic Yucatan Swine[END_REF][START_REF] Schumacher-Petersen | Experimental non-alcoholic steatohepatitis in Göttingen Minipigs: consequences of high fat-fructose-cholesterol diet and diabetes[END_REF]von Wilmowsky et al., 2016). Because the use of this combined approach faces the same challenges as those described after using STZ or alloxan alone, the hyperglycemia brought on by this strategy is very variable.

Genetic engineering

Genetic engineering allows the elaboration of tailored pig models that can be phenotypically homogenous after genetic alteration. One or more genes can also be targeted through genetic engineering. Thus, altering the genotype is a non-invasive strategy that may result in insulin-deficient, insulin-resistant, or diabetes brought on by obesity (Renner et al., 2020).

Pronuclear DNA microinjection into fertilized oocytes produced the first transgenic pigs [START_REF] Hammer | Production of transgenic rabbits, sheep and pigs by microinjection[END_REF], but this method was poorly effective and was later replaced by lentiviral vectors [START_REF] Hofmann | Efficient transgenesis in farm animals by lentiviral vectors[END_REF]. Although very efficient at producing transgenic piglets, lentiviral vectors have some significant drawbacks, including a limited insert size and the potential for independent integration at multiple sites throughout the genome [START_REF] Jakobsen | Pig transgenesis by Sleeping Beauty DNA transposition[END_REF]. Finally, the use of targeted nucleases for genome editing emerged as a significant technological advance in the advancement of pig genetic modification. These techniques allow a specific gene deletion at a desired locus and include the methods of zinc finger nucleases, transcription activator-like effector nucleases, and the CRISPR/Cas9 system [START_REF] Hai | One-step generation of knockout pigs by zygote injection of CRISPR/Cas system[END_REF].

Consequently, many genes were targeted. For example: the insulin promoter (INS), leading to a substantial insulin deficiency, associated-hyperglycemia and severe complications [START_REF] Cho | Generation of insulindeficient piglets by disrupting INS gene using CRISPR/Cas9 system[END_REF][START_REF] Renner | Permanent Neonatal Diabetes in INSC94Y Transgenic Pigs[END_REF]; the PDX1 promoter, responsible of the identity of beta cells, leading to a pancreas agenesis [START_REF] Kang | Apancreatic pigs cloned using Pdx1-disrupted fibroblasts created via TALEN-mediated mutagenesis[END_REF]; the proprotein convertase subtilisin/kexin type 9 (PCSK9), mainly expressed in the liver and involved in the cholesterol uptake, leading to hypercholesterolemia and other lipid disorders [START_REF] Al-Mashhadi | Familial hypercholesterolemia and atherosclerosis in cloned minipigs created by DNA transposition of a human PCSK9 gain-of-function mutant[END_REF]; the promoters of the low-density lipoprotein receptor (LDLR) [START_REF] Davis | Targeted Disruption of LDLR Causes Hypercholesterolemia and Atherosclerosis in Yucatan Miniature Pigs[END_REF] and of the apolipoprotein C-III [START_REF] Wei | Characterization of a hypertriglyceridemic transgenic miniature pig model expressing human apolipoprotein CIII[END_REF], responsible respectively for LDL uptake and transport in the blood system, leading to mild to severe hypercholesterolemia. Another study created a genetically altered Bama minipig model with a humanized gene that permits the formation of amyloid deposits, whereas amyloid deposition is initially impossible in pigs (Zou et al., 2019). Although the researchers in this study were successful in obtaining fasting hyperglycemia, no information regarding postprandial insulin was provided.

Even though genetic engineering enables the development of customized pig models with metabolic disorders, this method is still costly, technically challenging, and may have unintended side effects (Renner et al., 2020). The genetic approach is better suited to create a monogenic diabetes model than a polygenic type 2 diabetes model with epigenetic components, even if multiple genes can be targeted.

Parenteral nutrition as a potential strategy for type 2 diabetes induction?

Nearly half of patients receiving parenteral nutrition after hospitalization have reported having postprandial hyperglycemia [START_REF] Gosmanov | Management of Hyperglycemia During Enteral and Parenteral Nutrition Therapy[END_REF]. The addition of insulin during parenteral nutrition procedures is recommended for patients who have pre-existing diabetes or metabolic disease-related insulin resistance [START_REF] Mcculloch | Addition of Insulin to Parenteral Nutrition for Control of Hyperglycemia[END_REF][START_REF] Schönenberger | Management of Hyperglycemia in Hospitalized Patients Receiving Parenteral Nutrition[END_REF].

Additionally, patients receiving total parenteral nutrition were found to have higher fasting insulin levels and insulin resistance [START_REF] Sun | Total parenteral nutrition induces glycometabolic disorders via systemic insulin resistance and hepatic glycogen suppression[END_REF]. By altering the gut microbiome, total parenteral nutrition was also demonstrated to be a causal factor in impairments of glucose metabolism. In a study involving 256 participants, parenteral nutrition that constituted more than 80 % of total energy intake resulted in altered microbiota, impaired gut barrier function and mucosal immunity, insulin resistance, and ultimately disorders of glucose metabolism.

Total parenteral nutrition increased random blood glucose levels, hepatic glycogen deposition, and systemic and molecular insulin resistance in rodent models [START_REF] Sun | Total parenteral nutrition induces glycometabolic disorders via systemic insulin resistance and hepatic glycogen suppression[END_REF]. In other studies performed in rodents, chronic parenteral infusions of glucose led to metabolic adaptations such as transient hyperglycemia, as observed in humans during parenteral nutrition, and an increase in beta cell function (Alonso et al., 2007;Hoy et al., 2007). This also caused rats to develop skeletal muscle insulin resistance (Hoy et al., 2007). Additionally, alternate cyclic glucose and lipid infusions in rats led to inhibition of insulin synthesis in pancreatic islets (Hagman et al., 2008). According to Stoll et al., total parenteral nutrition administered to neonatal piglets increased fasting glycemia, insulin resistance, systemic inflammation, and hepatic steatosis in the pig (Stoll et al., 2010) (Figure 35). The causal relationship between parenteral nutrition and liver diseases was particularly well described in piglets (Burrin et al., 2020).

Even though parenteral nutrition-related metabolic disorders were amply documented in the literature, this method was not previously thought of as a way to cause the phenotype of type 2 diabetes in pigs. This is why we thought about it as a possible strategy for type 2 diabetes induction.

Aim and hypothesis

Because the pig is a species that is particularly resistant to type 2 diabetes, the goal of this experimental part was to cause type 2 diabetes in a minipig model. This model would be especially interesting to better understand how intestinal glucose absorption affects postprandial glycemic response in type 2 diabetes onset and progression, as well as how intestinal glucose absorption patterns change after metabolic surgery.

In order to achieve this, we first identified which minipig variety, between Göttingen and Ossabaw, was especially well suited for this project. To change glucose homeostasis, we also carried out a number of diabetogenic interventions, either individually or in combination.

Some of these interventions were previously described in the literature, such as:

-a subtotal pancreatectomy, in order to decrease the insulin secretion abilities of the pancreas -a High-Fat, High-Sucrose Diet (HFHSD) for two months, to simulate a diet high in meals with a high Glycemic Index -as an innovative combination of pre-existing techniques, a subtotal pancreatectomy followed by a 2-month HFHSD, in order to primarily decrease the insulin secretion abilities of the pancreas and then mimic a diet with high Glycemic Index meals for consequently outperforming the regulatory capabilities of the pancreas.

Other interventions were totally innovative, such as:

-long-term intraportal glucose and lipid infusions instead of physiological meals, in order to mimic intestinal glucose and lipid overabsorption -subtotal pancreatectomy followed by long-term intraportal glucose and lipid infusions instead of physiological meals, in order to primarily decrease the insulin secretion abilities of the pancreas and then mimic intestinal glucose and lipid overabsorption.

The descriptions of the detrimental effects of parenteral nutrition on glucose metabolism in the literature led us to hypothesize that this experimental design might result in the phenotype of type 2 diabetes. Additionally, we designed this model of parenteral nutrition using intraportal glucose and lipid administration in order to best replicate intestinal glucose and lipid overabsorption. Therefore, we predicted that the organs involved in glucose homeostasis would be particularly harmed by the high gluco-and lipotoxicity caused by these intraportal infusions.

To the best of our knowledge, these methods have never been put to the test on an adult pig model in the literature.

II. Materials and Methods

The Materials and Methods presented hereafter was previously described (Goutchtat et al., 2023).

Some precisions were nevertheless added compared to this publication for a better understanding.

Ethical statement

The 

Animals and housing

The study included a total of 21 healthy 1-year-old minipigs: 4 Ossabaw minipigs (DTU, Lyngby, Denmark) and 17 Göttingen-like (Pannier, Wylder, France), weighing respectively 48.2 ± 1.9 kg and 31.7 ± 11.0 kg. The variation observed in the body weight between the two strains were probably due to differences in the diet of the animals during their first year of life, that we were not able to control, rather than proper strain differences. Our local minipig strain, called Göttingen-like, was created more than 30 years ago as a consequence of a crossing with the Göttingen strain.

To limit the metabolic differences related to the female hormonal cycle, only males were included. At the start of the protocol, animals were either surgically castrated or delivered castrated in the animal facility.

All animals were housed and enriched in individual boxes in conventional conditions. Water was provided ad libitum and 400 g of standard food (Swine Engrais-F S25/T, Uneal Cooperative) was given twice a day. The composition of the standard diet was detailed in Table 1. The light/dark cycle was 12 hours of light and 12 hours of darkness with a temperature between 19 and 24 °C. Pigs benefited from a 15-day acclimatization period.

Study design

In this study, we wanted to create a preclinical pig model of type 2 diabetes that corresponds to the WHO definition (World Health Organization and International Diabetes Federation, 2006). This led to the combination of a subtotal pancreatectomy, a surgical method of insulin deprivation, with methods of energetic overload, via oral or intraportal administration.

In order to determine which strain of minipigs was most suited for our strategy, we first assessed how both the Göttingen-like strain (n=3) and the Ossabaw one (n=4) responded to a 2-month high-fat, highsucrose diet (HFHSD). We decided thereafter to discard the Ossabaw strain because Göttingen-like showed a phenotype closer to our expectations.

Following this choice, we combined a subtotal pancreatectomy with 2 months of HFHSD in Göttingenlike minipigs (n=6). Finally, we explored a different strategy by infusing intraportal glucose and lipids for 3 weeks as a parenteral energetic overload, mimicking intestinal glucose and lipid overabsorption, in two groups of Göttingen-like minipigs: in Group 1 (n=4), no subtotal pancreatectomy was initially performed; in Group 2 (n=4), a subtotal pancreatectomy was performed prior to the energetic overload. The impact of the subtotal pancreatectomy on glucose metabolism in the Göttingen-like strain was simultaneously examined (n=10), including the animals subjected to the HFHSD regime following the pancreatectomy (n=6) and those of Group 2 (n=4). 

Surgical procedures 4.1 Anesthesia and analgesia

Following an overnight fast, all surgical procedures were performed under general anesthesia.

Premedication included intramuscular injections of xylazine (3 mg/kg; Sedaxylan®; Dechra Pharmaceutical PLC, France) and ketamine (5 mg/kg; Ketamine 1000®; Virbac, France), followed by isoflurane after endotracheal intubation (0.5 to 2 %; IsoFlo; Zoetis, France). During the laparotomy procedures, animals were ventilated with assistance at 20 mpm or left with spontaneous ventilation in case of surgeries not involving a laparotomy. To ensure analgesia, an intramuscular injection of buprenorphine (15 µg/kg, Bupaq®, Virbac, France) for the insertion of a central venous catheter or a single transdermal application of fentanyl (1.3 mg/kg, Recuvyra®, Lilly-Elanco, France) for laparotomy procedures were used, as previously described (Goutchtat et al., 2021).

Implantation of a Central Venous Catheter (CVC)

This procedure was performed to allow the collection of large volumes of blood samples during metabolic evaluations.

The external jugular vein was exposed in the neck region after a skin and muscle 5-cm-incision in front of the tip of the scapula. After venotomy, the catheter (Hickman® 9.6F Single-Lumen CV Catheter, Bard

Access System, USA) was inserted and linked to the vein with two ligatures (Vicryl® Bobine 2/0, Ethicon, France). The catheter was tunnelized via the subcutaneous tissue from the incision zone to the dorsal area of the neck. Muscular and cutaneous layers were then closed by simple overlock (respectively Polysorb® 2/0, Medtronic, France and Mersilene® 1, Ethicon, France) and its external part fixed on the skin by simple stitches.

This catheter remained throughout the duration of the procedure and was kept operational by administering 5 mL of physiological serum that had been heparinized (1 mL heparin at 5000 UI/mL for 250 mL NaCl 0,9 %) after each usage or every two days if it was not. During longer periods of non-use, catheters were "locked" with a mix solution of 0.5 mL heparin and 4.5 mL of 50-% glucose (G50®, B.

Braun, France).

Subtotal pancreatectomy

By reclining the stomach cranially and the intestinal system caudally, the pancreas was made accessible. From the tail (splenic lobe) to the head (duodenal lobe), the dissection was carried out. In the retro-portal region, the Winslow pancreas (connecting lobe) was similarly dissected and largely removed. Before section and extraction, ligatures between the splenic and the duodenal lobes as well as at the connecting lobe were tightened. As previously stated [START_REF] Ferrer | Pig pancreas anatomy: implications for pancreas procurement, preservation, and islet isolation[END_REF], the subtotal pancreatectomy involved removing 75 % of the total organ weight.

Portal catheter implantation

This procedure was performed to allow long-term glucose and lipid intraportal infusions.

The spleen was removed from the abdominal cavity after median laparotomy of the supra ombilical region, and the splenic vein was dissected on 2 cm. On the left flank, behind the final rib, the catheter (Hickman® 9.6F Single-Lumen CV Catheter, Bard Access System, USA) was tunnelized across the abdominal wall. The catheter was placed following the splenic vein venotomy, advanced through the spleno-mesaraic confluence into the portal vein, and secured to the splenic vein with two ligatures.

The layers of the peritoneum, muscles and skin were closed by a simple overlock and the external part of the catheter was fixed to the skin on the left flank by simple stitches.

This catheter remained until the end of the intraportal infusions and was kept functional thanks to the same measures as previously described above for the CVC.

Surgical castration

The surgical castration was performed under general anesthesia during the laparotomy procedure for the animals that were provided non-castrated in our animal facility in order to homogenize all the groups, and to decrease the energetic expenditure related to the synthesis of the reproduction hormones.

Medially between the scrotum and the penile region, cutaneous and subcutaneous tissues were incised after testicles were compressed cranially. Additionally, the tunica vaginalis was cut open to reveal the testis. The cauda epididymis ligament was cut after extraction. Two ligatures were used to ligate the spermatic lead, and it was then sectioned. Simple overlock was used to seal the tunica vaginalis and scrotum.

Energetic overload

The energetic overload was performed in two different ways according to groups: via the set up of a high-fat high sucrose diet, as pre-existing diabetogenic approach in pigs, in order to mimic a diet with high Glycemic Index meals; and via intraportal glucose and lipid infusions, as innovative diabetogenic approach, in order to "bypass" the intestine and mimic glucose and lipid overabsorption. detailed in Table 1. 

Intraportal glucose and lipid infusions

Over the period of three weeks, the intraportal catheter was used to administer lipid and glucose infusions twice daily for two hours, instead of physiological meals. A two-hour gap between the bidaily infusions was observed.

A mix of 50-% glucose (G50®, B. Braun, France) and lipid solution (Intralipid20®, Fresenius Kabi, France)

was administered using infusion pumps (SK 600II®, Mano Medical, France) at respective flow rates of 125 mL/h and 63 mL/h. These flow rates were selected in order to maintain the glycemia of infusions above 500 mg/dL. This threshold of 500 mg/dL was chosen to induce a high glucotoxicity effect. Each infusion was preceded by a 500 mg/kg bolus of 50-% glucose solution to raise blood glucose levels to more than 500 mg/dL within one minute. All the infusions were performed in an awake animal.

Each animal received each day 500 mL of the 50-% glucose solution and 250 mL of the lipid solution, corresponding respectively to 250 g of glucose and 20 g of soybean oil and consequently 4707 kJ (1125 kcal) provided by the 50-%-glucose solution and 837 kJ (200 kcal) provided by the lipid solution.

In total, each animal thus received parenterally 5544 kJ (1325 kcal) per day, associated with 1109 kJ (265 kcal) per day of standard diet during each delivery of infusions. The small quantity (100 g per day)

of standard diet was administered to minipigs in order to guarantee their welfare and represented less than 20 % of the total energy intake, as previously reported in studies evaluating the deleterious effect of long-term parental nutrition on metabolism [START_REF] Wang | Total parenteral nutrition impairs glucose metabolism by modifying the gut microbiome[END_REF]. The meal had a 990-kJ (237-kcal) energy density and contained 49 g of total carbohydrates, 13 g of fat, and 15 g of proteins. On EDTA and heparinized tubes, blood samples were obtained before the MMT was administered (t=0 min) and at various time intervals afterwards (t=15, t=30, t=60, t=90, t=120, and t=180 min).

Metabolic evaluations

Intravenous Glucose Tolerance Tests (IVGTT)

Following an overnight fast, a 50-% glucose solution (G50®, B. Braun, France) was intravenously administered into the CVC at a dose of 500 mg/kg. On EDTA tubes, blood samples were taken in the awake animal before (t=0 min) and following the administration of glucose at t=1, t=3, t=5, t=10, t=15, and t=30 minutes.

For each metabolic evaluation, plasma was collected from each tube, centrifuged at 4000 rpm for 10 min at 4 °C, and then stored at -80 °C until analyses.

Biological analyses

The amperometric glucose oxidase method was used to measure the level of glucose in blood (glucometer Accu-Chek Performa®, Roche, France, or Nova Biomedical StatStrip Xpress®, DSI, USA).

Blood glucose levels were determined instantaneously during each metabolic evaluation.

A DXI Access Immunoassay System (Beckman Coulter) with an assay range between 0.3 and 300 µIU/mL was used to measure the plasma insulin concentrations, as previously mentioned (Cook et al., 2010). Plasma lipid profile (total cholesterol, LDL, HDL and triglycerides) was assessed at the Centre de Biologie-Pathologie of Lille University Hospital, by the group of Patrice Maboudou, using an Abbott Architect C4000® clinical chemistry analyzer.

Calculations and statistical analyses

For data analysis and graphical representation, GraphPad Prism v8® software was employed. For curves, the results were expressed as mean ± SEM, and for histograms, as mean ± SD. Depending on the situation, paired or unpaired Student's t-tests were used to analyze the variables. A Two-Way ANOVA and Sidak post-hoc tests were used to compare blood glucose and plasma insulin levels during the MMT and IVGTT between the different strains of minipigs or between baseline and after diabetogenic interventions. For each comparison of blood glucose or insulin evolution during metabolic test, the effect of time of the metabolic test (called "time") and strain (Göttingen-like or Ossabaw, called "strain") or diabetogenic intervention ("HFHSD", "pancreatectomy", or "infusions") was systematically assessed. The presence of interaction between "time" and "strain" or "time" and "intervention" was also evaluated.

The postprandial glycemic excursion was estimated by the calculation of the incremental area under the curve (iAUC) of glycemia using the trapezoidal method.

The calculation of Insulinogenic Index was performed to evaluate the postprandial early insulin secretion as described (Singh, 2010): [Plasma Insulin (t = 30) -Plasma Insulin (t = 0)] / [Blood Glucose (t = 30) -Blood Glucose (t = 0)], with plasma insulin in µIU/mL and blood glucose in mg/dL. It corresponds to the ability of the pancreas to release insulin reported to plasma glucose concentration.

The hepatic insulin resistance was evaluated thanks to the Hepatic Insulin Resistance Index (HIRI) calculation as previously described [START_REF] Abdul-Ghani | Muscle and Liver Insulin Resistance Indexes Derived From the Oral Glucose Tolerance Test[END_REF], by multiplication of the first 30-min area under the curve between glucose and insulin concentration during MMT. The early postprandial area under curve of glucose and insulin directly depends on the suppression of endogenous glucose production by the liver in response to a meal ingestion: the higher the HIRI, the lower the suppression of glucose production and then the higher the hepatic insulin resistance.

The peripheral insulin sensitivity was assessed by the calculation of the Matsuda Index, as previously described [START_REF] Matsuda | Insulin sensitivity indices obtained from oral glucose tolerance testing: comparison with the euglycemic insulin clamp[END_REF]. The calculation of the Matsuda Index considers fasting glycemia and insulin (markers of central insulin sensitivity) but also the mean of glycemia and the mean of insulinemia during the whole time of the postprandial period (related to peripheral glucose disposal and thus markers of peripheral insulin sensitivity). The Matsuda Index is thus a marker of overall insulin sensitivity.

The Acute Insulin Response (AIR), which describes the initial first phase of insulin production following intravenous glucose stimulation, was computed by subtracting fasting insulin levels from the mean evaluation of plasma insulin levels at 1, 3 and 5 minutes (Hubert et al., 2008(Hubert et al., , 2005)).

III. Results

The Results presented hereafter was previously described (Goutchtat et al., 2023). The figures were arranged differently but are relative to the same results. Some additional calculations were also indicated and the description of the results was reformulated.

Choice of the Göttingen-like minipig strain after comparison with Ossabaw

The glucose metabolism of Göttingen-like (GL, n=3) and Ossabaw (O, n=4) minipigs was compared before and after a 2-month High Fat High Sucrose Diet (HFHSD) in order to determine which strain was best suited for our procedure (Figure 37, 38 and 39).

Following the regimen, both strains notably gained weight ( 55 The baseline characteristics were represented in black and those after 2-month high fat high sucrose diet (HFHSD) in orange.

Two-Way ANOVA test for repeated measures and Sidak post-hoc test; Paired t-test

Postprandial blood glucose concentrations (Figure 37A) and corresponding 180-min iAUC (Figure 37B)

were generally lower but not significantly following HFHSD, while insulin concentrations (Figure 37C)

did not differ in Göttingen-like minipigs. The intravenous glucose tolerance test (IVGTT) results for glycemia (Figure 37D), its corresponding 30-min iAUC (Figure 37E), and insulin (Figure 37F) did not change between the two steps. After HFHSD, Ossabaw minipigs showed a lower postprandial blood glucose levels (trend) (Figure 38A)

and corresponding 180-min iAUC (Figure 38B) accompanied by a higher insulin peak secretion (trend) (Figure 38C). However, during the IVGTT, there were no discernible changes between the glucose decline (Figure 38D), the corresponding 30-min iAUC (Figure 38E) and corresponding insulin concentrations (Figure 38H). Fasting blood glucose of the Ossabaw strains appeared lower than Göttingen-like at baseline, and it was significantly lower after HFHSD than those of Göttingen-like (70 ± 3.4 after versus 79 ± 4.6 mg/dL before; p<0.05) (Figure 39A). For both strains, there was no change in Hepatic Insulin Resistance Index (Figure 39B) and Matsuda Index (Figure 39C), although the Figure 39D showed a trend of increasing Insulinogenic Index. Compared to Göttingen-like minipigs, Ossabaw minipigs had significantly higher baseline Acute Insulin Response (49.3 ± 13.1 5 µIU/mL for O versus 21.7 ± 2.5 µIU/mL for GL, p<0.05) although no discernible alterations were found for any strain following HFHSD (Figure 39E).

Ossabaw minipigs presented a higher level in fasting cholesterol at the baseline than Göttingen-like (Figure 39F) (total cholesterol: 0.74 ± 0.18 g/L for O versus 0.45 ± 0.16 g/L for GL, not significant; LDL: 0.45 ± 0.12 g/L for O versus 0.32 ± 0.14 g/L for GL, not significant; HDL: 0.29 ± 0.06 g/L for O versus 0.13 ± 0.02 g/L for GL, p<0.01). However, there was no change in the lipid profile after HFHSD in Ossabaw while total cholesterol and LDL levels were significantly increased in Göttingen-like (total cholesterol: 0.69 ± 0.15 g/L after versus 0.45 ± 0.16 g/L before, p<0.001; LDL: 0.50 ± 0.17 g/L after versus 0.32 ± 0.14 g/L before, p<0.05).

These findings indicated that Ossabaw minipigs had a better early insulin response than Göttingen-like minipigs. We thus decided to proceed with our strategy using the Göttingen-like strain.

Reduction of Acute Insulin Response after subtotal pancreatectomy in Göttingen-like minipigs

We assessed how a subtotal pancreatectomy affected glucose metabolism in 10 Göttingen-like minipigs (Figure 40 and41). Mixed Meal Tests did not reveal any appreciable changes in blood glucose (Figure 40A), in its corresponding 180-min iAUC (Figure 40B) or insulin levels (Figure 40C).

When compared to before the intervention, the speed at which the glucose levels declined during the IVGTT following pancreatectomy was slower (blood glucose levels of respectively 175.1 ± 12.4 mg/dL after versus 109.4 ± 13.1 mg/dL before at 30 min, p<0.05) (Figure 40D). A significant interaction between "time" and "pancreatectomy" was thus reported (p<0.05). Consequently, the 30 min-iAUC of blood glucose during IVGTT was significantly increased (5423 ± 1469 after versus 4444 ± 1215 before, p<0.001) (Figure 40E). The pancreatectomy significantly decreased plasma insulin levels during IVGTT compared to the baseline (p<0.05) and especially at 3 and 5 min (respectively 24 ± 3.2 µIU/mL after versus 45 ± 5.1 µIU/mL before and 21 ± 2.8 µIU/mL after versus 43 ± 6.1 µIU/mL) (Figure 40F). A significant interaction between "time" and "pancreatectomy" was thus noticed (p<0.0001). After the surgical procedure, there was no rise in fasting blood glucose (Figure 41A). There was also no change of the Hepatic Insulin Resistance Index (Figure 41B), of the Matsuda Index (Figure 41C) and of the Insulinogenic Index (Figure 41D). However, following pancreatectomy, the Acute Insulin

Response was significantly decreased (18.3 ± 10.0 µIU/mL after versus 34.9 ± 13.7 µIU/mL before, p<0.0005) (Figure 41E). Finally, there was no significant change reported in fasting plasma lipid profile after subtotal pancreatectomy (Figure 41F).

No significant change in glucose metabolism following the combination of a subtotal pancreatectomy with a 2-month HFHSD in Göttingen-like minipigs

The metabolic phenotypic changes following a subtotal pancreatectomy and two months of HFHSD as an oral energy overload were then examined (Figure 42 and43). Following the protocol, animals gained weight (26.3 ± 5.9 kg after, compared to 21.3 ± 3.6 kg before, p<0.05).

With a more pronounced peak at 30 min and a faster return to baseline following the procedure, postprandial blood glucose dynamics were different from before, even if not significantly (Figure 42A).

However, there was no significant change in the corresponding 180-min iAUC (Figure 42B).

Additionally, there was a trend to higher postprandial insulin levels (Figure 42C).

The IVGTT revealed no significant changes in glucose tolerance (Figure 42D), its corresponding 30-min iAUC (Figure 42E) and insulin levels (Figure 42F). The baseline characteristics were represented in black and those after a 75-% pancreatectomy followed by a 2-months HFHSD in orange.

Two-Way ANOVA test for repeated measures and Sidak post-hoc test; Paired t-test.

Following this approach, no rise in fasting blood glucose (Figure 43A) was observed. Additionally, the Hepatic Insulin Resistance Index modestly but not significantly increased (Figure 43B). The Matsuda Index was slightly decreased but not significantly (Figure 43C) and the Insulinogenic Index (Figure 43D)

and the Acute Insulin Response (Figure 43E) did not significantly change.

Finally, the levels of fasting plasma lipids were globally increased after intervention (Figure 43F) (total cholesterol: 1.09 ± 0.2 g/L after versus 0.80 ± 0.19 g/L before, p<0.05; LDL: 0.65 ± 0.12 g/L after versus 0.55 ± 0.15 g/L before, p=0.052; HDL: 0.38 ± 0.18 g/L after versus 0.20 ± 0.05 g/L before, not significant; triglycerides: 0.28 ± 0.07 g/L after versus 0.24 ± 0.04 g/L before, not significant). 

Alterations of insulin secretion pattern and insulin resistance after long-term intraportal glucose and lipids infusions in Göttingen-like minipigs

In two groups of minipigs, one without prior pancreatectomy and the other following subtotal pancreatectomy, we infused long-term intraportal glucose and lipids (Figure 44 Postprandial blood glucose levels of Group 1 were significantly lower compared to the baseline state (p<0.005) (Figure 44A) and a significant interaction between "time" and "infusions was thus noticed (p<0.05). Its corresponding 180 min-iAUC was additionally significantly decreased (2874 ± 1418 after versus 7314 ± 1245 before) (Figure 44B). The first 30 minutes showed a rise in plasma insulin levels (77.4 ± 18.0 µIU/mL after infusions at 15 min versus 24.7 ± 5.1 µIU/mL before, and 55.3 ± 10.0 µIU/mL after infusions at 30 min versus 37.1 ± 7.6 µIU/mL before; not significant) and a significant interaction between "time" and "infusions" was discovered (p<0.005) (Figure 44C).

Blood glucose levels decreased during IVGTT more slowly than they did before protocol (159.0 ± 14.2 mg/dL after infusions versus 70.4 ± 28.6 mg/dL before at 30 min; not significant) (Figure 44D) and its corresponding 30-min iAUC was moreover significantly increased (5793 ± 983 after versus 4431 ± 1206 before) (Figure 44E). Moreover, insulin levels globally decreased, with an exception at 30 minutes (Figure 44F). The baseline characteristics were represented in black and those after subtotal pancreatectomy and intraportal infusions in orange.

Two-Way ANOVA test for repeated measures and Sidak post-hoc test; Paired t-test.

Following procedure, postprandial blood glucose levels in Group 2 fell globally (Figure 45A), similar to Group 1 and a significant interaction between "time" and "intervention" was observed (p<0.05). The corresponding 180-min iAUC was also decreased but not significantly (Figure 45B). Plasma insulin levels rose for the first 30 minutes (76.7 ± 10.6 µIU/mL after protocol at 15 min versus 25.5 ± 5.1 µIU/mL before, and 75.4 ± 19.0 µIU/mL after protocol at 30 min versus 31.0 ± 6.5 µIU/mL before; not significant) and a significant interaction between "time" and "intervention" was reported (p<0.0001) (Figure 45C).

IVGTT findings after protocol revealed a slower lowering of blood glucose (Figure 45D), associated with an almost significant increase of its corresponding 30-min iAUC (6863 ± 780 after versus 5737 ± 876 before) (Figure 45E). In particular, lower insulin levels with a significant intervention was observed between "time" and "intervention" (Figure 45F). Whether or not a subtotal pancreatectomy had been performed prior to the intraportal glucose and lipid infusion, no increase in fasting blood glucose was observed (Figure 46A). However, an increase in Hepatic Insulin Resistance Index (× 10 -5 ) was also obtained (8.0 ± 4.7 after versus 5.3 ± 2.3 before; not significant, and 12.6 ± 7.9 after versus 3.8 ± 4.3 before; p<0.05, respectively for Group 1 and 2) (Figure 46B), but no change in the Matsuda Index was noticed (Figure 46C). Both groups showed an increase in the Insulinogenic Index (2.0 ± 0.8 versus 0.59 ± 0.2; p=0.06 and 4.2 ± 1.9 versus 1.5 ± 0.8; p<0.05, respectively for Group 1 and 2) (Figure 46D). Additionally, the Acute Insulin Responses of both groups were reduced (28.7 ± 7.5 after versus 38.6 ± 13.3 before; not significant, and 24.4 ± 13.7 after versus 43.9 ± 14.5; p<0.005 before, respectively for Group 1 and 2) (Figure 46E).

Finally, fasting plasma levels of total cholesterol and LDL were increased after intervention for both groups (Figure 46F) (total cholesterol: 0.80 ± 0.12 g/L after versus 0.60 ± 0.11 g/L before, p<0.01, for Group 1 and 0.75 ± 0.07 g/L after versus 0.73 ± 0.08 g/L before, p<0.05, for Group 2; LDL: 0.54 ± 0.09 g/L after versus 0.42 ± 0.07 g/L before, p<0.01, for Group 1 and 0.53 ± 0.08 g/L after versus 0.49 ± 0.07 g/L before, not significant, for Group 2). HDL and triglycerides levels were not significantly altered after intervention, no matter the group. No significant difference was observed in glucose homeostasis and lipid profile after intervention between Group 1 and Group 2.

IV. Discussion

The main part of the discussion was taken from Goutchtat et al., 2023. Some precisions were added and some parts were reformulated.

Summary of the obtained results

In this experimental part of the project, we attempted to develop a preclinical type 2 diabetic pig model in this study in accordance with the World Health Organization definition (glycemia over 126 mg/dL after 8 hours of fasting, verified twice, or over 200 mg/dL following an oral glucose tolerance test) (World Health Organization and International Diabetes Federation, 2006).

In order to determine which strain of pigs was the most suited, we first subjected two distinct strains to a High Fat High Sucrose Diet (HFHSD) for two months. This enabled us to evaluate the metabolic adaptation of each strain to the HFHSD. Both strains responded equally, with Ossabaw having a little better insulin response than Göttingen-like, which justified pursuing the study with Göttingen-like minipigs. During metabolic evaluations, the metabolic response in both strains showed a tendency to an increase in insulin levels, necessitating the introduction of an intervention aimed at reducing pancreas adaptability capacity.

This is why we decided to combine an energy overload with an insulin restriction technique, such as a subtotal pancreatectomy. In the beginning, the effects of a single subtotal pancreatectomy were investigated. In our investigation, subtotal pancreatectomy reduced early insulin secretion while leaving postprandial glycemic response and fasting glycemia unaffected. The subtotal pancreatectomy was performed on a set of pigs combined with 2 months of oral energy overload administered via an HFHSD: there was no change in the metabolism of glucose. Thus, another strategy was considered in moving towards a parenteral energetic overload using chronic intraportal glucose and lipid infusions, whether or not they were associated with a preceding subtotal pancreatectomy. Results showed similar patterns with or without a pancreatectomy, with lower postprandial glycemia values associated with a higher 30-minute insulin peak. A rise in hepatic insulin resistance was also observed, particularly in the group that was subjected to the subtotal pancreatectomy prior to infusions, in addition to this postprandial hyperinsulinism. Finally, during intravenous glucose tolerance testing, a decrease in the first phase of insulin secretion was observed for both groups, with the pancreatectomy group showing significant differences. We were unable to produce a type 2 diabetic minipig model because none of the study groups achieved a fasting hyperglycemia.

Ossabaw strain

The results in the Ossabaw strain were unexpected. The HFHSD induced a response that was highly comparable to that of the Göttingen-like strain, with an early insulin secretion that appeared to be even more effective than the Göttingen one in the baseline state.

However, Ossabaw minipigs have a reputation for being the strain that is most susceptible to metabolic syndrome (Dyson et al., 2006;Sturek et al., 2007). In fact, they developed, in the "Ossabaw Georgia island" where they come from, a "thrifty genotype" that enabled them to easily store energy from lownutritive substrates because of the severe selection pressure imposed by the dry climate of the Ossabaw island. Thus, it is claimed that Ossabaw minipigs serve as a natural model for reproducing the symptoms of type 2 diabetes and the metabolic syndrome, similar to those populations that are predisposed to these diseases naturally (DeFronzo et al., 2015).

However, given that no fasting hyperglycemia could be generated only after a diet in previous research (Newell-Fugate et al., 2017;C. R. Powell et al., 2020;Sham et al., 2014), it would appear that the expression of their metabolic syndrome would be more focused on lipidic dysregulations than disorders of glucose metabolism (Lee et al., 2009;Neeb et al., 2010). Ossabaw fasting lipid levels were much greater than those of the Göttingen-like in our study, particularly in terms of cholesterol, which makes this strain particularly well-suited for the investigation of hypercholesterolemia illnesses (Uceda et al., 2020) but not for studies of diabetes.

We continued the combination protocol, which included a subtotal pancreatectomy, followed by five additional months of HFHSD, in two minipigs of this strain (data not shown). These two minipigs showed no signs of metabolic change, demonstrating that this strain is not susceptible to develop type 2 diabetes.

Subtotal pancreatectomy and combination with high-fat high-sucrose diet

The decision to perform a pancreatectomy was made considering the highly variable and toxic effects of streptozotocin (Dufrane et al., 2006) and alloxan (Badin et al., 2018). Additionally, a surgical pancreatic mass excision is easier to control than one caused by toxic chemicals [START_REF] Ferrer | Pig pancreas anatomy: implications for pancreas procurement, preservation, and islet isolation[END_REF]Renner et al., 2020), which is why this way of generating an insulin deficiency was chosen.

The subsequent impact of the subtotal pancreatectomy on glucose metabolism is unexpectedly modest, with the only discernible change being a reduction in the acute insulin response, which is the first phase of insulin secretion. We also observed that following pancreatectomy, insulin release reached a plateau. Nevertheless, there was no change in insulin secretion throughout the oral glucose challenge. As previously described in this species (Larsen et al., 2004), the loss of pancreatic mass would have been balanced by an increase in glucose and GLP-1 driven insulin secretion per islet.

Although we did not measure it in our study, subtotal pancreatectomy may have increased the incretin impact to balance the loss of islet mass.

Contrary to what we expected, the plan to combine a 2-month HFHSD with a subtotal pancreatectomy in order to exceed the capacity of the pancreas for insulin secretion did not result in any phenotypic change. As seen in human islets (Castex et al., 2020), the weight gain brought on by the regimen may have helped to increase the size of the surviving islets and their reactivity to glucose in releasing insulin, serving as a mode of compensation.

Long-term intraportal glucose and lipid infusions, preceded or not with a subtotal pancreatectomy

We found the biggest metabolic changes in the minipigs receiving continuous intraportal glucose and lipid infusions. Even while the findings of changes in insulin response were significantly different from the baseline state only in the group with subtotal pancreatectomy prior to infusions, both groupswith or without subtotal pancreatectomy-presented comparable patterns. Therefore, we propose that the pancreatectomy potentialized the impact of infusions.

In conjunction with a decline in the first phase of insulin secretion, we discovered an increase in hepatic insulin resistance and postprandial hyperinsulinism. Because glucose and lipids were infused into the portal vein, they quickly may have caused a hepatic excess in glycogen and triglycerides, which may have been the source of the hepatic insulin resistance as previously observed in dogs (Everett-Grueter et al., 2006;Warner et al., 2021) and mice (Ito et al., 2013). Furthermore, the administration of parenteral nutrition is known to have major side effects like hepatic steatosis, insulin resistance, and changes in insulin secretion (Alonso et al., 2007;Hagman et al., 2008;Hoy et al., 2007;Stoll et al., 2010), which is why we decided to test this approach in our research. During the sacrifice of these minipigs, a discoloration evocating a hepatic steatosis was macroscopically observed (data not shown).

Additionally, it is now well understood that a decrease in acute insulin response, a marker of change in the first phase of insulin release, constitutes the initial indicator of impaired glucose tolerance (Del [START_REF] Prato | The importance of first-phase insulin secretion: implications for the therapy of type 2 diabetes mellitus[END_REF]Marcelli-Tourvieille et al., 2006).

The existence of ectopic triglycerides in the pancreas that were brought on by the intraportal infusions could potentially account for this decline. It is known that ectopic triglycerides have a significant role in the oxidative stress and inflammation that reduce the functionality of pancreatic beta cells [START_REF] Samuel | Mechanisms for insulin resistance: common threads and missing links[END_REF]. Around the abdominal organs during sacrifice, substantial visceral adipose tissue was also macroscopically visible (data not shown). This finding, a potential cause of insulin resistance, might thus be used to explain the postprandial hyperinsulinism. Hepatic insulin resistance was clearly established, while peripheral insulin resistance was not. In particular, the Matsuda Index calculation, which evaluates peripheral insulin sensitivity in humans, did not change after intraportal infusions relative to the initial state. In addition, we did not examine postprandial incretin levels. It would have been interesting to determine whether the observed postprandial hyperinsulinism may be attributed to an increase in GLP-1 concentrations caused by an intestinal adaptation brought on by the intraportal infusions.

Contrary to our predictions, we discovered smaller postprandial hyperglycemia excursions in the groups receiving infusions, along with a tendency for fasting blood glucose to decline. The compensatory hyperinsulinism seen could be the cause of these decreased postprandial glycemic excursions. Additionally, prolonged parenteral feeding is linked to negative effects on the intestine: microbiota dysbiosis [START_REF] Wang | Total parenteral nutrition impairs glucose metabolism by modifying the gut microbiome[END_REF], gut mucosa atrophy [START_REF] Cerdó | Impact of Total Parenteral Nutrition on Gut Microbiota in Pediatric Population Suffering Intestinal Disorders[END_REF] or impairment of enteral bile acids uptake and signaling [START_REF] Jain | Preserved Gut Microbial Diversity Accompanies Upregulation of TGR5 and Hepatobiliary Transporters in Bile Acid-Treated Animals Receiving Parenteral Nutrition[END_REF][START_REF] Jain | Enteral bile acid treatment improves parenteral nutrition-related liver disease and intestinal mucosal atrophy in neonatal pigs[END_REF][START_REF] Zhao | Impaired FXR-CPT1a signaling contributes to parenteral nutrition-induced villus atrophy in short-bowel syndrome[END_REF] are the main observed complications of total parenteral nutrition. Parenteral nutrition in our situation might have caused intestinal mucosal atrophy, reducing the absorptive capabilities of the intestine and, as a result, reducing the postprandial glucose excursions during the meal test. To the best of our knowledge, no documentation of this mechanism has ever been found in the literature.

In any case, the observed modifications following long-term intraportal glucose and lipid infusions, would look very similar to those intervening early in the beginning of type 2 diabetes, even if no fasting hyperglycemia was found for these groups. We might have acquired a more severe phenotype if we had continued intraportal infusions for a longer period of time. We did not, however, because of the ethical issues raised by the complicated porcine model.

In addition to these groups, a different one with 4 animals benefited from chronic intraportal glucose infusions exclusively (data not shown), using the same methods as those outlined for the relationship between glucose and lipids. Since no phenotypic alteration was seen following these infusions, we could infer that pigs are a species that are more vulnerable to the effects of lipid-induced oxidative stress than glucose. This theory was not investigated further, and there was no convincing evidence in the literature to back it up. It could have been interesting to further analyze a group that only received intraportal lipid infusions and compare the outcomes to the groups that received both intraportal glucose and lipid infusions. We decided against doing it for ethical reasons.

Changes of lipid profile

The lipidic profile of Göttingen-like minipigs was investigated. All groups showed a notable rise in total cholesterol, especially LDL, with the exception of pigs subjected to a single subtotal pancreatectomy.

As a result, we were able to develop a minipig model of the metabolic syndrome in the groups receiving continuous intraportal infusions of glucose and lipids. Although the definition of the metabolic syndrome in pigs is still debatable, the key features of this syndrome in humans include visceral obesity, fasting blood glucose levels over 110 mg/dL, insulin resistance, dyscholesterolemia, hypertriglyceridemia, and elevated blood pressure. Metabolic syndrome is defined as the presence of at least three of these criteria (DeFronzo and Ferrannini, 1991), which in our instance were at least visceral obesity, insulin resistance, and dyscholesterolemia.

Type 2 diabetes and metabolic syndrome were frequently confused in many other studies that worked on developing type 2 diabetic pig models. Because of this, some researchers falsely claimed to have a legitimate preclinical minipig model of type 2 diabetes, despite the fact that the World Health Organization strictly defines diabetes as hyperglycemia and not by a variety of signs of insulin resistance.

Minipigs demonstrated both hyperglycemia caused by the use of toxic medication use and obesity with metabolic abnormalities in other studies when HFHSD and streptozotocin were combined (Coelho et al., 2018;von Wilmowsky et al., 2016). However, because metabolic disorders and hyperglycemia are in fact interrelated in the genesis of the disease, it was in this case two different independent interventions that produced two phenotypic characteristics independently, raising question on the reliability of this type 2 diabetes paradigm.

Early signs of impaired glucose tolerance and insulin resistance only after interventions mimicking intestinal glucose and lipid overabsorption

In order to simulate a diet with high Glycemic Index meals, we used a high-fat high-sucrose diet (HFHSD) for 2 months in some groups of animals in this investigation. Neither combined with a subtotal pancreatectomy nor alone a 2-month HFHSD had a significant impact on glucose homeostasis in the groups that had these treatments.

We only noticed changes in glucose metabolism in the animals that received long-term intraportal glucose and lipid infusions rather than physiological meals, regardless of whether a prior subtotal pancreatectomy had been performed. In other words, only by "bypassing" the intestine with interventions that mimicked intestinal glucose and lipid overabsorption were we able to produce early signs of impaired glucose tolerance and insulin resistance.

First, these findings could let us suppose some genetic factors in pigs limiting intestinal glucose absorption. It was not further investigated in our study, and to the best of our knowledge, it has never been mentioned previously in the pig. However, a previous study in humans identified several intestinal sodium glucose transporter 1 (SGLT1) variants that would be protective against type 2 diabetes and the progression of the metabolic syndrome (Seidelmann et al., 2018). It would be fascinating to see in future research using single cell RNA-seq and proteomic techniques, if these SGLT1 variants are largely present in the pig. This SGLT1 gene may also be a useful target for creating genetically modified pig models and studying the impact on glucose metabolism.

Second, our findings are consistent with the theory that the development of impaired glucose tolerance is caused by an intestinal glucose overabsorption. In fact, whether or not a subtotal pancreatectomy had previously been performed, early symptoms of decreased glucose tolerance were seen. Infusions of intraportal glucose and lipids were able to produce early indicators of decreased glucose tolerance even in the absence of the subtotal pancreatectomy, and the pancreatectomy allowed the potentialization of their effects. In the Group 1 of our study, intestinal glucose and lipid overabsorption occurred before the onset of hepatic insulin resistance and decrease of the acute insulin response. It indicates that it may be the initial catalyst for the development of an impaired glucose tolerance, independent of an initial state of insulin resistance and lack of insulin secretion.

Type 2 diabetes would result from intestinal glucose overabsorption when combined with hereditary variables that cause a deficit in insulin sensitivity and secretion.

Limitations of the study

We mentioned in a previous paragraph the probably too short duration of the intraportal glucose and lipids infusion to induce a more severe phenotype. In fact, the 3-week duration of the intraportal infusions was probably too brief to significantly alter the phenotypic and cause type 2 diabetes. The choice of this time was mostly dependent upon our ability to maintain the portal catheter in situ and effective. In fact, maintaining a long-term venous catheter in a pig is technically difficult, particularly when it involves a portal localization. Daily maintenance is required to avoid thrombi from forming and closing the catheter, and a portal localization also involves externally fixing the catheter to the flank of the animal, making it accessible and simple to remove.

Because only castrated males were used in our study, our animal groups were not mixed-gender. This decision was made to reduce the metabolic fluctuations brought on by the reproductive cycles of the females. The ideal solution would have been to medically sterilize the females as well. In contrast to the removal of a testicle, the ovariectomy is a more invasive treatment. Even though it exposed us to the development of a model that was only available for one sex, we did not choose this option for ethical reasons.

We also made the decision to limit the animals in our protocol to adults. To ensure that the weight gain observed was indeed caused by the operation and not by the growth of the pigs, we would like to only perform diabetogenic strategies in animals that have reached the end of their growth.

Additionally, the fact that type 2 diabetes primarily affects adults justifies this decision. However, starting the diabetogenic treatments in children rather than adults may have made it simpler to generate a more prominent phenotype. In fact, even while adopting a western diet in adulthood allows the disease to advance, children with poor nutrition-induced obesity are particularly susceptible to develop type 2 diabetes in the future [START_REF] Velasquez-Mieyer | Identifying Children at Risk for Obesity, Type 2 Diabetes, and Cardiovascular Disease[END_REF].

Additionally, each minipig that received a diabetogenic intervention was compared to itself at the start of the treatment (Baseline), serving as their "own control." Consequently, there is no proper "control group" in the design of this study, allowing to exclude for example: the potential bias due to the aging of animals during the protocol, the "season effect" or the environmental variations of the housing difficult to control. However, pigs are less susceptible than rodents to environmental changes, and they age very slowly during a 2-month period compared to their 20-year average lifespan. We sought also to limit the number of minipigs included in this research in order to respect the principle of "Reduction" relevant to the use of animals for scientific purposes.

Concerning statistics: the type-II error, associated to statistical analyses, especially t-tests and two-way ANOVA in our case, could have prevented us to highlight differences between strains or interventions, although the estimated minimal number of animals in each group was sufficient to demonstrate an effect.

Finally, to describe the metabolic profile of the pigs, we used human indicators of insulin sensitivity and secretion. Additionally, there is no accurate method for measuring visceral obesity in animals, and no defined standard values exist for defining diabetes, prediabetes, or dyslipidemia in pigs. This is why the metabolic syndrome that we found in Group 2 needs to be assessed in light of these factors.

V. Conclusion

In summary, we were successful in developing a preclinical minipig model with early signs of glucose intolerance and metabolic syndrome, but we were unsuccessful in obtaining a model of type 2

diabetes. The pig continues to be a useful preclinical large animal model for imitating the metabolic syndrome, including insulin resistance, visceral obesity, and dyslipidemia, as we have verified in this work. The minipig, however, has more to contribute as a healthy model, supporting the necessity to choose the proper species for each type of study. The continued difficulty of the pig in achieving a fasting hyperglycemia may prompt us to rethink utilizing it as a translational diabetic subject in accordance with the WHO definition of diabetes mellitus.

Furthermore, we only observed metabolic alterations consistent with the early pathophysiology of the illness when lipid and glucose overabsorption were mimicked, supporting the idea that intestinal glucose overabsorption may be one of the root causes of the development of type 2 diabetes.

The healthy minipig model will be used in the next sections of this thesis to clarify the impact of intestinal glucose absorption on the postprandial glycemic response.

Part 3

Validation of D-Xylose Test as a Relevant Biomarker of Intestinal Glucose Absorption

I. Introduction

The development of a model for measuring intestinal glucose absorption was the main topic of this third section. In fact, intestinal glucose absorption is a variable that is challenging to measure because, at a given time, glycemia is the result of all the entrance and exit flux of glucose through the blood compartment. In addition to intestinal glucose absorption, there are numerous other mechanisms that contribute to glucose homeostasis, such as glucose uptake by tissues or endogenous glucose production. Only the entrance flux of glucose from the intestine needs to be targeted for an accurate quantification of intestinal glucose absorption.

Our intestinal glucose absorption modeling should be accurate, applicable to humans in vivo, and able to collect data from large cohorts in order to support our hypothesis and achieve our objectives. This model will be used to better understand the contribution of intestinal glucose absorption on postprandial glycemic response and to achieve precision medicine.

This part of the project was performed in collaboration with the Centre de Recherche en Nutrition Humaine Rhône-Alpes (CRNH) and the Centre de Recherche en informatique Signal et Automatique de Lille (CRIStAL).

Existing methods of in vivo intestinal glucose absorption assessment and limits 1.1 Catheterization of the portal vein and carotid artery

Rerat introduced this technique for the first time in 1980. Due to its close resemblance to human gastrointestinal physiology, the pig was chosen for this study as the species to develop this technique [START_REF] Rerat | Some quantitative aspects of protein and carbohydrate absorption in the pig[END_REF].

The porto-arterial difference in glucose concentration represents a qualitative assessment of its absorption by indicating the level of enrichment of the portal blood draining the whole intestine compared to the afferent arterial blood of the gut. The simultaneous measurement of the blood flow rate in the portal vein allows for a quantitative evaluation of the glucose absorption. By inserting longterm catheters into the carotid/mesenteric artery or portal vein, the artery and portal blood can be collected. Numerous methods, including the electromagnetic flowmeter described by Rerat and the ultrasonic flowmeter [START_REF] Bach Knudsen | Quantification of the absorption of nutrients derived from carbohydrate assimilation: model experiment with catheterised pigs fed on wheat-or oat-based rolls[END_REF][START_REF] Hooda | Technical note: An improved surgical model for the long-term studies of kinetics and quantification of nutrient absorption in swine[END_REF], can be used to measure the portal blood flow rate.

The intestinal glucose absorption is thus calculated by this equation: Q(t) = (Cp-Ca) D dt, where (Cp-Ca)

indicates the porto (Cp) -arterial (Ca) differences in glucose concentration, D the portal vein blood flow and Q the amount of glucose absorbed within the time interval dt. This formula can also be transposed for other nutrients.

This quantification only accounts for the apparent glucose absorption rather than the actual glucose uptake because it ignores the ability of the enterocytes to metabolize glucose. The porto-arterial difference would be negative if there was an excess of glucose metabolization by the enterocytes compared to absorption [START_REF] Rerat | Some quantitative aspects of protein and carbohydrate absorption in the pig[END_REF].

The main drawbacks of this approach are the surgical procedures, postoperative management, catheter maintenance, and accurate blood flow measurement. Effectively, measuring blood flow is the essential component of quantitatively measuring glucose absorption. Because electromagnetic flow probes encourage the growth of fibrous tissues between the sensor and the vessel wall, reducing the flow rate abnormally in long-term studies, the use of ultrasonic flowmeters was claimed to be more accurate [START_REF] Hooda | Technical note: An improved surgical model for the long-term studies of kinetics and quantification of nutrient absorption in swine[END_REF]. Due to all of these factors, these methods have only been occasionally used in recent years [START_REF] Bach Knudsen | Quantification of the absorption of nutrients derived from carbohydrate assimilation: model experiment with catheterised pigs fed on wheat-or oat-based rolls[END_REF][START_REF] Hooda | Technical note: An improved surgical model for the long-term studies of kinetics and quantification of nutrient absorption in swine[END_REF][START_REF] Noah | Bioavailability of starch and postprandial changes in splanchnic glucose metabolism in pigs[END_REF].

Finally, it cannot be used in clinical research due to ethical considerations, rendering this method useless for future studies.

Multiple isotopic glucose labeled techniques

Principle

Other methods, which are currently used in humans and involve the use of multiple isotopic tracers of glucose, can also be used to measure intestinal glucose absorption. In these techniques, glycemic balance at a defined time is modeled as the result of the entrance and exit fluxes of glucose in the blood compartment: the rate of appearance of exogenous glucose in the systemic circulation (RaE) and the endogenous glucose production (EGP) constitute the main entrance fluxes, whereas glucose utilization by the organs, also called the rate of disappearance of total glucose (RdT), constitute the main exit fluxes [START_REF] Mcmahon | Comparison of the Pattern of Postprandial Carbohydrate Metabolism After Ingestion of a Glucose Drink or a Mixed Meal[END_REF]. RaE is considered an indirect approximation of intestinal glucose absorption, even if it does not consider splanchnic glucose uptake [START_REF] Boers | The Rate of Glucose Appearance Is Related to Postprandial Glucose and Insulin Responses in Adults: A Systematic Review and Meta-analysis of Stable Isotope Studies[END_REF].

The global turnover of glucose by the organism can be seen by measuring these rates in humans using stable isotopes of glucose to track the fate of exogenous, endogenous, and total (the sum of exogenous and endogenous) glucose. Two [START_REF] Mcmahon | Comparison of the Pattern of Postprandial Carbohydrate Metabolism After Ingestion of a Glucose Drink or a Mixed Meal[END_REF][START_REF] Tricò | Mechanisms through which a small protein and lipid preload improves glucose tolerance[END_REF] or three [START_REF] Basu | Use of a novel triple-tracer approach to assess postprandial glucose metabolism[END_REF][START_REF] Vella | Application of Isotopic Techniques Using Constant Specific Activity or Enrichment to the Study of Carbohydrate Metabolism[END_REF]) isotopic tracers of glucose can be involved: 13 C-labeled glucose as the ingested tracer during an oral glucose tolerance test (OGTT) and [3-3 H]-or D-[6,6-2 H2]-labeled glucose as primed continuous intravenous infusions. The use of a third intravenous glucose tracer involves a different modeling of postprandial glucose turnover, permitting a more accurate measurement of endogenous glucose production [START_REF] Basu | Use of a novel triple-tracer approach to assess postprandial glucose metabolism[END_REF]. The kinetics of appearance and disappearance of total glucose are thus tracked using D-[6,6-2 H2]-labeled glucose and those of appearance and disappearance of exogenous glucose using 13 C-labeled glucose. The D-[6,6-2 H2]-labeled glucose is given as a continuous intravenous infusion (following a bolus for a better balance of the tracer in the plasmatic compartment) for the evaluation of the kinetics of total glucose (Figure 47). After 120 minutes, the isotopic balance is achieved.

Stable isotopes of glucose have several advantages [START_REF] Delarue | Les traceurs isotopiques stables en nutrition humaine : que peut-on faire avec ?[END_REF]:

-they are safe, due to their non-radioactivity -they allow to determine at the same time the ratio tracer/tracee and the concentration of the molecule of interest thanks to the simultaneous utilization of an internal standard for analyses -the isotopic fractionation, which means the preferential utilization of an isotope compared to another during an enzymatic reaction, is almost always negligible for deuterium ( 2 H) or 13 C.

A modified technique entails replacing the oral 13 C-labeled glucose with a corn-based plant meal that is naturally high in 13 C. In fact, due to the activity of some enzymes during photosynthesis, some plants are more focused on the incorporation of 13 

Analyses

Then, using mass spectrometry coupled to gas chromatography, the plasmatic enrichment of both isotopic tracers of glucose during an oral carbohydrate challenge is determined. Before injection into the gas chromatography column, the plasmatic glucose is subjected to a step of derivation to become volatile and stable. Following its removal from the gas chromatography column, the derivative glucose molecule is ionized and fragmented, always following the same pattern, into molecular ions and other smaller fragments, which together make up the mass spectrum. Through their entry into a magnet, the various fragments are sorted according to their mass before being collected.

Compared to the more prevalent natural molecule, the stable isotopes of glucose ( 2 H and 13 C) are heavier. The increase in the ratio M+n/M above the level of natural abundance, where M is the mass of the more abundant molecule and M+n is the mass of the heaviest isotopes of this molecule, is an indicator of the enrichment of labeled glucose. Organic or isotopic mass spectrometers thus allow to determine the enrichments, with a limit of detection of 0.5 to 1 % for the organic and a much lower threshold of 0.001 % for the isotopic mass spectrometers [START_REF] Nazare | Modulation de la phase postprandiale du glucose (Médecine humaine et pathologie)[END_REF].

Calculations

Once the enrichment measure has been determined, all of the rates that constitute the postprandial turnover of glucose are calculated. The rates are thus as follows:

- 

Calculation of Endogenous Glucose Production (EGP)

Endogenous Glucose Production (EGP) (in mg/kg/min) is calculated as the difference between the rate of appearance of total glucose and the rate of appearance of exogenous glucose: EGP = RaT -RaE.

Limits

The rate of appearance of exogenous glucose (RaE) is thought to be the most accurate in vivo estimate of intestinal glucose absorption that can be used in clinical research.

However, RaE does not totally represent intestinal glucose absorption but rather: the appearance of labeled glucose absorbed by the intestine and that is not captured by the liver during the hepatic first pass; the labeled glucose captured by the liver during different hepatic passages and released later;

and the labeled glucose neosynthesized by the liver from labeled lactate produced by peripheral tissues from labeled glucose [START_REF] Korach-André | Glucose appearance in the peripheral circulation and liver glucose output in men after a large 13C starch meal[END_REF].

Furthermore, the use of these sophisticated techniques is constrained because they call for expertise and because the analysis can only be done in specialized facilities. In large patient cohorts, multiple glucose labeled techniques cannot be used.

Positon emission tomography (PET scan)

Positon emission tomography (PET scan) is another technique. This method can be used to evaluate how glucose is distributed throughout the entire organism.

After oral administration of one or several non-metabolized glucose tracers such as α-methyl-4- Though particularly well-suited for small animals like rodents [START_REF] Cavin | Differences in Alimentary Glucose Absorption and Intestinal Disposal of Blood Glucose After Roux-en-Y Gastric Bypass vs Sleeve Gastrectomy[END_REF][START_REF] Schmitt | Intestinal invalidation of the glucose transporter GLUT2 delays tissue distribution of glucose and reveals an unexpected role in gut homeostasis[END_REF], quantifying intestinal glucose absorption via PET scan is not adapted to clinical research for this purpose due to ethical considerations.

3-O-Methly-D-Glucose (3-OMG)

In vivo intestinal glucose absorption can also be measured using 3-O-Methyl-D-Glucose (3-OMG) as a more straightforward proxy [START_REF] Pham | The Effects of a Whey Protein and Guar Gum-Containing Preload on Gastric Emptying, Glycaemia, Small Intestinal Absorption and Blood Pressure in Healthy Older Subjects[END_REF][START_REF] Wu | Metformin reduces the rate of small intestinal glucose absorption in type 2 diabetes: WU ET AL[END_REF].

It is a synthetic glucose analog that is excreted in the urine and actively absorbed in the intestine by SGLT1 and passively by GLUT2 [START_REF] Erdman | The intestinal absorption of 3-O-Methyl-D-glucose in Methotrexate-Treated Rats: An In Vivo Study of Small Bowel Function[END_REF][START_REF] Fordtran | Sugar Absorption Tests, with Special Reference to 3-0-Methyl-d-Glucose and d-Xylose[END_REF]. Following oral administration of a fixed dose of 3-OMG, the plasma concentration of 3-OMG can be determined using gas chromatography-mass spectrometry [START_REF] Shojaee-Moradie | Quantitative Measurement of 3-O-Methyl-D-glucose by Gas Chromatography-MassSpectrometry as a Measure of Glucose TransportIn Vivo[END_REF]. This method enables the comparison of 3-OMG appearance in the plasma between groups (Kuo et al., 2010a;[START_REF] Nguyen | Effects of Fat and Protein Preloads on Pouch Emptying, Intestinal Transit, Glycaemia, Gut Hormones, Glucose Absorption, Blood Pressure and Gastrointestinal Symptoms After Roux-en-Y Gastric Bypass[END_REF]Nguyen et al., , 2014a) ) but does not provide an absolute quantification of the rate of glucose absorption because 3-OMG disposal is not estimated [START_REF] Thazhath | Glucose absorption in small intestinal diseases[END_REF].

Since its disposal is not considered, 3-OMG plasmatic levels are not regarded as a validated method of assessment but can nonetheless provide information about intestinal glucose absorption. Additionally, it is an expensive method that requires specialized knowledge due to its plasmatic quantification by mass spectrometry.

D-Xylose: a proposed biomarker to assess intestinal glucose absorption in vivo

The in vivo intestinal glucose absorption assessment techniques currently available have limitations.

The use of multiple glucose labeled techniques is regarded as the gold-standard intestinal glucose absorption modeling method that is applicable to humans, but it is technically difficult and does not allow for the collection of data on large patient cohorts, which emphasizes the need for a novel biomarker that is simpler to use. Thus, we suggested D-Xylose as a new proxy for modeling intestinal glucose absorption. D-Xylose is simple to measure in the plasmatic compartment thanks to colorimetric methods [START_REF] Eberts | A simplified, colorimetric micromethod for xylose in serum or urine, with phloroglucinol[END_REF].

Intestinal absorption

One review particularly focused on the study of this five-carbon monosaccharide [START_REF] Craig | D-Xylose testing: A review[END_REF]. The primary natural sources of D-Xylose are hemicellulose from plants, including hardwood, grasses, cereals, and algae [START_REF] Petzold-Welcke | Xylan derivatives and their application potential -Mini-review of own results[END_REF]. However, it is also readily synthesized.

D-Xylose is highly absorbed by the small intestine of many species when they are in a healthy state; its bioavailability was estimated to be approximately 70 % in humans [START_REF] Craig | Kinetic analysis of D-xylose absorption in normal subjects and in patients with chronic renal failure[END_REF], 80 % and 95 % in young and old rats, respectively [START_REF] Yuasa | Effects of Ageing on the Oral Absorption of D-Xylose in Rats[END_REF], and more than 95 % in pigs and poultry (Huntley and Patience, 2018a). D-Xylose absorption in the large intestine, however, is essentially negligible [START_REF] Yuasa | Comparative Assessment of D-Xylose Absorption between Small Intestine and Large Intestine[END_REF]. There is little information available about the ability of the microbiota to ferment D-Xylose in the large intestine. Microbiota fermentation in the small intestine is possible but should be negligible. The rate of disappearance of dietary D-Xylose shown above was measured prior to the caecum (Huntley and Patience, 2018a).

The mechanism of intestinal D-Xylose absorption in the literature is in favor of a transport similar to the one of glucose, active by SGLT1 and passive by GLUT2. The uptake of D-Xylose from the intestinal lumen to the enterocyte occurs by the apical SGLT1 transporter but with a lower affinity than the one of D-Glucose [START_REF] Wright | Biology of Human Sodium Glucose Transporters[END_REF]. Additionally, even though D-Xylose does not affect the abundance of GLUT2 at the basal pole [START_REF] Miyamoto | Differential responses of intestinal glucose transporter mRNA transcripts to levels of dietary sugars[END_REF], this transporter allows it to join portal blood system by facilitate diffusion [START_REF] Koepsell | Glucose transporters in the small intestine in health and disease[END_REF]. As shown ex vivo in hamsters [START_REF] Alvarado | d-xylose active transport in the hamster small intestine[END_REF] and rats [START_REF] Csaky | Active intestinal transport of D-Xylose[END_REF] for low D-Xylose levels in the media, the presence of D-Xylose in the intestinal lumen stimulates the SGLT1 transporters, and its absorption appears to depend on the presence of sodium ions. Furthermore, as demonstrated ex vivo in humans, glucose appears to be a competitive inhibitor of D-Xylose intestinal absorption [START_REF] Rolston | Xylose transport in the human jejunum[END_REF]. Phlorizin, a SGLT1 inhibitor, has also been shown to inhibit the intestinal transport of D-Xylose in rats [START_REF] Fujita | Increased intestinal glucose absorption and postprandial hyperglycaemia at the early step of glucose intolerance in Otsuka Long-Evans Tokushima Fatty Rats[END_REF] as well as pigs [START_REF] Baud | Bile Diversion in Roux-en-Y Gastric Bypass Modulates Sodium-Dependent Glucose Intestinal Uptake[END_REF], supporting its mechanism of intestinal transport similar to glucose. The lines are least-squares fits of the measured values shown by the data points.

After oral D-Xylose administration, an absorption lag time of 22 minutes was described in normal subjects, probably reflecting the time required for gastric emptying (Figure 48). The rate constant Ka, reflecting the rate of intestinal absorption, was estimated at 1.03 ± 0.33 /h [START_REF] Craig | Kinetic analysis of D-xylose absorption in normal subjects and in patients with chronic renal failure[END_REF]) and the absorption half-life time was estimated at 31 ± 12 minutes in normal subjects but seems to be prolonged in patients with uncomplicated renal impairment at 62 ± 23 minutes, although the total extent of D-Xylose absorbed remains unchanged [START_REF] Worwag | D-Xylose absorption and disposition in patients with moderately impaired renal function[END_REF].

Distribution, metabolization and elimination

By administering 10 g of D-xylose intravenously (Figure 48), it was possible to calculate its distribution volume, which was estimated to be 2.3 dL/kg in healthy subjects and 3.2 dL/kg in patients with uncomplicated renal impairment [START_REF] Worwag | D-Xylose absorption and disposition in patients with moderately impaired renal function[END_REF]. Its distribution volume is thus generally similar to estimates of the extracellular fluid space [START_REF] Craig | D-Xylose testing: A review[END_REF].

The elimination of D-Xylose is essentially renal, with an elimination-phase half-life time calculated at 75 ± 11 minutes in healthy individuals and prolonged at 138 ± 39 minutes in patients with renal impairment [START_REF] Worwag | D-Xylose absorption and disposition in patients with moderately impaired renal function[END_REF]. Approximatively 50 % the total dose of D-Xylose administered is excreted intact in urines, as demonstrated in humans [START_REF] Christiansen | D-xylose and its use in the diagnosis of malabsorptive states[END_REF]Huntley and Patience, 2018b;[START_REF] Wyngaarden | Physiological Disposition and Metabolic Fate of Infused Pentoses in Man[END_REF].

The fate of the remaining D-Xylose is incompletely understood. But approximately 5 % of the administered dose is eliminated intact in bile [START_REF] Craig | D-Xylose testing: A review[END_REF], 15 % is converted to CO2 [START_REF] Segal | The metabolic fate of C14 labeled pentoses in man[END_REF] and to D-threitol (a 4-carbon monosaccharide) as the main identified urinary D-Xylose metabolite (Huntley and Patience, 2018b;[START_REF] Pitkänen | The conversion of d-xylose into d-threitol in patients without liver disease and in patients with portal liver cirrhosis[END_REF]. D-Xylose is converted to D-threitol in the liver.

Clinical use as a qualitative test

D-Xylose urinary levels were initially used in clinical conditions to identify glucose/galactose malabsorption. The initial oral administration of D-xylose ranged from 0.5 to 25 g. However, the dose of 25 g was believed to be more discriminating to detect intestinal malabsorption because abnormal patients could absorb a lower dose more completely despite their disease. Patients with a 5-h urine D-Xylose excretion value less than 5 g after a 25-g oral administration were regarded as having intestinal malabsorption. Because D-Xylose intestinal absorption is independent of pancreatic enzymes, this test was able to distinguish proximal intestinal disease from pancreatic insufficiency.

According to studies conducted on adults, the 25-g D-Xylose test has been claimed to be useful for diagnosing proximal malabsorption [START_REF] Craig | D-Xylose testing: A review[END_REF].

The inclusion of D-Xylose serum analyses has since been suggested as a way to improve the accuracy of the test. A number of studies that used the 1-hour serum D-Xylose level were reviewed [START_REF] Craig | D-Xylose testing: A review[END_REF]. It was used as a complementary marker to evaluate intestinal malabsorption [START_REF] Beck | Evaluation of 200 D-xylose blood level time curves as an index of intestinal absorption[END_REF][START_REF] Buts | One-hour blood xylose test: A reliable index of small bowel function[END_REF][START_REF] Finlay | A Clinical evaluation of the D-Xylose tolerance test[END_REF]. According to Craig and Atkinson, a 1-hour serum D-Xylose value of less than 25 mg/dL in adults was predictive of an abnormal small intestinal biopsy with a sensitivity of 91 % and a specificity of 98 %. Accordingly, serum D-xylose concentrations were thought to be a helpful adjunct to urine measurements in the study of intestinal disturbances [START_REF] Roberts | D-Xylose blood-level time-curve as an index of intestinal absorption with a description of a simplified method for estimation of blood xylose levels[END_REF], both in clinical settings and in experimental research [START_REF] Antunes | The serum D-xylose test as a useful tool to identify malabsorption in rats with antigen specific gut inflammatory reaction[END_REF].

Intestinal malabsorption and proximal intestine enteropathies are now frequently identified using urinary and serum D-Xylose levels as a qualitative test.

Using D-Xylose as a quantitative biomarker for intestinal glucose absorption assessment?

Even though D-Xylose has historically only been used as a reliable qualitative test to identify malabsorption, some evidence suggests that it may be used as a quantitative method to measure intestinal glucose absorption.

In a study by our team, an in vivo experiment carried out on minipigs under general anesthesia clearly showed that D-Xylose is absorbed by the small intestine using the same mechanism as glucose [START_REF] Baud | Bile Diversion in Roux-en-Y Gastric Bypass Modulates Sodium-Dependent Glucose Intestinal Uptake[END_REF]. In the presence or absence of bile, different mixes of [glucose + D-Xylose] and [glucose + D-Xylose + phlorizin] were administered directly into a jejunal limb, and the plasmatic levels of glucose and D-Xylose were assessed after administration (Figure 49). There was no absorption of D-Xylose or glucose in the absence of bile administration into the jejunal limb, but both substrates were reabsorbed after bile was added. No matter whether bile was present or not, adding phlorizin to the mixture prevented the absorption of glucose and D-Xylose. The primary source of sodium ions needed for absorption is bile. Therefore, this experiment successfully showed that the transport of D-Xylose through the intestinal wall occurs by the active mechanism involving SGLT1 at the apical pole of the enterocytes. The active transport of D-Xylose was shown in another rat study [START_REF] Fujita | Increased intestinal glucose absorption and postprandial hyperglycaemia at the early step of glucose intolerance in Otsuka Long-Evans Tokushima Fatty Rats[END_REF] using an oral glucose tolerance test and an oral D-Xylose loading test, without or with co-administration of phlorizin (Figure 50). The study also revealed variations in D-Xylose profiles according to postprandial glycemic response. 

Aims and hypothesis

To resume the previous elements: D-Xylose is thus a five-carbon monosaccharide, actively transported through the intestinal wall via SGLT1 (and passively via GLUT2 at the basal pole) but with a lower affinity than glucose; it is mainly urinary excreted and only partially metabolized; finally, it is easy to measure in the plasmatic compartment thanks to standard colorimetric methods. If the present use of D-Xylose is admitted for detecting intestinal malabsorption, some previous evidence suggests its use as a quantitative marker to assess intestinal glucose absorption in vivo.

Thus, we formulated the hypothesis that D-Xylose is a good candidate for assessing in vivo intestinal glucose absorption modeling and that it could give the same information as gold-standard glucose labeled methods. D-Xylose would more accurately represent the absorption of complex carbohydrates than glucose (as monosaccharide) because it has a lower affinity for the SGLT1 transporters than glucose does. D-Xylose would also have the benefit of being more easily administered to large patient cohorts.

In this experimental section, we used D-xylose in healthy minipigs to model intestinal glucose absorption. We then compared the results of this model to a gold-standard glucose labeled method that used complex carbohydrates that were naturally 13 C-enriched to validate its performances. For this purpose, we constituted 5 groups of animals, as described in Figure 51.

III. Materials and Methods

Ethical statement

Study design

In Group 1, we investigated whether D-xylose and glucose might compete with one another for intestinal absorption. The identical minipigs (n=4) were subjected to oral D-Xylose testing singly, mixed meal tests with D-Xylose (MMT), and oral glucose tolerance tests (OGTT) with D-Xylose. The option of using D-Xylose concurrently with a mixed meal test was chosen for the remaining steps of this investigation.

In Group 2, we carried out 600-min MMT (n = 8) and 600-min Intravenous D-Xylose Tolerance Tests (IVXTT) (n = 10) on minipigs to investigate some pharmacokinetics parameters of D-Xylose. Five minipigs in this group received 600 min-MMT and 600 min-IVXTT. To assess the plasma D-Xylose kinetics levels independently of gastric emptying, intrajejunal 300 min-MMT (n=7) were carried out in Group 3. We were able to develop modeling of D-Xylose intestinal absorption thanks to the plasma D-Xylose levels from Groups 2 and 3.

In Group 4, we used IVXTT and urine collection to assess the percentage of intact D-Xylose recovered in urines and its fraction transformed into D-threitol.

In Group 5, we carried out glucose labeled MMT that also contained D-Xylose using naturally 13 C-enriched complex carbohydrates (n=14).

Animals from Groups 1, 2 and 5 were re-employed in another protocol and animals from Groups 3 and 4 were previously included in another protocol to respect the ethical principle of "Reduction".

Animals and housing

A total of 35 healthy minipigs Göttingen-like (24 females and 11 males) weighing 47.9 ± 6.2 kg (Pannier, Wylder, France) were included in this part of the project. All animals were individually housed in conventional conditions with enrichment and benefited from a 15-day acclimatization period. Water was provided ad libitum and standard food given twice a day. The composition of food was previously described in Part 2 of the thesis.

Surgical procedures 4.1 Anesthesia and analgesia

All the surgical procedures were performed under general anesthesia, after overnight fasting:

premedication with a synergistic intramuscular injection of xylazine (3 mg/kg, Paxman®) and ketamine

(5 mg/kg, Ketamine 1000®) and then isoflurane relayed (0.5-4 %, Vetflurane®) (Virbac, Carros, France).

During the laparotomy procedures, animals were ventilated with assistance at 20 mpm or left with spontaneous ventilation in case of surgeries not involving a laparotomy. Analgesia was assessed by preoperative intramuscular injection of buprenorphine (15 µg/kg, Bupaq®, Virbac) for central catheter and urinary tube implantation. A single application of a fentanyl transdermal solution (1.3 mg/kg, Recuvyra®, Lilly-Elanco, Neuilly-sur-Seine, France) was used to guarantee pain management (Goutchtat et al., 2021) following the jejunal tube implantation and the 80-% intestinal resection.

Implantation of Central Venous Catheters (CVC)

This procedure was set up in order to refine blood collection during pharmacokinetic and metabolic tests.

The central venous catheters (Hickman® 9.6-F Single-Lumen CV Catheter; Bard Access System, Salt Lake City, UT, USA) were surgically implanted via the jugular external vein according to the procedure previously described in Part 2 of the thesis. The maintenance of the catheters was performed using heparinized saline solution bolus every 48 hours and the catheters were let in place during all the protocol.

Animals undergoing the gold standard glucose labeled meal test had two central venous catheters inserted, one in each external jugular vein, whereas animals undergoing the other pharmacokinetic and metabolic tests had just one catheter.

Jejunal tube implantation

In order to evaluate the plasma D-Xylose kinetics independently of the rate of gastric emptying, this procedure was carried out to enable delivery of the MMT directly into the jejunum.

After laparotomy, a 6-Fr gastro-duodenal tube (Vygon®, Ecouen, France) was tunnelized through the right flank. Jejunum was opened thirty centimeters distally to the duodenojejunal junction and the gastro-duodenal tube inserted inside on a 15-cm length. A burse suture was performed with nonresorbable thread (Prolene® 4-0, Ethicon, France) and the tube fixed to the intestine by a Cushing overlock on 5 cm. The intestinal limb was then fixed to the abdominal wall in 4 stiches.

The abdominal wall was finally closed in 3 layers by simple overlock: the peritoneum (Polysorb® 2/0, Medtronic, France), the muscular lay (PDS® 1, Ethicon, France) and the skin (Mersilene® 1, Ethicon, France). The external part of the tube was then sutured to the skin (Mersilene® 1, Ethicon, France).

Surgical implantation of a urinary tube

This procedure was performed in order to collect urinary sample at defined times after intravenous D-Xylose administration.

A minor incision was made in the supra-umbilical region in front of the bladder after the animal was placed in dorsal decubitus. The abdominal cavity was then opened, revealing the urine bladder. After a tunnelization of the tube in the medial plan, the bladder wall was incised at its apical pole, and a CH18-Pezzer tube was introduced. The vesical incision was closed around the tube with a burse suture (Monocryl® 4-0, Ethicon, France).

The abdominal wall was closed in 2 layers: the muscular layer (PDS® 1, Ethicon, France) and the skin (Mersilene® 1, Ethicon, France) and the external part of the Pezzer tube was fixed to the skin with simple points.

Pharmacokinetic and standard metabolic tests

Oral D-Xylose Test

The day before the test, a 16-Fr nasogastric tube was previously implanted under general anesthesia to allow a standard administration of the mix. The oral D-Xylose test was performed on vigil animals, via dissolution of 30 g of D-Xylose (Sigma-Aldrich®, Merck, France) on 200 mL of tap water. The solution was given via the nasogastric tube on a standard 10-minutes period. Blood samples were taken thanks to the CVC at t=0 (before the administration of the solution), t=15, t=30, t=60, t=90, t=120, t=180, t=240, and t=300 min and collected in fluorinated tubes. They were centrifuged (4000 rpm for 10 min at 4°C) and plasma was isolated and stored at -80°C until analysis.

Mixed Meal Test with D-Xylose (MMT)

As described for the oral D-Xylose test, the mixed meal test with D-Xylose was administered on vigil animals, via a 16-Fr nasogastric tube previously set up. Standard Meal Tests consisted in 200 mL of liquid oral supplement (Fortimel Energy®, Nutricia, France) and 20 g solid energy bar Ovomaltine® (Ovomaltine, France) containing 13 g of fat, 15 g of protein, 22 g of simple sugars and 49 g of total carbohydrates (990 kJ, 387 kcal), as previously described in the Part 2 of the thesis. D-Xylose was incorporated into the mix at the dose of 30 g. Blood samples were taken thanks to the CVC at t=0, t=15, t=30, t=60, t=90, t=120, t=180 min, t=240, and t=300 min (and t=600 min for 600 min-MMT) and collected in fluorinated tubes. They were centrifuged (4000 rpm for 10 min at 4°C) and plasma was isolated and stored at -80°C until analysis.

Oral Glucose Tolerance Test with D-Xylose (OGTT)

For the 75-g oral glucose tolerance test, 150 mL of a 50-% glucose solution (G50®, B. Braun, France)

were mixed with 150 mL of tap water. D-Xylose was incorporated into the mix at the dose of 30 g. The mix was administered on vigil animals, as previously described, via a 16-Fr nasogastric tube. Blood samples were taken thanks to the CVC at t=0, t=15, t=30, t=60, t=90, t=120, t=180, t=240, and t=300 min and collected in fluorinated tubes. They were centrifuged (4000 rpm for 10 min at 4°C) and plasma was isolated and stored at -80°C until analysis.

Intrajejunal Mixed Meal Test with D-Xylose

The mixed meal test (MMT) was administered in vigil animals thanks to the jejunal tube previously implanted during a standard 10-min duration period. The composition of the meal was similar to the one of the oral MMT. Blood samples were taken thanks to the CVC at t=0, t=15, t=30, t=60, t=90, t=120, t=180, t=240, and t=300 min and collected in fluorinated tubes. They were centrifuged (4000 rpm for 10 min at 4°C) and plasma was isolated and stored at -80°C until analysis.

Intravenous D-Xylose Tolerance Test (IVXTT) and urine collection

The intravenous solution of D-Xylose was prepared in dissolving 30 g of D-Xylose into 100 mL of a sterile NaCl 0.9 % solution. This mix was then filtered through a 0.2 µm membrane filter (Rapid-Flow®, Nalgene®, Thermo Scientific®, France) and injected in less than 3 minutes into the central venous catheter on vigil animal. Blood samples were taken in 10 animals at t=0, t=5, t=10, t=15, t=30, t=45, t=60 min, t=90, t=120, t=180, t=300 and t=600 min and collected in fluorinated tubes. They were centrifuged (4000 rpm for 10 min at 4°C) and plasma was isolated and stored at -80°C until analysis.

Urinary samples were taken at t=0, t=180, t=300, and t=24h for 4 more animals that had a urinary tube implanted the day prior. Animals were housed in metabolic cages that allowed for natural miction collection for this purpose. At each predetermined period, the tube was used to collect the residual urine. At each sampling, the total amount of urine generated was assessed.

Gold-standard glucose labeled Meal Test with D-Xylose

The glucose labeled Meal Test consisted in a dual-tracer technique with naturally enriched 13 C-carbohydrates as oral tracer.

The minipigs were given diet deprived in 13 C enriched carbohydrates the week before the challenge: 5 days of pellets (SAFE®127, SAFE Diets, Augy, France), followed by 2 days of liquid food (Nutrison®, Nutricia, Rueil-Malmaison, France).

After 24 hours of fasting, the vigil minipigs received first (at t=-120 min) a bolus of D-[6,6-2 H2]-glucose (99 % mol enrichment, Microbiological and Pyrogen Tested, Eurisotop, St Aubin, France) as intravenous tracer in saline isotonic solution at 4.004 mg/kg, as previously described [START_REF] Noah | Bioavailability of starch and postprandial changes in splanchnic glucose metabolism in pigs[END_REF] via one of the central venous catheters. It was then relayed by a continuous infusion at a rate of 0.06 mg/kg/min [START_REF] Péronnet | Plasma glucose kinetics and response of insulin and GIP following a cereal breakfast in female subjects: effect of starch digestibility[END_REF] delivered by an infusion pump (SK-600II®, Mano Médical, Taden, France) during 120 min before the administration of the meal and then during the 6-hour oral carbohydrates challenge. The pigs received in total 8 hours of infusion. This solution was previously sterilized by filtration through a 0.22 µm Millipore filter (Millex®-GS, Merck-Millipore Ltd, Tullagreen, Ireland).

The meal was made up of 50 g of cornstarch (Maïzena®, Fleur de Maïs®, Unilever, Londres, UK), which was diluted in 400 mL of tap water, cooked for 3 min 30 s at 70°C, and then mixed for one minute. It contained 86 % carbohydrates and had an energetic density of 744 kJ (178 kcal). Via a 21-Fr nasogastric tube that had been set up the day before the labeled meal test when the animals were under general anesthesia, the mixture was given to the vigil animals during 10 minutes. The standard quantity of 30 g D-Xylose (Sigma-Aldrich®, Merck, France) was incorporated into the mix. Blood samples were taken at t=-120, t=0, t=15, t=30, t=60, t=90, t=120, t=180, t=240, t=300 and t=360 min and collected in heparinized, fluorinated and EDTA tubes. They were centrifuged (4000 rpm for 10 min at 4°C) and plasma was isolated and stored at -20°C until analysis for the samples intended to isotopic enrichment measurement and at -80°C for the others.

Postprandial glucose turnover evaluation from isotopic enrichment assessment

The evaluation of the postprandial glucose turnover was carried out according to the methodology previously outlined in this Part 3 of the thesis, paragraph I.1.2.

After deproteinization of the samples with perchloric acid, neutralization with potassium carbonate and derivatization of glucose into glucose penta-acetylaldononitrile [START_REF] Tissot | Use of a new gas chromatograph isotope ratio mass spectrometer to trace exogenous 13C labelled glucose at a very low level of enrichment in man[END_REF], isotopic ratios of plasma glucose were measured by gas chromatography positive chemical ionization mass spectrometry (GC/EI-MS, GC 6890-MS5973, Agilent Technologies, Massy, France) for 2 H/H and by GC/C/IRMS (Isoprime, Isoprime Ltd, Cheadle Hulme, UK) for 13 C/ 12 C, as previously described [START_REF] Sauvinet | Validation of pentaacetylaldononitrile derivative for dual 2 H gas chromatography/mass spectrometry and 13 C gas chromatography/combustion/isotope ratio mass spectrometry analysis of glucose: Validation of a glucose derivative for GC/MS and GC/C/IRMS[END_REF]. Isotopic composition for 13 C/ 12 C ratio (δ 13 C) was also determined for each constituent of the meal (-13.32 ± 0.60 and -9.24 ± 0.09 ‰ vs PDB respectively for cornstarch and D-Xylose) after enzymatic hydrolysis into glucose for cornstarch.

The non-steady-state equation of Steele [START_REF] Steele | Measurement of Size and Turnover Rate of Body Glucose Pool by the Isotope Dilution Method[END_REF] 

Other biological procedures

Concerning oral D-Xylose tests, standard mixed meal tests and oral glucose tolerance tests, glycemia was measured on total blood in duplicate using the amperometric glucose oxydase method (Glucose meter Accu-Check Performa®, Roche, France). For glucose labeled meal tests, plasma glucose was determined by enzymatic hexokinase UV method (C501 Cobas 8000®, Roche Diagnostics GmbH, Mannheim) with an assay range between 2 and 750 mg/dL, in the Centre de Biologie-Pathologie of Lille University Hospital by the group of Patrice Maboudou.

Plasma D-Xylose levels were determined by a colorimetric method with phloroglucinol [START_REF] Eberts | A simplified, colorimetric micromethod for xylose in serum or urine, with phloroglucinol[END_REF] In the mass spectrometer (TQD, Waters®, United States), the capillary energy was 1 Volt, the cone energy 20 Volts, the collision energy 10 Volts and the desolvatation temperature was 450 °C. The electrospray was in negative mode. A volume of 100 µL of sample was mixed with 400 µL of an acetonitrile/methanol solution. After centrifugation (4000 rpm/min during 10 min), 5 µL of the supernatant was collected for analysis.

Intestinal Glucose Absorption modeling with D-Xylose

In total, 4 models of intestinal glucose absorption were proposed.

"Calculation" model

The first model, called "calculation" model, consisted in the conversion of each data of plasma D-Xylose levels (in mg/dL) to rate of appearance of D-Xylose (Ra D-Xylose, in mg/kg/min). This calculation was made according to this formula: The computational modeling consisted in using a system of ordinary differential equations for individual parameters estimation. These 3 models were developed using plasma D-Xylose datasets of minipigs collected during IVXTT, oral MMT, and intrajejunal MMT. They allow, thanks to the determination of the kabs parameter relative to intestinal glucose absorption, the prediction of the rate of appearance of D-Xylose (Ra D-Xylose, in mg/kg/min) from experimental plasma D-Xylose levels (in mg/dL). Ra D-Xylose was thus calculated for each of the three models using Visual Studio Code® software, the Jupyter® computational notebook, and the Julia® programming language.

The first computational model, called "simple" model, was elaborated as described in Figure 52. The stomach, the gut and the plasma were designed as simple compartments. The rate of gastric emptying, the rate of intestinal absorption, the rate of elimination and bioavailability were the main fluxes defined as interacting between the compartments. The bioavailability of D-Xylose was set to 1 (100 %) for each of the three models in accordance with the value previously determined in pigs in the literature (Huntley and Patience, 2018a) and our experimental data. The Elashoff's gastric emptying kinetic was used to model gastric emptying in the ordinary differential equations system, with β fixed to 1 [START_REF] Elashoff | Analysis of gastric emptying data[END_REF].

Calculations and statistics

As stated, the results were presented as mean ± SEM for curves and mean ± SD for histograms. The trapezoidal method was used to calculate areas under the curve (AUC) during a predetermined time after consumption. The graphical visualization was done using GraphPad Prism® 8 program.

Continuous variables were analyzed with paired Student's t-test. Dynamic variables during meal tests between groups or models were compared using a Two-Way ANOVA or a Mixed-Effects model with Sidak post-hoc test for multiple comparisons. The presence of interactions between variables were systematically assessed.

Univariate correlations were tested using Pearson coefficients (r). Lin concordance tests were performed to evaluate the concordance between two variables and expressed with 95 % Confidence Interval (CI), using the interpretation of the coefficients of concordance (ccc) of Landis and Koch [START_REF] Landis | The measurement of observer agreement for categorical data[END_REF], according to the method described in [START_REF] Desquilbet | Guide pratique de validation statistique de méthodes de mesure : répétabilité, reproductibilité, et concordance[END_REF].

Using RStudio version 4.2.2 and the nlme package, a non-linear mixed model with random intercept was elaborated to predict RaE with D-Xylose appearance. This model was adjusted for weight (in kg), as well as time, that was considered with tail-restricted cubic spline for non-linear effect.

The significance level was established for p<0.05. There was first no variation of glycemia following oral D-Xylose oral administration on the contrary to following a co-ingestion of MMT or OGTT with D-Xylose, for which postprandial glycemia rose from 77.8 ± 1.5 mg/dL at baseline to 107.1 ± 7.8 mg/ dL at 60 min and from 74.4 ± 2.9 mg/dL at baseline to 105.9 ± 13.7 mg/ dL at 60 min, respectively for MMT and OGTT (Figure 55A).

III. Results

Elements of pharmacokinetics of D-Xylose

Secondly, plasma D-Xylose levels were higher when D-Xylose was administered alone, compared to when it was co-administered with MMT or an OGTT, with a significant interaction between the time of the test and groups (p<0.005) (Figure 55B). In fact, after singly administration, plasma D-Xylose levels Moreover, the 300-min areas under the curve (AUC) of plasma D-Xylose were higher when D-Xylose was administered alone compared to when it was co-administered with MMT or an OGTT (12 529 ± 3 168 for singly administration compared to 9 107 ± 3 360 with MMT, p<0.05 and compared to 7 992 ± 3 755 with OGTT, p=0.052) (Figure 55C). Following intravenous injection (IVXTT), a declining exponential shape can be seen in the reported drop of plasma D-Xylose (Figure 56E). The initial plasma D-Xylose levels after injection were 89.9 ± 1.2 mg/dL and were almost completely returned to baseline at 600 min (0.6 ± 0.2 mg/dL). All minipigs showed a similar decreasing exponential shape of D-Xylose with little interindividual variation (Figure 56F).

Finally, we found a strong inverse correlation between the volume of distribution of D-Xylose (Vd, in dL/kg) and weight (r = -0.96, r 2 = 0.92, p<0.0001). We thus found a linear association between Vd and the weight of the pig, according to this formula: Vd (dL/kg) = -0.16 × weight (kg) + 15.0 (Figure 56G).

The bioavailability (F) of D-Xylose was also experimentally confirmed on the 5 minipigs using 600-min-MMT with D-Xylose and 600-min-IVXTT as exposed in Table 2. The mean bioavailability of D-Xylose was estimated here at 99.40 ± 0.89 %. Finally, we studied the D-Xylose metabolization and urinary excretion in order to confirm its degree of transformation in other metabolites. D-threitol, as main D-Xylose urinary metabolite, was quantified in the plasmatic compartment and in urines (minipigs of Group 4). Results were presented in Figure 57.

Following MMT including D-Xylose, plasma D-threitol levels reached a peak at 300 min of 0.15, 0.22 and 0.24 mmol/L respectively for pig 3, 2 and 1 (Figure 57A). However, the mean peak of plasma D-threitol was much lower compared to the mean peak of plasma D-Xylose (Figure 57B): it was estimated at 0.21 ± 0.06 mmol/L compared to 3.02 ± 0.28 mmol/L for the mean plasma peak of D-Xylose, thus corresponding to 7 % of the D-Xylose peak. Similarly, plasma D-threitol levels following intravenous administration reached a peak at 120 min for pigs 1 and 2 at respectively 0.17 and 0.27 mmol/L (Figure 57C), corresponding to 3 % of the D-Xylose peak (Figure 57D).

Following intravenous D-Xylose administration, 37.8 ± 8.0 % of the quantity of D-Xylose administered was found intact in urines (Figure 57E) and 7.2 ± 2.2 % of the initial dose was converted into D-threitol after 24 hours (Figure 57F). 

Comparison of the Rate of Appearance of D-Xylose obtained by the proposed models with the Rate of Appearance of Exogenous Glucose obtained by the glucose labeled method in healthy minipigs

The rates of appearance of D-Xylose obtained by the proposed "calculation" and computational models were compared to the rates of appearance of exogenous glucose obtained by the glucose labeled meal test in healthy minipigs in order to assess the performances of the oral D-Xylose test to measure intestinal glucose absorption in vivo (Group 5).

"Calculation" model in healthy minipigs

Figure 58 shows the comparison of the rate of appearance of D-Xylose (Ra D-Xylose) and their obtained by the "calculation" model with the rate of appearance of Exogenous Glucose (RaE Glucose) obtained by the glucose labeled method, and their corresponding area under the curve (AUC). In terms of kinetics and values, the mean curves of Ra D-Xylose and RaE Glucose were comparable, with two primary peaks being obtained for each technique at 15 minutes (2.74 ± 0.62 mg/kg/min for RaE Glucose and 4.76 ± 1.16 mg/kg/min for Ra D-Xylose) and 120 min (1.60 ± 0.34 mg/kg/min for RaE Glucose and 2.69 ± 0.53 mg/kg/min for Ra D-Xylose). (Figure 58A). Moreover, Ra D-Xylose obtained by this modeling and RaE Glucose were globally correlated (r = 0.73, p<0.0001) (Figure 58B).

Additionally, D-Xylose was significant and positive to predict RaE Glucose (β = 0.37 95 % CI [0.29, 0.45], p<0.0001) and the prediction of RaE Glucose with Ra D-Xylose was significantly better than without Ra D-Xylose (p<0.0001) (Table 3).

The AUC of the Rate of Appearance, which represents the respective amount of D-Xylose and glucose appearing in blood over time (in mg/kg), displayed the same kinetics. (Figure 58C). The corresponding AUC of Ra D-Xylose and RaE Glucose were strongly correlated (r = 0.89, p<0.0001) (Figure 58D). 

Computational models in healthy minipigs

"Simple" model

Figure 59 shows the comparison of the rate of appearance of D-Xylose (Ra D-Xylose) obtained by the "simple" computational model with the rate of appearance of Exogenous Glucose (RaE Glucose) obtained by the glucose labeled method, and their corresponding AUC.

In terms of kinetics, the mean curves of Ra D-Xylose and RaE Glucose presented the same peak at 15 min (2.74 ± 0.62 mg/kg/min for RaE Glucose and 3.89 ± 0.56 mg/kg/min for Ra D-Xylose). The second peak of RaE Glucose observed at 120 min (1.60 ± 0.34 mg/kg/min) was not noticed for Ra D-Xylose.

The statistical comparison between the groups showed a significant interaction between the time of the meal and the method (p<0.05) (Figure 59A). Ra D-Xylose obtained by this modeling and RaE

Glucose were globally correlated (r = 0.66, p<0.0001) and substantially concordant (ccc = 0.65 [0.54; 0.73]) (Figure 59B). Additionally, Ra D-Xylose was significant and positive to predict RaE Glucose (β = 0.51 95% CI [0.36, 0.67], p<0.0001) and the prediction of RaE Glucose with Ra D-Xylose was significantly better than without Ra D-Xylose (p<0.0001) (Table 3).

The AUC of the Rate of Appearance, which represents the amount of D-Xylose and glucose appearing in blood over time (in mg/kg), displayed the same kinetics. However, the AUC of Ra D-Xylose were globally higher than the AUC of RaE Glucose (p<0.005), with an interaction between the method and the time of the meal also significant (p<0.005). More precisely, the AUC of Ra D-Xylose and RaE Glucose were significantly different (p<0.05) between the times 30 and 120 min (Figure 59C). The corresponding AUC of Ra D-Xylose and RaE Glucose were globally correlated (r = 0.68, p<0.0001) but moderately concordant (ccc = 0.57 [0.40; 0.66]) (Figure 59D).

"Multi" model

Figure 60 shows the comparison of the rate of appearance of D-Xylose (Ra D-Xylose) obtained by the "multi" computational model with the rate of appearance of Exogenous Glucose (RaE Glucose)

obtained by the glucose labeled method, and their corresponding AUC.

In ). The statistical comparison between the groups showed no significant difference between the methods and no significant interaction between the time of the meal and the method (Figure 60A). Ra D-Xylose obtained by this modeling and RaE

Glucose were globally correlated (r = 0.70, p<0.0001) and substantially concordant (ccc = 0.69 [0.59; 0.77]) (Figure 60B).

Additionally, Ra D-Xylose was significant and positive to predict RaE Glucose (β = 0.58 95% CI [0.44, 0.72], p<0.0001) and the prediction of RaE Glucose with Ra D-Xylose was significantly better than without Ra D-Xylose (p<0.0001) (Table 3).

The quantity of D-Xylose and glucose appearing in blood according to time (in mg/kg), represented by the AUC of the Rate of Appearance, showed the same kinetics. The AUC of Ra D-Xylose and RaE Glucose were not significantly different between the two methods (Figure 60C). The corresponding AUC of Ra D-Xylose and RaE Glucose were globally strongly correlated (r = 0.84, p<0.0001) and concordant (ccc = 0.80 [0.73; 0.85]) (Figure 60D). 

"Retention" model

Figure 61 shows the comparison of the rate of appearance of D-Xylose (Ra D-Xylose) obtained by the "retention" computational model with the rate of appearance of Exogenous Glucose (RaE Glucose) obtained by the glucose labeled method, and their corresponding AUC. In terms of kinetics, the mean curves of Ra D-Xylose and RaE Glucose presented the same peak at 15 min (2.74 ± 0.62 mg/kg/min for RaE Glucose and 3.83 ± 0.64 mg/kg/min for Ra D-Xylose). The second peak of RaE Glucose observed at 120 min (1.60 ± 0.34 mg/kg/min) was not noticed for Ra D-Xylose.

The statistical comparison between the groups showed no global significant differences between Ra D-Xylose and RaE Glucose (Figure 61A). Additionally, Ra D-Xylose obtained by this modeling and RaE

Glucose were globally correlated (r = 0.74, p<0.0001) and substantially concordant (ccc = 0.74 [0.65; 0.81]) (Figure 61B).

Additionally, Ra D-Xylose was significant and positive to predict RaE Glucose (β = 0.18 95% CI [0.13, 0.24], p<0.0001) and the prediction of RaE Glucose with Ra D-Xylose was significantly better than without Ra D-Xylose (p<0.0001) (Table 3).

The quantity of D-Xylose and glucose appearing in blood according to time (in mg/kg), represented by the AUC of the Rate of Appearance, showed the same kinetics. The AUC of Ra D-Xylose and RaE Glucose were significantly different (p<0.05) between the times 30 and 120 min (Figure 61C). The corresponding AUC of Ra D-Xylose and RaE Glucose were globally correlated (r = 0.74, p<0.0001) and substantially concordant (ccc = 0.68 [0.58; 0.76]) (Figure 61D).

Sensibility of each model of systemic appearance of D-Xylose to reflect correctly the differences of Ra Exogenous glucose observed between two minipigs

In order to study the ability of Ra D-Xylose (for each proposed model) to correctly reflect the difference observed between two individuals in comparison with the gold-standard, we generated 14 randomized pairs of minipigs. Between the two minipigs of each pair, we calculated at each time of the meal the difference of Ra D-Xylose, RaE Glucose, AUC Ra D-Xylose and AUC RaE Glucose. We then assess the existence of a concordance between the differences of Ra D-Xylose and RaE Glucose, as for as between those of AUC of Ra D-Xylose and AUC of RaE Glucose respectively (Figure 62). The differences in each pair between Ra D-Xylose obtained by the "Calculation" model and RaE Glucose obtained by the gold-standard method were correlated (r = 0.64, p<0.0001) (Figure 63A). The differences of the corresponding AUC were nevertheless substantially correlated (r = 0.77, p<0.0001)

(Figure 63B).

The differences in each pair between Ra D-Xylose obtained by the "Simple" model and RaE Glucose were moderately correlated (r = 0.60, p<0.0001) and concordant (ccc = 0.58 [0.46; 0.67]) (Figure 63C).

Moreover, for this model, the differences of the corresponding AUC were also moderately correlated (r = 0.53, p<0.0001) and concordant (ccc = 0.53 [0.40; 0.64]) (Figure 63D).

The differences in each pair between Ra D-Xylose obtained by the "Multi" model and RaE Glucose were substantially correlated (r = 0.66, p<0.0001) and concordant (ccc = 0.64 [0.53; 0.72]) (Figure 63E).

Moreover, for this model, the differences of the corresponding AUC were moderately correlated (r = 0.55, p<0.0001) and concordant (ccc = 0.51 [0.39; 0.61]) (Figure 63F).

Finally, the differences in each pair between Ra D-Xylose obtained by the "Retention" model and RaE

Glucose were substantially correlated (r = 0.73, p<0.0001) and concordant (ccc = 0.70 [0.61; 0.77])

(Figure 63G). Moreover, for this model, the differences of the corresponding AUC were also substantially correlated (r = 0.77, p<0.0001) and concordant (ccc = 0.76 [0.68; 0.82]) (Figure 63H). (G-H) Sensibility to change with the "Retention" Model: Concordance between the difference of (G) Ra D-Xylose and the one of RaE Glucose and of (H) their respective AUC.

IV. Discussion

In this thesis section, we created a model to evaluate intestinal glucose absorption in vivo with oral D-Xylose test, an easier to use test compared to gold-standard glucose labeled methods.

Pharmacokinetic characteristics

In order to suggest the most appropriate modeling, we first reevaluated some of the pharmacokinetic properties of D-Xylose in minipigs. The competition for absorption between D-Xylose and glucose was evaluated. The bioavailability of D-Xylose, its distribution, urinary elimination, as well as the portion that was metabolized, were all quantified.

Competition with glucose in terms of intestinal absorption

The appearance of plasma D-Xylose was faster when D-Xylose was administered orally alone compared to when it was co-administered with glucose per se or with a mixed meal test. This finding suggested a competitive inhibition of intestinal absorption of D-Xylose in the presence of carbohydrates, which is consistent with literature data indicating a greater affinity for SGLT1 for glucose than for D-Xylose [START_REF] Wright | Biology of Human Sodium Glucose Transporters[END_REF] and with studies demonstrating a competitive inhibition of intestinal absorption of these two substrates [START_REF] Rolston | Xylose transport in the human jejunum[END_REF]. Furthermore, because D-Xylose uptake was reduced in the presence of glucose, our data support the intestinal absorption mechanism of D-Xylose through SGLT1 [START_REF] Baud | Bile Diversion in Roux-en-Y Gastric Bypass Modulates Sodium-Dependent Glucose Intestinal Uptake[END_REF]) even more.

Since there was no discernible difference in the plasma D-Xylose kinetics when D-Xylose was coadministered with a mixed meal test or with glucose alone, it would appear that the type of carbohydrates that were co-administered would not have an impact on the kinetics of absorption.

Next, we opted for a systematic co-administration of D-Xylose (oral or intrajejunal administration) with a meal test. Effectively, our objective would be its inclusion as a biomarker of intestinal glucose absorption in meal tests intended to evaluate the phenotype of patients with obesity or type 2 diabetes. This decision was made to standardize the outcomes after oral administration.

The development of the computational "retention" model also considered this idea of competition by incorporating a latency period for D-Xylose in the intestinal lumen, following gastric emptying but prior to its absorption via glucose transporters. This period corresponds to a time when the SGLT1 transporters would be saturated with glucose and considers the less favorable affinity of D-Xylose for these transporters.

Bioavailability

Since the plasmatic peak was earlier and higher following intrajejunal administration, in agreement with the data previously exposed [START_REF] Craig | Kinetic analysis of D-xylose absorption in normal subjects and in patients with chronic renal failure[END_REF], the results of plasma D-Xylose kinetics following oral and intrajejunal administration allowed us to confirm that the rate of D-Xylose absorption is subjected to the rate of gastric emptying. This factor was also considered in the computational modeling, along with the pharmacokinetic parameter of "gastric emptying" that was determined using the appropriate Elashoff differential equation [START_REF] Elashoff | Analysis of gastric emptying data[END_REF].

The results obtained after oral and intravenous administration enabled the estimation of the bioavailability of D-Xylose. It was evaluated nearly at 100 % in our study, indicating an almost complete absorption in the pig. According to published data, the bioavailability in pigs was estimated to be over 95 % (Huntley and Patience, 2018a), which is consistent with our calculation.

In contrast to humans, who have a bioavailability of D-Xylose estimated at 70 % [START_REF] Craig | Kinetic analysis of D-xylose absorption in normal subjects and in patients with chronic renal failure[END_REF], pigs appear to have a more significant bioavailability. The pig intestine is longer than the one of humans (11 meters compared to 7), which could explain this difference. The D-Xylose bioavailability was then fixed to 100 % (1) in computational modeling.

Distribution

The initial plasma levels of D-Xylose after intravenous administration made it possible to assess its volume of distribution in minipigs. The mean volume of distribution was thus estimated at 6.35 dL/kg.

It has been previously estimated in healthy humans at 2.30 dL/kg [START_REF] Worwag | D-Xylose absorption and disposition in patients with moderately impaired renal function[END_REF]. Thus, a better distribution would be indicated by the D-Xylose volume of distribution in minipigs being higher than in humans.

Our data showed that the distribution volume varied with weight, with a negative correlation. It is likely that the minipigs used in our study were lighter than the healthy humans involved in the study of Craig and coworkers, which could account for this difference (data not available). Additionally, the volume of distribution of hydrophilic compounds, such as D-Xylose, decreases with fat mass [START_REF] Zuckerman | A Review of the Toxicologic Implications of Obesity[END_REF], which could account for the variation seen in relation to the weight of the animals.

The volume of distribution of D-Xylose varies linearly with weight for animals weighing between 40 and 60 kg, making it simple to estimate for all animals in this range. If we had included animals with a wider range of weights, we might have been able to prove that this evolution was actually sigmoidal.

It could have been interesting to also evaluate it in obese animals, but we did not perform it in this study.

Patients with renal impairment were found to have a higher volume of D-Xylose distribution, which was calculated to be 3.20 dL/kg [START_REF] Worwag | D-Xylose absorption and disposition in patients with moderately impaired renal function[END_REF]. The volume of distribution of D-Xylose will not be affected by renal function in the following phases of our project because the animals will not present renal impairment.

Elimination

The plasmatic levels of D-Xylose after intravenous administration made it possible to incorporate a pharmacokinetic parameter of "elimination" with the corresponding differential equation in computational modeling. The exponential decreasing shape of the curve highly support the mainly monocompartmental elimination of D-Xylose.

Metabolization

The total amount of D-Xylose excreted in urine after intravenous administration was measured as well as the metabolization of D-Xylose. The fact that only 40 % of the initial dose of D-Xylose was excreted in urines suggests that the remaining 60 % were either metabolized, transformed, retained in the body, or eliminated in another manner.

The primary urinary excreted D-Xylose metabolite was identified as D-threitol. For this reason, after intravenous administration, we evaluated its plasmatic evolution and urinary excretion. The peak of plasmatic D-threitol represented only 7 % of the plasmatic peak of D-Xylose. Only 7 % of the initially administered dose consistently changed into D-threitol in urine samples. Data of studies revealed a 15 % conversion of D-Xylose into D-threitol (Huntley and Patience, 2018b;[START_REF] Pitkänen | The conversion of d-xylose into d-threitol in patients without liver disease and in patients with portal liver cirrhosis[END_REF], which was twice as high as our findings. The 60 % of D-Xylose that is not recovered in urine cannot be quantitatively explained by the D-threitol conversion that has been shown to occur.

The metabolization of D-Xylose also produced CO2, according to data from a prior study [START_REF] Segal | The metabolic fate of C14 labeled pentoses in man[END_REF]. But since CO2 is also a byproduct of the transformation of D-xylose (5 carbons) into D-threitol (4 carbons), it does not contribute to the metabolization process in any additional ways.

Additionally, a D-Xylose fraction that is converted to D-threitol is likely to be eliminated in bile and subsequently in feces [START_REF] Craig | D-Xylose testing: A review[END_REF]. Since D-Xylose is a pentose, it may have also been included in the pentose phosphate pathway and used as an energetic substrate by non-bacterial nonyeast organisms, though in small amounts [START_REF] Moysés | Xylose Fermentation by Saccharomyces cerevisiae: Challenges and Prospects[END_REF]. Because D-Xylose is intrinsically integrated with glycosaminoglycans, it serves as the primary component of extracellular matrices as well [START_REF] Briggs | Structural Basis for the Initiation of Glycosaminoglycan Biosynthesis by Human Xylosyltransferase 1[END_REF]. The possibility of D-Xylose and vitamin C interconversion pathways was also showed [START_REF] Cheudjeu | Correlation of D-xylose with severity and morbidity-related factors of COVID-19 and possible therapeutic use of D-xylose and antibiotics for COVID-19[END_REF].

In any case, it is not necessary to know the precise fate of D-Xylose in order to model intestinal glucose absorption; the parameters of "elimination", which were determined using the data after intravenous administration, are sufficient. Moreover, according to the low fraction of D-Xylose transformed into Dthreitol by the liver, the hepatic D-Xylose uptake should be negligible, supporting the fact that portal and systemic D-Xylose appearance are close.

Intestinal glucose absorption modeling

From the pharmacokinetic characteristics previously determined, 4 different models of intestinal D-Xylose absorption were proposed: 1 model based on calculation and 3 computational models.

The first calculation model that has been suggested involves deriving the levels of D-Xylose from each plasmatic level and the estimation of the constant of elimination of D-Xylose and its volume of distribution. The conversion of each concentration (in mg/dL) to rate of appearance (in mg/kg/min) is thus made possible by this calculation. This modeling has the advantage of being straightforward, simple to process, extrapolable regardless of the groups and conditions, and able to reflect each experimental result. However, it does not allow the individual determination of all the pharmacokinetics parameters, contrary to the 3 other computational models.

In the "Simple" computational model, the main compartments are the stomach, intestine, and plasma, and the different fluxes are gastric emptying, intestinal absorption, and elimination from plasma. The differential equation corresponding to the flux of gastric emptying was elaborated from the kinetics of Elashoff [START_REF] Elashoff | Analysis of gastric emptying data[END_REF], whereas the other differential equations were elaborated from plasma D-Xylose levels following oral, intrajejunal (intestinal absorption), and intravenous (elimination). The data from this study were used to fix the bioavailability of D-Xylose at 1 (100 %).

The "Multi" computational model extends the "Simple" model but also incorporates a multicompartmental intestine according to Salinari's model [START_REF] Salinari | Intestinal transit of a glucose bolus and incretin kinetics: a mathematical model with application to the oral glucose tolerance test[END_REF]. We considered the fact that the glucose transporters were not evenly distributed throughout the intestinal tract when developing this model. Following that, the intestinal compartment was divided into n subcompartments, each of which had a different rate of absorption. Additionally, intestinal transit was represented by the flow of sugar from one compartment to the next. In fact, research on humans and rodents revealed that the duodenum contained more glucose transporters than the jejunum and the ileon, making the proximal parts of the intestine more crucial for absorption than the distal ones [START_REF] Lehmann | Intestinal SGLT1 in metabolic health and disease[END_REF].

The "Retention" computational model is constructed similarly to the "Simple" model but adds a step of D-Xylose retention in the intestine between the fluxes of gastric emptying and intestinal absorption.

This step corresponds to the notion of competition between glucose and D-Xylose that has been experimentally proven. In fact, we opted to systematically administer D-Xylose in conjunction with the presence of other carbohydrates.

The three computational models are designed to predict Ra D-Xylose (mg/kg/min) from the plasmatic D-Xylose levels (mg/dL). They allow the individual determination of all the pharmacokinetics parameters. They have the advantage of being refined, which really reflects intestinal D-Xylose absorption, but yields "smoother" results than initial experimental data. Additionally, they were developed for a particular animal species (the pig), in a particular setting (in this case, healthy, nonobese, and non-diabetic), and for a specific weight range. As a result, they cannot yet be extended to data from animals or humans who do not respond to these characteristics. There are thus numerous criteria for choosing which model to use depending on the situation, and each modeling type has benefits and drawbacks.

Comparison of Ra D-Xylose obtained by each model with RaE Glucose obtained by the gold-standard

After proposing models, we compared the Ra D-Xylose results from each model to the RaE Glucose results from the gold-standard, in a healthy setting, to see if the proposed models were reliable and to determine the interpretive framework for Ra D-Xylose.

A non-linear mixed model adjusted on weight and time of the meal test revealed that Ra D-Xylose was significant and positive to predict RaE Glucose for each of the 4 models. In order to compare Ra D-Xylose and RaE Glucose (which respectively represent the flux of intestinal D-Xylose and glucose absorption), and AUC Ra D-Xylose and AUC RaE Glucose (which represent the load of D-Xylose and glucose absorbed over time) we also performed concordance tests. Among the three computational models, the "Multi" and "Retention" were those presenting the best concordance with the goldstandard. However, the "Retention" model was better than the "Multi" to correctly reflect the differences observed between two pigs in comparison with the gold-standard. This test was not performed for the "Calculation" model because the values between the two methods were too different, even if correlated.

Additionally, the ability of each computational model to fit the intravenous, oral and intrajejunal plasma experimental levels was studied. Both "Multi" and "Retention" models demonstrate good fitting of all the data sets, with low Log-Likehood Losses (data not shown). Moreover, complementary analyses showed the practical identifiability of the kabs parameter for the "Retention" but not for the "Multi" model, supporting the relevance of using the "Retention" one.

D-Xylose reflects only the absorption of starch

D-Xylose is a monosaccharide by structure; as a result, it is directly absorbed after being emptied from the stomach rather than being digested. Complex carbohydrates, on the other hand, require digestion before being absorbed as glucose, which is not the case with simple carbohydrates. Thus, structurally distinct carbohydrates were compared. This point is debatable and may help to explain why there is less agreement between the rates of absorption and the amounts absorbed: it is unlikely that the rate of absorption of D-Xylose, which is not subject to digestion but is poorly affine to SGLT1, will be identical to that of glucose derived from starch, which is subject to digestion but is highly affine to SGLT1.

We chose to compare D-Xylose with 13 C-enriched carbohydrates in this study because of the lower affinity for D-Xylose for SGLT1 than glucose. As a result, D-Xylose can only be used to reflect the absorption of complex carbohydrates like starch because its rate of absorption is unaffected by the type of additional carbohydrates. Due to the different affinities of glucose and D-Xylose for SGLT1 and the ongoing competition between them, its use during an OGTT will not be relevant to reflect the absorption of glucose per se. Glucose would be absorbed preferentially compared to D-Xylose.

Additionally, using D-Xylose to study the differences in absorption patterns in relation to carbohydrates with varying availability is not particularly pertinent. And vice versa, studies incorporating labeled glucose per se in mixed meal tests for the study of complex carbohydrates absorption are similarly unreliable because the RaE Glucose calculated from the labeled glucose is not a true reflection of the complex carbohydrates of the meal [START_REF] Camastra | Long-Term Effects of Bariatric Surgery on Meal Disposal and b-Cell Function in Diabetic and Nondiabetic Patients[END_REF].

V. Conclusion

In conclusion, we have shown that D-Xylose is an accurate and simple biomarker for evaluating intestinal glucose absorption in vivo. Several models were proposed: in a healthy setting, the "Calculation" and "Retention" models demonstrated results that were particularly consistent with the gold-standard method.

According to the study context and the desirable variables to analyze, these models must be used within a rigorous framework, which will influence the selection of the most appropriate model to use.

D-Xylose is also more a reflection of complex carbohydrates than it is of glucose itself, so its use is only pertinent with starch-containing meal tests.

After challenging the relevance of D-Xylose test in experimental models, D-Xylose could thus represent a promising tool to better understand the association between intestinal glucose absorption and postprandial glycemic response, in both healthy and metabolically-disease-related contexts.

Part 4

Challenge of the Relevance of D-Xylose Test in Experimental Models

I. Introduction

In Part 1 of the thesis, we first described in detail how glucose homeostasis is ensured in health and what underlying mechanisms are involved in its regulation. The postprandial glycemic response is in fact influenced by a number of factors, including insulin secretion, insulin sensitivity, intestinal glucose absorption and gastric emptying. We also have discussed whether a decrease in insulin secretion, a decrease in insulin sensitivity and an acceleration of gastric emptying have previously been related to postprandial hyperglycemia.

In the previous section of the thesis, we have then demonstrated the equivalence between the systemic appearance of D-Xylose, expressed by several models, and the systemic appearance of glucose obtained by a gold-standard method using isotopic tracers of glucose.

In this present part, we wanted to check how insulin secretion, insulin sensitivity, and gastric emptying also influence the systemic appearance of D-Xylose. Our aims were to challenge our biomarker but also to exclude insulin secretion, insulin sensitivity and gastric emptying as potential confusing factors responsible of D-Xylose appearance variations. Figure 64 illustrates our issue graphically. We thus formulated the hypothesis that the systemic appearance of D-Xylose is unaffected by insulin secretion and insulin sensitivity. We hypothesized that a rapid gastric emptying affects its appearance but not the total amount of D-Xylose absorbed during a meal, in accordance with the elements previously demonstrated [START_REF] Horowitz | Relationship between oral glucose tolerance and gastric emptying in normal healthy subjects[END_REF][START_REF] Marathe | Relationships of Early And Late Glycemic Responses With Gastric Emptying During An Oral Glucose Tolerance Test[END_REF][START_REF] Wu | Role of intestinal glucose absorption in glucose tolerance[END_REF].

We conducted a number of interventions in separate groups of minipigs that were initially healthy in order to:

-decreasing intestinal glucose absorption -decreasing insulin secretion -decreasing insulin sensitivity -accelerating gastric emptying.

The impact of each intervention on the systemic appearance of D-Xylose was subsequently investigated. 

II. Materials and methods

Ethical statement

Study design

This study set out to assess the relative impact of insulin secretion, insulin sensitivity, and gastric emptying on the systemic appearance of D-Xylose. Four distinct groups of animals that were subjected to various manipulations were developed for this objective. In order to respect the ethical principle of Reduction, animals were reused as much as feasible in other protocols. The animals of the group 4 (n = 7) underwent MMT with D-Xylose after oral administration (via a nasogastric tube) or intrajejunal administration (after the surgical implantation of a jejunal tube). This group was specifically designed for this purpose, and some data were re-employed in the Part 3 of the thesis. Ra D-Xylose was then compared in the same minipigs between the oral and intrajejunal administration of the MMT. To smooth out the intraindividual variability concerning the rate of gastric emptying previously described in minipigs [START_REF] Henze | Exploring gastric emptying rate in minipigs: Effect of food type and pre-dosing of metoclopramide[END_REF][START_REF] Suenderhauf | Pharmacokinetics of Paracetamol in Göttingen Minipigs: In Vivo Studies and Modeling to Elucidate Physiological Determinants of Absorption[END_REF], all the MMT were performed in duplicate. Finally, two different doses of D-Xylose were used: the usual 30-g dose (n = 7) and a lower 6-g dose (n = 3), set up to quantitatively spread out the loads of glucose absorbed.

In total, 3 of the minipigs were subjected to the meal tests including the two doses. 

Animals and housing

A total of 32 healthy minipigs (28 Göttingen-like and 4 Ossabaw), 24 males and 8 females, weighing 41.2 ± 11.4 kg (Pannier, Wylder, France) were included in this part of the project. As described previously in the thesis, all animals were individually housed in conventional conditions with enrichment and benefited from a 15-day acclimatization period. Water was provided ad libitum and standard food given twice a day. The composition of food was previously described in Part 2 of the thesis.

Surgical procedures

The surgical procedures were the same as those performed in the Part 2 and Part 3 of the thesis.

Anesthesia and analgesia

All the surgical procedures were performed under general anesthesia, after overnight fasting:

premedication with a synergistic intramuscular injection of xylazine (3 mg/kg, Paxman®) and ketamine

(5 mg/kg, Ketamine 1000®) and then isoflurane relayed (0.5-4 %, Vetflurane®) (Virbac, Carros, France).

During the laparotomy procedures, animals were ventilated with assistance at 20 mpm or left with spontaneous ventilation in case of surgeries not involving a laparotomy. Analgesia was assessed by preoperative intramuscular injection of buprenorphine (15 µg/kg, Bupaq®, Virbac) for central catheter.

A single application of a fentanyl transdermal solution (1.3 mg/kg, Recuvyra®, Lilly-Elanco, Neuilly-sur-Seine, France) was used to guarantee pain management (Goutchtat et al., 2021) following 80-% intestinal resection, the subtotal pancreatectomy and the jejunal tube implantation.

Implantation of a Central Venous Catheter (CVC)

This procedure was set up in order to refine blood collection during metabolic tests. The central venous catheter (Hickman® 9.6-F Single-Lumen CV Catheter; Bard Access System, Salt Lake City, UT, USA) was surgically implanted via the jugular external vein according to the procedure previously described in Part 2 of the thesis. The maintenance of the catheters was performed using heparinized saline solution bolus every 48 hours and the catheters were let in place during all the protocol.

Eighty percent-Intestinal resection

This intervention was performed (in Group 1) to decrease intestinal glucose absorption and to evaluate the sensibility to change of D-Xylose in this condition.

A sterile ribbon of known dimensions was used to measure the length of the intestine between the duodenojejunal and ileocecal junctions after the abdominal cavity had been opened. Eighty percent of this intestinal area was then removed, leaving respectively 10 % and 10 % next to the duodenojejunal junction and the ileocecal junction. Intestinal section and anastomosis were performed using staples of respectively 60 and 45 mm (Endo GIA®, Reload with Tri-Staple Technology, Covidien, Boulogne-Billancourt, France,). The anastomosis was then closed (Monocryl® 4-0, Ethicon, France).

The abdominal wall was finally closed in 3 layers by simple overlock: the peritoneum (Polysorb® 2/0, Medtronic, France), the muscular lay (PDS® 1, Ethicon, France) and the skin (Mersilene® 1, Ethicon, France).

Subtotal pancreatectomy

This intervention was performed (in Group 2) similarly as described in the Part 2 of the thesis. From the tail (splenic lobe) to the head (duodenal lobe), the dissection of the pancreas was carried out. In the retro-portal region, the Winslow pancreas (connecting lobe) was similarly dissected and largely removed. Before section and extraction, ligatures between the splenic and the duodenal lobes were performed. The connecting lobe was also tightened. As previously stated [START_REF] Ferrer | Pig pancreas anatomy: implications for pancreas procurement, preservation, and islet isolation[END_REF], the subtotal pancreatectomy involved removing 75 % of the total organ weight.

Jejunal tube implantation

This procedure was performed (in Group 4), as previously described in the Part 3 of the thesis, in order to elaborate a model without gastric retention, it means with a "maximal" rate of gastric emptying.

After laparotomy, a 6-Fr gastro-duodenal tube (Vygon, Ecouen, France) was tunnelized through the right flank. Jejunum was opened thirty centimeters distally to the duodenojejunal junction and the gastro-duodenal tube inserted inside on a 15-cm length. A burse suture was performed with nonresorbable thread (Prolene® 4-0, Ethicon, France) and the tube fixed to the intestine by a Cushing overlock on 5 cm. The intestinal limb was then fixed to the abdominal wall in 4 stiches.

High-Fat High-Sucrose Diet (HFHSD)

Animals of this group (Group 3) were fed with an HFHSD for two months, as previously described in the Part 2 of the thesis. The quantity of 750 g of HFHSD were administered twice a day and contained 61.7 % of carbohydrates, 23.2 % of fats, and 15.1 % of protein. The composition of the HFHSD was detailed in Table 1, in the Part 2.

Mixed Meal Test (MMT) with D-Xylose

The MMT with D-Xylose were performed as previously described in the Parts 2 and 3 of the thesis, with the same constitution.

For the oral MMT, a 20-g solid energy bar (Ovomaltine®, Nestlé, France) and 200 mL of liquid (Fortimel Energy®, Nutricia, France) were mixed. The dose of 30 g or 6 g of D-Xylose was then added to the mix.

The MMT was given vigil, for a 10-min period, via a nasogastric tube of 16 Fr that had previously been implanted under general anesthesia during the CVC implantation procedure for the first MMT or the day before for the others MMT. For the intrajejunal MMT, the same mix including 30 g or 6 g of D-Xylose was administered vigil, directly via the jejunal tube, for a 10-min period. A minimal 18-hour fast was respected before each MMT.

On EDTA and fluorinated tubes, blood samples were obtained before the MMT was administered (t=0 min) and at various time intervals afterwards (t=15, t=30, t=60, t=90, t=120 and t=180 min). For the Group 4, blood samples were also collected at t=240 and t=300 min. They were centrifuged (4000 rpm for 10 min at 4°C) and plasma was isolated and stored at -80°C until analysis.

For the animals subjected to the partial pancreatectomy (Group 2), an intravenous glucose tolerance test was also performed, as described in the Part 2, for a more accurate assessment of insulin response.

Biological procedures

The biological analyses were the similar as previously described in the previous parts of the thesis. The amperometric glucose oxidase method was used to measure the level of glucose in blood (glucometer Accu-Chek Performa®, Roche, France, or Nova Biomedical StatStrip Xpress®, DSI, USA). Blood glucose levels were determined instantaneously during each metabolic evaluation. A DXI Access Immunoassay System (Beckman Coulter) with an assay range between 0.3 and 300 µIU/mL was used to measure the plasma insulin concentrations, as previously mentioned (Cook et al., 2010). Plasma D-Xylose levels were determined by a colorimetric method with phloroglucinol [START_REF] Eberts | A simplified, colorimetric micromethod for xylose in serum or urine, with phloroglucinol[END_REF] by the glycobiology department of the Centre de Biologie-Pathologie of Lille University Hospital.

Intestinal glucose absorption modeling with D-Xylose

For Groups 1, 2, and 3, intestinal glucose absorption was modeled using the "Calculation" and "Retention" models for the evaluation of the Rate of Appearance of D-Xylose (Ra D-Xylose). By calculating the Ra D-Xylose time-dependent areas under the curve (AUC), the total amounts of D-Xylose absorbed were calculated.

Only the "Calculation" model was utilized to evaluate Ra D-Xylose for the animals in Group 4 because computational models to estimate intestinal glucose absorption in the context of suppressing gastric retention were not yet available. Calculating the time-dependent AUC of Ra D-Xylose allowed us to estimate the total amounts of D-Xylose absorbed.

Calculations and statistics

Results were expressed as mean ± SEM for curves and mean ± SD for histograms, as specified. The trapezoidal method was used to calculate areas under the curve (AUC) throughout the specified times following ingestion. The graphical visualization was done using GraphPad Prism® 8 program.

Continuous variables were analyzed with paired Student's t-test. Dynamic variables during meal tests between groups or models were compared using a Two-Way ANOVA or a Mixed-Effects model with Sidak post-hoc test for multiple comparisons. The presence of interactions between variables were systematically assessed.

The univariate correlation between the 180-min AUC Ra D-Xylose after Oral administration of the meal and the 180-min AUC Ra D-Xylose after Jejunal administration was tested using the Pearson coefficient (r). The Lin concordance test was performed to evaluate the concordance between these two variables and expressed with 95 % Confidence Interval (CI). The interpretation of the coefficients of concordance (ccc) was performed using the range of Landis and Koch [START_REF] Landis | The measurement of observer agreement for categorical data[END_REF], according to the method described [START_REF] Desquilbet | Guide pratique de validation statistique de méthodes de mesure : répétabilité, reproductibilité, et concordance[END_REF].

As described in the Part 2 of the thesis, the peripheral insulin sensitivity was assessed by the calculation of the Matsuda Index [START_REF] Matsuda | Insulin sensitivity indices obtained from oral glucose tolerance testing: comparison with the euglycemic insulin clamp[END_REF]. The Acute Insulin Response (AIR), which describes the initial phase of insulin production following intravenous glucose stimulation, was computed by subtracting fasting insulin levels from the mean evaluation of plasma insulin levels at 1, 3 and 5 minutes (Hubert et al., 2008(Hubert et al., , 2005)).

III. Results

No variation of the systemic appearance of D-Xylose following subtotal pancreatectomy and 2-months High-Fat High-Sucrose Diet

First, we characterized postprandial glucose and insulin response following intestinal resection, subtotal pancreatectomy and a 2-month High-Fat High-Sucrose Diet (HFHSD) in Figure 66.

After intestinal resection, blood glucose levels remained globally stable, although we noticed a decrease of the mean glucose concentration at 30 min after intestinal resection (90.1 ± 3.8 mg/dL after versus 104.0 ± 5.5 mg/dL before, not significant) (Figure 66A). No significant variation of plasma insulin was shown after intestinal resection (Figure 66B) and animals kept the same weight (Figure 66C).

After subtotal pancreatectomy, postprandial blood glucose levels were globally slightly increased compared to before intervention, but not significantly (Figure 66D). No appreciable changes were revealed in insulin levels (Figure 66E) and no loss of weight was observed (Figure 66F). However, results from intravenous glucose tolerance tests showed a significant decrease of the Acute Insulin Response (18.3 ± 10.0 µIU/mL after versus 34.9 ± 13.7 µIU/mL before, p<0.0005) (Figure 66G).

After HFHSD, minipigs showed a trend of lower postprandial blood glucose levels (Figure 66H), accompanied by a trend of higher insulin peak secretion (Figure 66I). Animals gained weight following the diet (59.5 ± 5.9 kg after versus 46.4 ± 4.1 kg before, p<0.0001) (Figure 66J), accompanied by a decrease of the Matsuda Index (12.9 ± 7.5 after versus 20.0 ± 17.6 before, not significant) (Figure 66K).

Using the "Calculation" model, the rate of appearance of D-Xylose (Ra D-Xylose) decreased (trend)

after intestinal resection at 30 min (2.87 ± 0.64 mg/kg/min after versus 5.63 ± 0.87 mg/kg/min before) (Figure 67A). No appreciable change of Ra D-Xylose was noticed after pancreatectomy (p = 0.89) (Figure 67B) and after a 2-month HFHSD (p = 0.49) (Figure 67C).

Using the "Retention" model, we also observed a decrease of Ra D-Xylose values after intestinal resection compared to before, especially at 15 min (2.99 ± 1.61 mg/kg/min after versus 5.29 ± 1.96 mg/kg/min before). A significant interaction (p<0.0005) between the time of the meal test and the intervention was then showed (Figure 67D). However, as obtained with the "Derivative" model, no appreciable change of Ra D-Xylose was noticed after pancreatectomy (p = 0.85) (Figure 67E) and after a 2-month HFHSD (p = 0.49) (Figure 67F). With the "Calculation" model, we found a global decrease of the areas under the curve (AUC) of Ra D-Xylose after intestinal resection with a significant interaction between the time of meal test and the intervention (p<0.05). (Figure 68A). On the other hand, the evolution of AUC of Ra D-Xylose according to the time of the meal were not different after subtotal pancreatectomy (p = 0.91) (Figure 68B) and after a 2-month HFHSD (p = 0.55) (Figure 68C).

Using the "Retention" model, a trend of decrease of the AUC of Ra D-Xylose according to time was noticed after intestinal resection compared to before, even not significant (Figure 68D). On the other hand, those after subtotal pancreatectomy (p = 0.87) (Figure 68E) and a 2-months HFHSD (p = 0.87) (Figure 68F) remained totally unchanged. Two-Way ANOVA test for repeated measures and Sidak post-hoc test

Variations of the systemic appearance of D-Xylose consequently to a rapid gastric emptying

We then evaluated the consequences of the suppression of gastric retention on the rate of intestinal glucose absorption, assessed by the "Calculation" model. In others words, we determined if a rapid gastric emptying influenced the pattern of intestinal glucose absorption, in terms of kinetics and loads absorbed (Figure 69). Globally, we showed different shapes of the curves of all the parameters between the two routes of administration of the MMT.

The mean curve of blood glucose formed a high peak on the 90-min period of the meal following intrajejunal administration while its mean curve was smoother on a larger period of 180 min following oral administration. The peak of blood glucose was reached at 15 min after intrajejunal administration (134.4 ± 8.3 mg/dL jejunal versus 95.1 ± 2.4 mg/dL oral) whereas it was reached at 120 min after oral administration (102.7 ± 11.5 mg/dL oral versus 62.6 ± 4.3 mg/dL jejunal). A significant interaction between the time of the meal test and the route of administration was thus observed (p<0.0001) (Figure 69A).

The results of insulin levels also showed a much higher peak following intrajejunal administration compared to oral administration (p<0.0005), with a significant interaction between the time of the meal and the route of administration (p<0.0001). Plasma insulin levels were particularly important at 15 min (157.8 ± 22.9 µIU/mL jejunal versus 29.6 ± 9.0 µIU/mL, p<0.01) and 30 min (201.3 ± 20.4 µIU/mL jejunal versus 33.5 ± 7.0 µIU/mL, p<0.001) when the meal was given intrajejunal (Figure 69B).

Ra D-Xylose was also significantly modified following intrajejunal administration compared to oral administration, with a much higher early peak of Ra D-Xylose, noticeable for the two doses of D-Xylose administered (Figure 69C and69E) (for a 30-g administration: 17.8 ± 1.8 mg/kg/min jejunal versus 7.5 ± 1.4 mg/kg/min oral at 15 min, with a significant interaction between time and group (p<0.0001)).

The cumulative AUC of Ra D-Xylose were higher (trend) in the early steps of the meal following intrajejunal administration compared to oral administration for the two doses of D-Xylose used (Figure 69D and 69F). However, the cumulative AUC of Ra D-Xylose from 180 min, it means at the end of the test, were not different (dotted lines). Additionally, they were strongly correlated (r = 0.89, p<0.0001) and concordant (ccc = 0.89 [0.77; 0.95]) (Figure 69G).

IV. Discussion

Summary of the obtained results

In this section of the study, we examined the potential effects of insulin secretion, insulin sensitivity, and gastric emptying on the systemic appearance of D-Xylose. These three mechanisms are in fact supposed to affect the pathophysiology of glucose homeostasis. Since we intended to characterize intestinal glucose absorption in patients with various glycemic states in the following section of the work, we first sought to identify any potential sources of uncertainty that might limit the interpretation of the rate of appearance of D-Xylose in the context of postprandial hyperglycemia.

Our results indicated a decrease of the systemic appearance of D-Xylose following intestinal resection.

Following a decrease of insulin secretion and sensitivity, no decrease was seen. As a result, interventions that altered insulin secretion and sensitivity had no impact on the systemic appearance of D-Xylose. Additionally, using intrajejunal route of administration to mimic a maximal rate of gastric emptying, we demonstrated that a rapid gastric emptying accelerates the systemic appearance of D-Xylose but not the total amount of D-Xylose absorbed.

Interpretation framework

We thus confirmed that impaired insulin secretion and sensitivity are not confusing factors on the interpretation of the systemic appearance of D-Xylose but that a rapid gastric emptying accelerates its rate of appearance. This last result means that: first, D-Xylose appearance is effectively sensible to gastric emptying;

second, the appearance of D-Xylose is time-dependently affected by gastric emptying. In fact, during the earliest steps of a meal test (particularly for the first hour), systemic appearance of D-Xylose cannot be separated from the rate of gastric emptying. For example, if we compare 2 groups and find that one of them has a higher Ra D-Xylose than the other, we will not be able to determine whether this difference is due to a variation in the rate of gastric emptying or a variation specific to the intestine.

However, if we examine the total amounts of D-Xylose absorbed over a 180-minute meal period, we can confirm that it is independent of gastric emptying. For instance, if one group presented a higher load of D-Xylose absorbed at this time compared to another, we would be able to confirm that this difference would be caused by a factor specific to the intestine rather than a difference in the rate of gastric emptying.

In any cases, we have demonstrated that variations of the systemic appearance of D-Xylose are specific to the variations of intestinal glucose absorption, and have confirmed that D-Xylose is a good reflect of intestinal glucose absorption.

Intestinal resection and decrease of systemic appearance of D-Xylose

It was expected to see a drop in Ra D-Xylose after intestinal resection. However, in contrast to the 80 % of the resected intestine, the estimated 25 % decrease over a 180-minute period was unexpected.

In contrast to the loss of anatomy or function, the decline in the functionality of an organ is not linear.

A 70 % loss of anatomy is required for a significant impact on function in organs like the pancreas [START_REF] Litten-Brown | Porcine models for the metabolic syndrome, digestive and bone disorders: a general overview[END_REF], liver [START_REF] Guglielmi | How Much Remnant Is Enough in Liver Resection?[END_REF], or intestine [START_REF] Scheiner | Malabsorption Following Massive Intestinal Resection[END_REF].

Additionally, it would appear that an intestinal adaptation happens after intestinal resection to make up for the lost structure. Four of the minipigs who underwent the 80-% intestinal resection underwent proximal and distal biopsies. The histological findings showed mucosa hypertrophy, which is characterized by an expansion of the villi and crypts. Additionally, quantification analyses of gene expression levels indicated a tendency for SGLT1 expression to increase after resection in comparison to before (Figures 70 and71). This compensatory hypertrophy of the intestinal mucosa was previously described in rats subjected to gastric bypass in the excluded fraction of the intestine. It was seen in the alimentary limb and was linked to an increase in the expression of the genes responsible for transporting aminoacids [START_REF] Cavin | Differences in Alimentary Glucose Absorption and Intestinal Disposal of Blood Glucose After Roux-en-Y Gastric Bypass vs Sleeve Gastrectomy[END_REF]. This hypertrophy was brought on by the growth of the crypt cells [START_REF] Le Roux | Gut hypertrophy after gastric bypass is associated with increased glucagonlike peptide 2 and intestinal crypt cell proliferation[END_REF] and the expansion of the villi [START_REF] Stearns | Impact of Roux-en-Y gastric bypass surgery on rat intestinal glucose transport[END_REF], and both of which were absent following sleeve gastrectomy [START_REF] Mumphrey | Sleeve Gastrectomy Does Not Cause Hypertrophy and Reprogramming of Intestinal Glucose Metabolism in Rats[END_REF]. Humans were also found to have these modifications [START_REF] Franquet | PET-CT reveals increased intestinal glucose uptake after gastric surgery[END_REF] and an increase in the expression of glucose transporters has also been observed [START_REF] Mumphrey | Sleeve Gastrectomy Does Not Cause Hypertrophy and Reprogramming of Intestinal Glucose Metabolism in Rats[END_REF]Nguyen et al., 2014b). Additionally, such intestinal modifications were also mentioned previously in rodent models of short bowel syndrome [START_REF] Berlin | Villus Growth, Increased Intestinal Epithelial Sodium Selectivity, and Hyperaldosteronism Are Mechanisms of Adaptation in a Murine Model of Short Bowel Syndrome[END_REF][START_REF] Collantes Pérez | A useful experimental model of short bowel syndrome[END_REF]. Our findings, in conjunction with these elements from the literature, provide thus evidence to explain the slight decrease in the systemic appearance of D-Xylose that occurs after intestinal resection.

No modification of the systemic appearance of D-Xylose after subtotal pancreatectomy and high-fat high-sucrose diet

The findings of our study are consistent with the independence of intestinal glucose absorption from insulin secretion. The presence of insulin receptors in the intestine has been described previously.

However, the implication of insulin action in intestinal glucose absorption remains controversial and studies have shown conflicting results about the implication of insulin to increase or decrease intestinal glucose uptake [START_REF] Costrini | Effect of insulin, glucose, and controlled diabetes mellitus on human jejunal function[END_REF][START_REF] Love | Effects of insulin on intestinal glucose absorption[END_REF][START_REF] Ussar | Regulation of Glucose Uptake and Enteroendocrine Function by the Intestinal Epithelial Insulin Receptor[END_REF]. This lets us suggest that, if insulin really acts on glucose absorption, its effect would be quantitatively negligible.

However, after the 2-month HFHSD, there was no change in the systemic appearance of D-Xylose. We could have effectively expected an increase following the diet. In fact, a diet rich in sucrose has been linked to such a mechanism in the past. The increase in intestinal glucose absorption was reached via an increase in SGLT1 content [START_REF] Dyer | Expression of monosaccharide transporters in intestine of diabetic humans[END_REF][START_REF] Kishi | Sucrase-isomaltase and hexose transporter gene expressions are coordinately enhanced by dietary fructose in rat jejunum[END_REF][START_REF] Miyamoto | Differential responses of intestinal glucose transporter mRNA transcripts to levels of dietary sugars[END_REF].

The pig is a species that is particularly resistant to diabetes, as was exposed in Part 2 of the thesis.

Consequently, it is possible that the intestinal adaptation of this species to a high-sucrose diet is different from that of humans. Therefore, it is possible that this species has SGLT1 variants that are hypofunctional and act as protectors against metabolic risk, similar to what Seidelmann et al. have

shown in their work on humans (Seidelmann et al., 2018).

Intestinal glucose absorption and gastric emptying

Instead of using a drug to speed up gastric emptying, such as metoclopramide (an antagonist of dopamine), the model of suppressing gastric retention through intrajejunal mixed meal tests was chosen [START_REF] Henze | Exploring gastric emptying rate in minipigs: Effect of food type and pre-dosing of metoclopramide[END_REF]. In fact, by making this choice, we wanted to be free from the potential interindividual variability of response to a pharmacological strategy.

With a glycemic peak that was 2-fold higher and an insulin peak that was 6-fold higher than with oral administration, this model produced a postprandial glucose and insulin response that was very important. The corresponding absorption peak was also 2-fold higher compared to oral administration.

These findings confirmed the fundamental significance of gastric retention in the delivery of carbohydrates, into the intestinal lumen and consequently in the appearance of exogenous glucose in the systemic circulation [START_REF] Wu | Role of intestinal glucose absorption in glucose tolerance[END_REF].

Nutritional approaches have been described as slowing gastric emptying with beneficial consequences on postprandial glycemia, such as: the degree of processing carbohydrates [START_REF] Hasek | Carbohydrates designed with different digestion rates modulate gastric emptying response in rats[END_REF]; the enrichment in fibers [START_REF] Hlebowicz | Effect of commercial breakfast fibre cereals compared with corn flakes on postprandial blood glucose, gastric emptying and satiety in healthy subjects: a randomized blinded crossover trial[END_REF]; the texture of the meal [START_REF] Juvonen | Viscosity of oat bran-enriched beverages influences gastrointestinal hormonal responses in healthy humans[END_REF] particularly thanks to the addition of components increasing the viscosity of the chyme, such as beta glucans [START_REF] Wolever | Increasing oat β-glucan viscosity in a breakfast meal slows gastric emptying and reduces glycemic and insulinemic responses but has no effect on appetite, food intake, or plasma ghrelin and PYY responses in healthy humans: a randomized, placebo-controlled, crossover trial[END_REF] or guar gum [START_REF] Torsdottir | Dietary guar gum effects on postprandial blood glucose, insulin and hydroxyproline in humans[END_REF]; the presence of preload in aminoacids [START_REF] Du | Effects of Glutamine on Gastric Emptying of Low-and High-Nutrient Drinks in Healthy Young Subjects-Impact on Glycaemia[END_REF] or whey protein [START_REF] Hutchison | Acute load-dependent effects of oral whey protein on gastric emptying, gut hormone release, glycemia, appetite, and energy intake in healthy men[END_REF]; and the coadministration of lipids [START_REF] Collier | Effect of co-ingestion of fat on the metabolic responses to slowly and rapidly absorbed carbohydrates[END_REF].

In addition to their many other effects, GLP-1 analogs have been used in the development of pharmacological approaches that are said to also slow gastric emptying. By delaying gastric emptying, GLP-1 analogs have been shown to improve postprandial glucose and insulin responses [START_REF] Jones | Effects of lixisenatide on postprandial blood pressure, gastric emptying and glycaemia in healthy people and people with type 2 diabetes[END_REF][START_REF] Trahair | Effects of exogenous glucagon-like peptide-1 on blood pressure, heart rate, gastric emptying, mesenteric blood flow and glycaemic responses to oral glucose in older individuals with normal glucose tolerance or type 2 diabetes[END_REF]. Amylin or its analogs were also reported to have the same effects [START_REF] Clinic | Amylin is associated with delayed gastric emptying in critically ill children[END_REF][START_REF] Samsom | Pramlintide, an amylin analog, selectively delays gastric emptying: potential role of vagal inhibition[END_REF]. However, delaying gastric emptying by GLP-1 analogs in type 2

diabetes is controversial because it could lead to early postprandial hypoglycemia with episodes of hyperglycemia in the later stages of the postprandial period.

Is rapid gastric emptying more deleterious for postprandial glucose response than the overall amount of glucose absorbed during a meal? It would appear, according to our results, that gastric emptying has a major influence on the speed of absorption and thus on the value of the peak of postprandial glucose. On the other hand, the nature of the ingested carbohydrates and the number and functionality of the transporters have a great influence on the overall postprandial glucose response (Nazare et al., 2010a;Seidelmann et al., 2018). It would be interesting to study the respective quantitative contribution of gastric emptying, carbohydrates breakdown and glucose transport on intestinal glucose absorption and postprandial glucose response.

The pattern of IGA and postprandial glucose response observed after intrajejunal administration of the meal was similar to the one obtained after sleeve gastrectomy (Chambers et al., 2011;[START_REF] Vigneshwaran | Impact of Sleeve Gastrectomy on Type 2 Diabetes Mellitus, Gastric Emptying Time, Glucagon-Like Peptide 1 (GLP-1), Ghrelin and Leptin in Non-morbidly Obese Subjects with BMI 30-35.0 kg/m2: a Prospective Study[END_REF] and RYGB (Nguyen et al., 2014a;[START_REF] Svane | Postprandial Nutrient Handling and Gastrointestinal Hormone Secretion After Roux-en-Y Gastric Bypass vs Sleeve Gastrectomy[END_REF][START_REF] Wang | Accelerated gastric emptying but no carbohydrate malabsorption 1 year after gastric bypass surgery (GBP)[END_REF]. Although we did not measure the GLP-1 levels after intrajejunal administration, it is very likely that they would rise, as has been demonstrated before [START_REF] Trahair | Effects of small intestinal glucose on glycaemia, insulinaemia and incretin hormone release are load-dependent in obese subjects[END_REF][START_REF] Xie | Plasma GLP-1 Response to Oral and Intraduodenal Nutrients in Health and Type 2 Diabetes-Impact on Gastric Emptying[END_REF]. Additionally, a study in healthy minipigs of our group, conducted by Agathe Rémond (data not published) confirmed the important acceleration of the rate of absorption after sleeve gastrectomy but also after sleeve gastrectomy with transit bipartition, in association with a high release in GLP-1 and improvement of postprandial glucose response.

This is why any interest in using dietary or pharmaceutical methods to manage type 2 diabetes by slowing gastric emptying needs to be carefully considered. Undoubtedly, a majored postprandial glycemic response results from accelerated gastric emptying. But the greatly accelerated gastric emptying brought on by sleeve gastrectomy and RYGB contributes to type 2 diabetes remission through the massive release of GLP-1. Wanting to delay gastric emptying probably is not appropriate in all situations.

Limitations of the study 6.1 Inherent limitations to the non-diabetic porcine model

In this research, our goal was to examine how the reduction in insulin secretion and insulin sensitivity affected the systemic appearance of D-Xylose into the intestinal tract. To achieve this, we subjected separate groups of animals to a 2-month HFHSD and a subtotal pancreatectomy. However, the pig is a species that is particularly resistant to type 2 diabetes, as mentioned and shown in Part 2 of the thesis.

Only a slight phenotype was obtained for each of the groups here: even though the animals gained weight after the diet, there was only a slight decrease in insulin sensitivity. The acute insulin response was also slightly reduced after subtotal pancreatectomy, but postprandial insulinemia was not affected.

Moreover, the healthy minipig model shows gastric emptying modalities that are somewhat different from those in humans. The time of gastric emptying is longer in Göttingen minipigs compared to humans (40 min compared to 20 minutes for a liquid meal) [START_REF] Christiansen | Evaluation of the Use of Göttingen Minipigs to Predict Food Effects on the Oral Absorption of Drugs in Humans[END_REF][START_REF] Suenderhauf | Pharmacokinetics of Paracetamol in Göttingen Minipigs: In Vivo Studies and Modeling to Elucidate Physiological Determinants of Absorption[END_REF] and the intraindividual variability is also more important in minipigs [START_REF] Henze | Exploring gastric emptying rate in minipigs: Effect of food type and pre-dosing of metoclopramide[END_REF][START_REF] Suenderhauf | Pharmacokinetics of Paracetamol in Göttingen Minipigs: In Vivo Studies and Modeling to Elucidate Physiological Determinants of Absorption[END_REF]. This is why we prolonged for Group 4 the fasting to 18 hours instead of 12, in order to be sure that the stomach was completely empty and unaffected by the previous meal at the test. In order to reduce the intraindividual variability of gastric emptying, we also carried out the meal tests in duplicate for this group. Every meal test in this species should ideally be done twice.

Statistical limits

After intestinal resection, the majority of our results were trends instead of being statistically significant. So, we lacked statistical power to confirm the effect. Additionally, no significant difference was highlighted after subtotal pancreatectomy and diet. The non-quantifiable beta error that underlies these tests of comparison, however, prevents us from drawing any rigorous conclusions about the similarity of these results.

Computational model not available for data following intrajejunal administration

The results obtained by the two "Calculation" and "Retention" models showed similar trends. Only the "Calculation" model was used to test the impact of accelerated gastric emptying on the pattern of absorption of D-Xylose. In fact, there is currently no adaptation of these computational models that allows for the determination of Ra D-Xylose after intrajejunal administration of the meal.

However, regardless of the computational model, the analysis of the local sensitivity of gastric emptying on the amount of glucose absorbed revealed a non-influence of gastric emptying from 150 minutes after the meal test (data not shown). The findings of this independent analysis, performed by the team of CRIStAL, are consistent with our results obtained by the "Calculation" model, demonstrating the non-influence of gastric emptying beyond 180 min of the meal.

Intrajejunal (not intraduodenal) administration

Instead of being implanted just behind the pylorus, the tube was actually placed in the proximal jejunum, after the duodeno-jejunal junction. As a result, the entire duodenal portion was shifted, and the elaborated model was not totally consistent with a suppression of gastric retention. The duodenum represents only a small fraction of the total intestine. However, it is still possible that if the tube had been inserted directly behind the pylorus, we would have observed a slightly different pattern of D-Xylose absorption. We could have observed a higher peak of Ra D-Xylose because the duodenum is particularly rich in SGLT1 [START_REF] Lehmann | Intestinal SGLT1 in metabolic health and disease[END_REF].

This decision was based on the technical simplicity of inserting the jejunal tube into the proximal jejunum as opposed to the proximal duodenum. If the tube had been implanted in this location, there would have been greater risks of altering the release of pancreatic and biliary secretions, and damaging the intestine.

V. Conclusion

In this section, we challenge the relevance of the systemic appearance of D-Xylose in experimental model by decreasing intestinal glucose absorption, insulin secretion and insulin sensitivity and by accelerating the rate of delivery of nutrients into the intestinal lumen. The systemic appearance of D-Xylose was not affected by insulin secretion and sensitivity but exhibited a specific decrease in response to a decrease of intestinal glucose absorption and was also sensitive to the rate of gastric emptying.

However, an accelerated gastric emptying would not result in a rise in the amount of D-Xylose absorbed over the previous 180 minutes. The overall quantity of D-Xylose absorbed could thus be interpreted independently from gastric emptying (Figure 72). 

Xylose

The dotted arrows represent an absence of effect.

To resume, we have confirmed the relevance of D-Xylose appearance to specifically identify variations in the pattern of absorption, that make it a relevant biomarker to quantify intestinal glucose absorption. D-Xylose test can thus be used in context of dysglycemia, which is the topic of the final section of the thesis.

Part 5

Exploration of D-Xylose Clinical Value in Glucose Metabolic Disorders

I. Introduction

As previously mentioned, insulin secretion and sensitivity are well-known mechanisms that contribute to the postprandial glucose response in health; therefore, a decrease in insulin secretion and sensitivity are primary pathophysiological factors that lead to the onset of type 2 diabetes [START_REF] Defronzo | From the Triumvirate to the Ominous Octet: A New Paradigm for the Treatment of Type 2 Diabetes Mellitus[END_REF].

Intestinal glucose absorption has been suggested as a potential mechanism related to type 2 diabetes.

Furthermore, in healthy non-diabetic subjects, intestinal glucose absorption was shown to be one of the major drivers of the postprandial glucose response, particularly of the 1-hour postload [START_REF] Fiorentino | One-Hour Postload Hyperglycemia: Implications for Prediction and Prevention of Type 2 Diabetes[END_REF]Tricò et al., 2019b). However, its impact on postprandial glycemic response in individuals with type 2 diabetes and impaired glucose tolerance still remained unclear.

In the earlier sections of the thesis, we developed models for measuring intestinal glucose absorption in vivo using D-Xylose as biomarker. We challenged D-Xylose tests in experimental models and confirmed its relevance to specifically quantify variations in intestinal glucose absorption.

The aim of this present part of the study was to explore D-Xylose clinical value in glucose metabolic disorders. For this purpose, we quantified the rate of appearance of D-Xylose in individuals with diverse glycemic status and associated it with their postprandial glucose response. We wanted thus to confirm the association between D-Xylose absorption and postprandial glucose response. Figure 73 is a graphical representation of our issue. We further hypothesized that intestinal glucose absorption is a crucial factor in determining postprandial glycemic response, both in people with normal glucose tolerance and those with impaired glucose tolerance, as was shown in healthy subjects (Tricò et al., 2019b). Finally, we suggest its contribution to both early postprandial glycemia and overall postprandial glucose excursion.

We conducted cross-sectional studies on a cohort of healthy minipigs and on the ABOS cohort from the Centre Hospitalier Universitaire de Lille, which was made up of obese patients with varying glycemic status in order to validate our hypothesis.

II. Materials and methods

1. Ethical statement 

Animals and housing

A total of 74 healthy minipigs Göttingen-like (20 males and 54 females) weighing 44.5 ± 13.8 kg (Pannier,Wylder,France) were included in this part of the project. As described previously in the thesis, all animals were individually housed in conventional conditions with enrichment and benefited from a 15-day acclimatization period. Water was provided ad libitum and standard food given twice a day. The composition of food was previously described in Part 2 of the thesis. levels were determined instantaneously during each metabolic evaluation. A DXI Access Immunoassay System (Beckman Coulter) with an assay range between 0.3 and 300 µIU/mL was used to measure the plasma insulin concentrations, as previously mentioned (Cook et al., 2010). Plasma D-Xylose levels were determined by a colorimetric method with phloroglucinol [START_REF] Eberts | A simplified, colorimetric micromethod for xylose in serum or urine, with phloroglucinol[END_REF] by the glycobiology department of the Centre de Biologie-Pathologie of Lille University Hospital.

Intestinal glucose absorption modeling with D-Xylose

The "Calculation" model was used here to assess the Rate of Appearance of D-Xylose (Ra D-Xylose). In fact, no computational model was available yet in humans. The volume of distribution of D-Xylose was determined for each minipig according to its weight. For humans, we used previous data about D-Xylose intravenous administration [START_REF] Craig | D-Xylose testing: A review[END_REF][START_REF] Fiset | Influence of the menstrual cycle on the absorption and elimination of Dxylose[END_REF] to determine by computational modeling the constant of elimination of D-Xylose (k_elim). k_elim was then fixed to 0.017 /min in humans. Concerning the volume of distribution, the value of 2.3 dL/kg was implemented for all the patients [START_REF] Worwag | D-Xylose absorption and disposition in patients with moderately impaired renal function[END_REF] since it has not been assessed for each subject. The cumulative loads of D-Xylose absorbed were also estimated by the calculation of the time-dependent area under curve (AUC) of Ra D-Xylose.

Calculations and statistics

Results were expressed as mean ± SEM for curves and mean ± SD for histograms, as specified. Areas under the curve (AUC) were calculated during the defined periods following ingestion by the trapezoidal method. GraphPad Prism® 8 software was used for the graphical visualization and calculations.

Continuous variables were analyzed with paired Student's t-test or Ordinary One-Way ANOVA Tukey's post-hoc test, as specified. Dynamic variables during meal tests between groups or models were compared using a Two-Way ANOVA or a Mixed-Effects model with Sidak post-hoc test for multiple comparisons. The presence of interactions between variables were systematically assessed.

The peripheral insulin sensitivity was assessed by the calculation of the Matsuda Index [START_REF] Matsuda | Insulin sensitivity indices obtained from oral glucose tolerance testing: comparison with the euglycemic insulin clamp[END_REF] (see Part 2).

The assessment of the insulin secretion was performed using the Disposition Index [START_REF] Utzschneider | Oral Disposition Index Predicts the Development of Future Diabetes Above and Beyond Fasting and 2-h Glucose Levels[END_REF], corresponding to the ratio between the Insulinogenic Index (IGI) and the Homeostasis Model Assessment of Insulin Resistance (HOMA-IR).

IGI = [Insulinemia (t = 30) -Insulinemia (t = 0)] / [Glycemia (t = 30) -Glycemia (t = 0)], as previously described (Singh, 2010) (see Part 2).

HOMA-IR = [Glycemia (t=0) (mg/dL) × Insulinemia (t=0) (µUI/mL)]/405, as previously described [START_REF] Matthews | Homeostasis model assessment: insulin resistance and beta cell function from fasting plasma glucose and insulin concentrations in man[END_REF]. The HOMA-IR is an index of insulin resistance at a steady state. The relationship between glucose and insulin in the basal state reflects the balance between hepatic glucose output and insulin secretion, which is maintained by a feedback loop between the liver and βcells.

Disposition Index = IGI/HOMA-IR. It provides thus a reflect of beta cell function adjusted on insulin sensitivity.

Univariate correlations between postprandial glucose response and intestinal glucose absorption were tested using Pearson coefficients. Multivariable linear regression models with intercept were used to examine the independent contribution of intestinal glucose absorption, insulin sensitivity and early insulin secretion on postprandial glycemic response in each case. For multivariate analyses, the variables were centered-reduced.

The significance level was established for p<0.05.

III. Results

Variation of intestinal D-Xylose absorption according to glycemic status

Concerning healthy minipigs, all the quartiles were all constituted of more females than males and were not different in terms of weight. Fasting glycemia, fasting insulin, HOMA-IR and the two indexes of insulin secretion Insulinogenic Index and Disposition Index were also not different. Concerning humans, there were more females than males in the TD2, IGT and NG groups (respectively 61 %, 70 % and 63 %) whereas the sex ratio was balanced in the Lean group. The patients were aged 49.6 ± 9.0, 45.6 ± 11.2, 41.0 ± 11.6 and 38.7 ± 6.1 years respectively in the T2D, IGT, NG and Lean groups. The mean BMI for the patients included in the ABOS cohort was around 45.5 kg/m 2 . The diabetes duration in the T2D groups was 8.3 ± 10.6 years and 90 % of these patients benefited from at least one antidiabetic medication, of which 32 % was insulin. Additionally, 78 %, 57 % and 54 % of the patients belonging respectively to the T2D, IGT and NG groups showed signs of dyslipidemia and 82 % (for T2D), 67 % (for IGT) and 39 % (for NG) exhibited symptoms of hypertension.

The patients of the T2D presented the highest postprandial glycemic excursions at 30, 60 and 180 min (p<0.0001), associated with the highest amount of glucose absorbed at 30 (p<0.05), 60 (p<0.005) and 180 min. They also presented the highest fasting insulin (p<0.0001) and a noticeable insulin resistance, as highlighted by the HOMA-IR (p<0.0001) and the Matsuda Index (p<0.0001), associated with the lowest abilities of insulin secretion, as shown by the Insulinogenic Index (p<0.05) and the Disposition Index (Table 5).

The evolution of postprandial glucose and insulin response of respectively healthy minipigs and human subjects were described in the Figure 74.

As explained previously, the healthy minipigs were stratified in four quartiles according to the value of their 30-min Incremental glycemia. Globally, the minipigs from the highest quartiles showed the highest values of postprandial glycemia whereas those from the lowest showed the lowest values (p<0.0001) (Figure 74A). Additionally, the highest insulin response was observed in the highest quartiles and the lowest one in the lowest quartiles (71.2 ± 11.8 µIU/mL for the Last Quartile compared to 25.9 ± 6.9 µIU/mL for the First Quartile, p<0.05), with a significant interaction between the time of the MMT and the insulin levels (p<0.005) (Figure 74B).

For human subjects, postprandial glucose differed in accordance with the phenotype of the patients (p<0.0001). However, no significant difference was observed between the NG and the Lean group (Figure 74C). Insulin levels differed according to the glycemic status (p<0.005) (Figure 74D).

In healthy minipigs, Ra D-Xylose values were globally significantly the highest in the highest quartiles (p<0.0001), with a significant interaction between the time of the meal and the quartile (p<0.0001).

(Figure 75A). Consequently, the corresponding cumulative amount of D-Xylose absorbed during the meal were also the highest in the Last and Third quartiles compared to the Second and the First (p<0.0001), with a significant interaction between the time of the meal and the quartile (p<0.0001) (Figure 75B).

In human subjects, we observed higher Ra D-Xylose values in patients from the T2D and the IGT groups compared to those from the NG and the Lean groups, with a significant interaction between the time of the meal and the glycemic status (p<0.0001) (Figure 75C).

Consequently, the cumulative amount of D-Xylose absorbed during the meal were also globally higher in T2D and IGT compared to NG and Lean people (p<0.005), with a significant interaction between the time of the meal test and the group (p<0.0001) (Figure 75D).

Time-dependent association between D-Xylose absorption and postprandial glucose response

We To resume, we found a positive association between the postprandial glucose response and intestinal D-Xylose absorption in healthy minipigs and human subjects with impaired glucose tolerance or type 2 diabetes (Figure 76).

In healthy minipigs, the 30-min Incremental glycemia was strongly correlated with the amount of D-Xylose absorbed at 30 min (r = 0.70, p<0.0001) (Figure 76A). The 60-min Incremental glycemia was correlated with the amount of D-Xylose absorbed at 60 min (r = 0.63, p<0.0001) (Figure 76B). In addition, the 180-min postprandial glycemic excursion was also positively correlated with the amount of D-Xylose absorbed at 180 min (r = 0.54, p<0.0001) (Figure 76C).

In subjects with impaired glucose tolerance or type 2 diabetes, we also found a substantial positive correlation between the amount of D-Xylose absorbed at 30 min and the 30-min Incremental glycemia (r = 0.64, p<0.0001) (Figure 76D) and between the amount of D-Xylose absorbed at 60 min and the 60-min Incremental glycemia (r = 0.54, p<0.0001) (Figure 76E). However, we found a weak correlation between the amount of D-Xylose absorbed at 180 min and the global 180-min postprandial glycemic excursion (r = 0.29, p<0.0001) (Figure 76F). Pearson coefficients, p<0.0001. iAUC = Incremental area under curve.

Finally, we evaluated the respective contribution of insulin sensitivity (with the Matsuda Index), insulin secretion (with the Disposition Index) and intestinal D-Xylose absorption (with the AUC Ra D-Xylose) on postprandial glucose response using multivariate linear regression models in health and impaired glucose tolerance context. Multivariate analyses were thus performed in healthy minipigs and in subjects from IGT or T2D groups (Figure 77).

All the estimates of the variables, their corresponding 95 %-confidence interval and p-value as for as the r 2 of the models were exposed in Table 6. V. Discussion

Summary of the obtained results

Using one of our models (the "Calculation" one), we assessed the pattern of intestinal D-Xylose absorption in a cohort of healthy minipigs and in human subjects with varying glycemic status in order to explore its clinical value in glucose metabolic disorders.

Our study showed a positive correlation between postprandial glycemic response and intestinal D-Xylose absorption in healthy minipigs. In patients, the same results were observed: the more altered the glycemic status, the greater the intestinal D-Xylose absorption. In these patients, the important would not be an explicative factor of an increase in postprandial glucose response in the early step but rather in the middle phase and in globality; and finally, intestinal glucose absorption would be an explicative factor of an increase in postprandial glucose response in all the phases, including the overall response, as in healthy individuals.

Consistency with the literature data

Only a few studies in the past compared variations of intestinal glucose absorption according to variations in glycemic status. The duodenal SGLT1 level and the postprandial glucose response in healthy individuals were successfully demonstrated to be positively correlated. IGT or T2D patients in particular showed a higher expression (Fiorentino et al., 2017). Another study using oral glucose tolerance tests and isotopic tracers of glucose revealed that subjects with type 2 diabetes had higher peaks of absorption and higher amounts of glucose absorbed than subjects with obesity but not type 2 diabetes [START_REF] Camastra | Long-Term Effects of Bariatric Surgery on Meal Disposal and b-Cell Function in Diabetic and Nondiabetic Patients[END_REF].

To the best of our knowledge, no study has previously examined how intestinal glucose absorption quantitatively affects the postprandial glucose response in a pathological context. However, because the peak of insulin secretion occurs at an early stage of the postprandial phase and that the uptake of glucose by the insulin-sensitive tissues takes place in a later step, our results of the multivariate analyses were consistent with the pathophysiological data of the postprandial glucose response [START_REF] Ferrannini | The Disposal of an Oral Glucose Load in Healthy Subjects[END_REF][START_REF] Taylor | Direct measurement of change in muscle glycogen concentration after a mixed meal in normal subjects[END_REF].

Additionally, intestinal glucose absorption was shown to be one of the major determinants of the postprandial glucose response at 1 hour as well as at 2 hours in healthy subjects, supporting our findings (Tricò et al., 2019b). This study also highlighted the significant impact of peripheral insulin sensitivity and insulin secretion on the 1-hour postload, which we did not observe in our cohort of minipigs. The modeling was somewhat different because we used clinical indexes to assess beta cell function and insulin sensitivity. Beta cell function was modeled by Tricò and colleagues using the beta cell rate sensitivity (Mari and Ferrannini, 2008), and the calculation of the glucose clearance normalized by the insulin excursion was used to estimate the peripheral insulin sensitivity [START_REF] Tricò | Mechanisms through which a small protein and lipid preload improves glucose tolerance[END_REF]. The Matsuda Index and Disposition Index, which we used as indexes, are more suited to a pathological context, which may be why they were not found to be contributors to the postprandial glucose response in healthy animals.

Our study has an advantage over the one of Tricò and colleagues because we used a mixed meal test rather than a glucose solution, which put us in more physiological conditions. In fact, the Glycemic Index of a meal has a significant impact on intestinal glucose absorption [START_REF] Péronnet | Plasma glucose kinetics and response of insulin and GIP following a cereal breakfast in female subjects: effect of starch digestibility[END_REF]. Our experimental conditions here were similar to those of a physiological meal, allowing us to confidently extrapolate our results to what appears during a usual meal.

Intestinal D-Xylose absorption and splanchnic uptake of D-Xylose

The appearance of exogenous glucose in the peripheral circulation includes intestinal glucose absorption minus the splanchnic uptake of glucose. In fact, up to 30 % of the ingested glucose is metabolized by the splanchnic tissues or stored in the liver into glycogen before reaching the peripheral circulation [START_REF] Abumrad | Absorption and disposition of a glucose load in the conscious dog[END_REF][START_REF] Defronzo | Regulation of splanchnic and peripheral glucose uptake by insulin and hyperglycemia in man[END_REF]. Additionally, a decrease in splanchnic glucose uptake has been described in type 2 diabetes [START_REF] Basu | Type 2 diabetes impairs splanchnic uptake of glucose but does not alter intestinal glucose absorption during enteral glucose feeding: additional evidence for a defect in hepatic glucokinase activity[END_REF][START_REF] Ludvik | Evidence for decreased splanchnic glucose uptake after oral glucose administration in non-insulin-dependent diabetes mellitus[END_REF], which may have increased the presence of exogenous glucose in the peripheral circulation, and it was not examined in our cohorts.

In our study, we only measured the portion of D-Xylose metabolized by the liver (7 %) but we did not quantify the splanchnic uptake of D-Xylose (see Part 3 of the thesis). However, this low percentage allowed us to hypothesize that the splanchnic D-Xylose uptake would occur at a much lower rate than the one of glucose. It lets us believe that Ra D-Xylose is actually really close to the rate of intestinal D-Xylose absorption. Consequently, we are confident that, in our study, patients with postprandial hyperglycemia presented in fact higher intestinal D-Xylose absorption rather than lower splanchnic D-Xylose uptake.

Rate of absorption and gastric emptying

It has been yet established that the postprandial glucose response in patients with NG, IGT, and T2D at 30 min during an oral glucose challenge was influenced by the rate of gastric emptying. In patients with IGT and T2D, the rate of gastric emptying also contributed to the postprandial glucose response at 60 min (Chinmay S. Marathe et al., 2015). Furthermore, it is well-known that the rate of gastric emptying is positively correlated to the rate of glucose absorption, contributing to postprandial glucose excursions [START_REF] Wu | Role of intestinal glucose absorption in glucose tolerance[END_REF].

According to these elements, we could wonder if the accelerated rate of absorption we discovered in some quartiles of minipigs and in patients with IGT and T2D would be due to an accelerated gastric emptying.

In Part 4 of the thesis, we demonstrated that the rate of gastric emptying accelerates the systemic appearance of D-Xylose, but not the total amount absorbed. This means that an accelerated gastric emptying may have contributed to the increase in glucose absorption that was seen in our study at 30 and 60 minutes. However, it would not be the (only) cause because the overall intestinal glucose absorption was also increased (see Part 4).

This phenotype could potentially be explained by an increase in the levels of SGLT1 in the proximal intestine (Fiorentino et al., 2017) or the absence of subjects carrying SGLT1 variants with lower functionalities (Seidelmann et al., 2018). Another investigation in our lab is currently being conducted (by Simon Peschard) to show a causal link between carrying these dysfunctional SGLT1 variants and having a decreased postprandial glucose response. Perhaps the patients in the NG group of our cohort would be numerous carriers of these variants, keeping them from developing diabetes. To the best of our knowledge, these pig variants have not yet been mentioned.

Intestinal glucose absorption: an early/causal factor in type 2 diabetes onset?

The findings in the healthy minipigs were especially intriguing because they suggested that intestinal glucose absorption would be the only mechanism explaning the variability of postprandial glucose response, which is not really described in the literature.

It is interesting to note that animals presenting the highest intestinal D-Xylose absorption, and consequently postprandial glucose response, also presented the highest postprandial insulin response.

This may explain why the Matsuda Index calculation revealed significant differences between quartiles, suggesting first a lower insulin sensitivity in the highest quartiles.

Previous studies [START_REF] Bianchi | Elevated 1-Hour Postload Plasma Glucose Levels Identify Subjects With Normal Glucose Tolerance but Impaired β-Cell Function, Insulin Resistance, and Worse Cardiovascular Risk Profile: The GENFIEV Study[END_REF][START_REF] Jagannathan | Elevated 1-Hour Plasma Glucose Levels are Associated With Dysglycemia, Impaired Beta-Cell Function and Insulin Sensitivity: Pilot Study From a Real World Health Care Setting[END_REF][START_REF] Marini | Insulin sensitivity, β-cell function, and incretin effect in individuals with elevated 1-hour postload plasma glucose levels[END_REF] successfully demonstrated that healthy individuals with high postprandial glucose excursions showed signs of alteration of insulin secretion and peripheral insulin sensitivity. But it seems to be the contrary in our case: postprandial insulin response seems to be the consequence of a high postprandial glucose response, due to a high absorption, as is seen after a meal with a high Glycemic Index [START_REF] Ludwig | The Glycemic Index: Physiological Mechanisms Relating to Obesity, Diabetes, and Cardiovascular Disease[END_REF].

Additionaly, we performed the same work but in stratifying the minipigs on D-Xylose absorption instead of incremental glycemia (data not shown). These results showed no significant differences in insulin profil, confirming that intestinal glucose absorption would be the only factor explicating the interindividual variability of postprandial glucose response.

These findings showed that, despite eating a standard meal, there is a significant heterogeneity in the intestinal glucose absorption and consequently, in postprandial glucose response. It thus supports the mechanism of intestinal glucose absorption as a causal determinant responsible for the rise in postprandial glycemic response and thus very early in the progression of type 2 diabetes, before the occurrence of the alteration of insulin sensitivity and secretion, even though the causality relationship was not clearly demonstrated here.

Limitations of the study 6.1 Human indexes of insulin sensitivity and secretion in a Minipig model

The use of human indexes of insulin sensitivity (Matsuda Index) and beta cell function (Disposition Index) is one of the limitations of the study. The applicability of these indexes in minipigs has not been proven.

Furthermore, since metabolic disorders in this species are extremely challenging to induce, the notion of insulin resistance and impaired insulin secretion in pigs is relative (see Part 2 of the thesis). This could explain why intestinal glucose absorption is the only explicative factor of the variability in postprandial glucose response in this cohort. The same analysis performed on a larger cohort of healthy humans would be intriguing to investigate. As previously stated (Tricò et al., 2019b), it is likely that human subjects who exhibit a high postprandial glycemic response also exhibit early signs of impaired insulin sensitivity and secretion.

Additionally, rather than assessing insulin secretion and response in relation to time, the Matsuda Index and the Disposition Index reflect a mean state of insulin sensitivity and beta cell function on an entire meal. It keeps these factors steady throughout the meal rather than being time-dependent like intestinal glucose absorption.

Hepatic insulin sensitivity

In this study, we did not assess hepatic insulin sensitivity. There are not many trustworthy indexes that can measure hepatic insulin sensitivity without using glucose-labeled meal tests.

Abdul-Ghani and colleagues have suggested a different index of hepatic insulin resistance. The 30-min AUC between blood glucose and insulin was multiplied to create the Hepatic Insulin Resistance Index (HIRI) [START_REF] Abdul-Ghani | Muscle and Liver Insulin Resistance Indexes Derived From the Oral Glucose Tolerance Test[END_REF]. Because both the 30-min AUC of glucose and insulin depend on intestinal glucose absorption, it is likely that the HIRI is not entirely specific for hepatic insulin resistance, which would have rendered its use irrelevant for our analyses.

Splanchnic glucose uptake

As previously stated, because we did not assess it, we cannot completely rule out the possibility that a decrease in splanchnic glucose uptake contributed to the rise in Ra D-Xylose in the minipigs from the highest quartiles and in patients with IGT and T2D.

D-Xylose is thought to be poorly absorbed by the splanchnic tissues, making its occurrence in the bloodstream generally comparable to that of the portal vein. We did not measure this uptake, but a small group of minipigs could have had blood obtained simultaneously during MMT from the portal and external jugular vein to confirm it. Due to the difficulty in collecting blood from the portal vein in vigil animals, we decided against conducting this experiment for ethical reasons.

Gastric emptying

Furthermore, there was no data on gastric emptying assessment in healthy minipigs or human subjects from our cohorts. As a result, we were unable to evaluate any potential differences in the rate of gastric emptying between the quartiles of minipigs and patient groups. We can exclude its implication for the variations of the amount of glucose absorbed at 180 min between the groups, but not confirm or refute its role concerning the variations observed at 30 and 60 min.

Causal relationship

Finally, we did not demonstrate in this part of the thesis the existence of a causal relationship between intestinal glucose absorption and type 2 diabetes occurrence, even if it was clearly suspected here.

V. Conclusion

In this section of the thesis, we demonstrated the clinical relevance of using D-Xylose in context of glucose metabolic disorders. We thus confirmed the association between intestinal D-Xylose absorption and postprandial glucose response in health and status with postprandial hyperglycemia.

Independently of insulin sensitivity and secretion, we showed that intestinal glucose absorption was the only determinant of the variations in postprandial glucose response in healthy minipigs at any time of the meal. In addition, intestinal glucose absorption contributed to the early, middle, and overall postprandial glucose responses in patients with an altered glycemic status, in addition to a decline in beta cell function and an increase in insulin sensitivity (Figure 78).

Our findings support the causal relationship between high intestinal glucose absorption and high postprandial glucose response, even we did not demonstrate it. In this section, the critical role of intestinal glucose absorption in the pathophysiology of type 2 diabetes was once again reaffirmed.

Consequently, we highlighted the relevance of its assessment to better predict the evolution of the disease and to use it as a therapeutic target. Lowering glucose absorption by nutritional, pharmacological, or surgical approaches appears thus as a strategy to be privileged in order to achieve an improvement of postprandial glucose homeostasis. Intestinal glucose absorption is an important determinant of postprandial glucose response and its routine assessment may inform precision medicine for the prevention and treatment of type 2 diabetes. The subject of the thesis was thus to model intestinal glucose absorption with oral D-Xylose test for confirming its contribution on postprandial glucose response.

We first have presented the supporting evidence from the literature. Secondly, we tried to develop a minipig model of type 2 diabetes, a species particularly resistant to the disease, by combining existing methods with novel approaches. Performing massive overabsorption of glucose and lipids was the only way to obtain a minipig model of metabolic syndrome with first signs of impaired glucose tolerance.

These findings therefore support that an increased intestinal glucose absorption would take part to type 2 diabetes pathophysiology, independently of primary insulin resistance and impaired insulin secretion.

Then, we developed and validated new models of in vivo intestinal glucose absorption measurement from oral D-Xylose test in minipigs. Some models are computational and work is still in progress to refine and adapt them to patients with type 2 diabetes.

Moreover, we challenged D-Xylose appearance in experimental models and demonstrated its specificity to show variations in intestinal glucose absorption, confirming it as a reliable biomarker. We particularly showed that a rapid gastric emptying accelerates the rate of absorption, but not the total amount absorbed over a meal, allowing us to rule out gastric emptying as a possible factor in the rising amounts of D-Xylose absorbed over a prolonged meal period. We did not totally elucidate the contribution of gastric emptying to explain the differences seen on early postprandial glucose response between healthy individual and those with type 2 diabetes but our data support the existence of intestine-specific factors. It could have been interesting to assess if SGLT1 levels differed according to glycemic status (Fiorentino et al., 2017) and the eventual existance of hypofunctional SGLT1 variants in our cohort associated with lower postprandial glucose response (Seidelmann et al., 2018).

Our research also supported the interest in using 1-hour postprandial glucose as a predictor of type 2 diabetes occurrence [START_REF] Bergman | Lessons learned from the 1-hour post-load glucose level during OGTT: Current screening recommendations for dysglycaemia should be revised[END_REF]. The 30-min postprandial glucose concentration may also be a time of interest because: it frequently coincides with the peak of glycemia in healthy individuals;

the contribution of intestinal glucose absorption is quantitatively major at this time whatever the glycemic status; and gastric emptying is associated at this time in a similar manner in all the glycemic status (Chinmay S. Marathe et al., 2015).

As perspectives of this study, it remains to totally develop a computational model for intestinal glucose absorption assement in humans from oral D-Xylose test, allowing the determination of all the pharmacokinetics parameters of postprandial D-Xylose turnover. For this objective, human data following D-Xylose intrajejunal administration are still lacking and are not available from the literature.

For this purpose, it thus could be interesting to performed mixed meal tests with D-Xylose in patients benefiting from duodeno-or jejunostomy.

We could additionally confirm the molecular mechanism of D-Xylose absorption by SGLT1 in the apical pole of the enterocytes and by GLUT2 in the basal pole. We have already demonstrated a correlation between the quantity of D-Xylose absorbed at 30 min during a meal test and the jejunal level of expression of SGLT1 in the ABOS cohort (r = 0.41, p < 0.005, data not shown). Consequently, we could confirm the causal association between the absorption of D-Xylose and the jejunal expression of SGLT1 by mendelian randomization, as previously performed between hypofunctional SGLT1 variants and postprandial glucose response by Seidelmann and coworkers (Seidelmann et al., 2018) and also in our team by Simon Peschard and coworkers. We could also complete these analyses in using in vitro models of intestinal organoïdes or CaCo2 cell lines associated with phlorizin and phloretin, that respectively inhibit SGLT1 and GLUT2 transporters, in order to confirm the transport of D-Xylose by this way. We could also perform mixed meal tests with D-Xylose in in vivo mouse models knout-out for SGLT1 and GLUT2 genes to see if postprandial D-Xylose excursion is effectively blunted in these models.

As other perspective, we could also develop a computational model allowing to determine kinetics of gastric emptying in using oral D-Xylose test. Consequently, we could retrospectively assess gastric emptying in ABOS cohort, definitively dissociate gastric emptying from intestinal absorption and then study the respective quantitative time-dependent contribution of gastric emptying and intestinal glucose absorption on postprandial glucose response.

Finally, D-Xylose could be use for the evaluation of the efficacy of new drugs aiming at inhibiting intestinal glucose absorption, such as metformin [START_REF] Zubiaga | Oral metformin transiently lowers post-prandial glucose response by reducing the apical expression of sodium-glucose co-transporter 1 in enterocytes[END_REF] or selective SGLT1 inhibitors.

In conclusion, assessing intestinal glucose absorption with D-Xylose would therefore be relevant in addition to the early postprandial glucose measurement. This variable would play a discriminant role for type 2 diabetes prediction, diagnosis as well as for personalized therapy. Subjects with high glucose absorption would be especially receptive to nutritional, pharmacological, or surgical therapies that aim at decreasing intestinal glucose absorption, such as SGLT1 inhibitors or metabolic surgery.

Consequently, we could envision future research using D-Xylose to assess the impact of dietary, medical, or surgical interventions meant to reduce intestinal glucose absorption and consequently reduce postprandial glucose excursions.

To resume, assessing intestinal glucose absorption in patients with disorders of glucose homeostasis would therefore enable enlarging the therapeutic range to better achieve precision health.

Body Text Introduction

Administration of efficient analgesia to research animals is guided by the ethical and regulatory principle of Refinement. The optimal analgesia has to be safe, effective and easy to use. However, obtaining a good and constant pain control without side effects remains challenging.

Gold-standard perioperative pain management consists of opioid analgesic administration.

Nonsteroidal anti-inflammatory drugs are good antalgics but opioids have a better effect against pain as analgesics. Moreover, they indeed induce no anti-inflammatory bias compared to them (1).

Buprenorphine is currently the most used opioid analgesic in laboratory rodents and pigs (2,3).

However, its efficiency after a single injection at the recommended dose lasts no more than 8-12 hours in different species (4,5). This involves repeated stressful and painful invasive intramuscular injections that can alter biological parameters and cause bias in scientific results (5).

Fentanyl is a strong agonist of μ-opioid receptors with 100-fold superior potency than morphine (6).

Transdermal administration systems have been developed, such as extended-release patches, that provide continuous systemic delivery for up to 72 hours (6)(7)(8)(9). Its efficacy is discussed in some large mammals, especially in pigs, because of the low adherence to the skin or the risk of ingestion (1,7,(9)(10)(11)(12).

Recuvyra® (Lilly-Elanco, Neuilly-sur-Seine, France) is a veterinary Fentanyl Transdermal Solution (FTS) validated for topical use in dogs. Drug marketing approval has been validated with efficient analgesia throughout 4 postoperative days with a single application at 2.6 mg/kg (13)(14)(15)(16). A single application providing long-term analgesia would be highly beneficial and useful in animal research.

Several previous studies demonstrated the efficacy of this FTS in pain control in rats (17), non-human primates (1,18) and sheep (12). However, no study in pigs has been published yet. Our study consisted in testing the long-term effect of a single dose of FTS in pigs by evaluating its pharmacological and clinical efficacy in order to validate its use in this species.

Materials and Methods

Ethical statement

The 

Animals and housing

Eleven healthy 1-year adult male (n=6) and female (n=5) minipigs Göttingen-like weighing 39.0 ± 3.7 kg (Pannier, Wylder, France) were used for the study: it is a local strain of minipig crossed more than 30 years ago with the Göttingen strain. All animals were housed and enriched in individual boxes in conventional conditions. Water was provided ad libitum and food was given twice a day. The light/dark cycle was 12 hours of light and 12 hours of darkness with a temperature between 19 and 24°C. Pigs benefited from a 15-day acclimatization period.

Study design

A preliminary step (n=5) was first performed to optimize the adequate dose to administrate: two pigs at full dose (2.6 mg/kg) and three pigs at half dose (1.3 mg/kg), as previously described (18). Plasma fentanyl levels were determined. Then, the analgesic effect was studied at half dose in a surgical context of laparotomy (n=6). Plasma fentanyl concentrations, clinical examinations and pain assessments were performed throughout 8 days.

Anaesthesia and surgical interventions

Anaesthesia

All surgical procedures were performed under general anesthesia, after an overnight fasting:

premedication with synergistic intramuscular injection of xylazine (3 mg/kg, Sedaxylan®, Dechra Pharmaceutical PLC, France) and ketamine (5 mg/kg, Ketamine 1000®, Virbac, Carros, France), then isoflurane (0.5 to 2%, IsoFlo, Zoetis, Malakoff, France) after endotracheal intubation.

Implantation of a Central Venous Catheter

To allow blood sampling, a Central Venous Catheter (CVC) was surgically applied 1 week before the FTS application. Skin and muscle were incised in the neck area and the external jugular vein was exposed. The catheter (Hickman* 9.6F Single-Lumen CV Catheter, Bard Access System, Salt Lake City, USA) was tunnelized across the subcutaneous tissue from the incision zone to the dorsal area of the neck, implanted and fixed to the vein (Vicryl Bobine 2/0, Ethicon, Issy-les-Moulineaux, France).

Muscular and cutaneous layers were then closed by simple overlock (respectively Polysorb 2/0, Medtronic, Pont-de-Claix, France and Mersilene 1, Ethicon, Issy-les-Moulineaux, France). Analgesia was assured by a pre-operative intramuscular injection of buprenorphine (15 µg/kg, Bupaq, Virbac, Carros France).

Surgical interventions with laparotomy

The pigs included in this study underwent 2 different surgical interventions including a laparotomy: tissue biopsies for 3 pigs and tissue biopsies associated with a portal vein catheter implantation for 3 pigs. The abdominal wall was then closed by simple overlock in 3 layers: peritoneum and muscles (PDS 1, Ethicon, Issy-les-Moulineaux, France), subcutaneous (Polysorb 2/0, Medtronic, Pont-de-Claix, France) and cutaneous (Mersilene 1, Ethicon, Issy-les-Moulineaux, France). The two same vet surgeons performed the laparotomies, including one with 20 years of surgical practice in this field. These surgical procedures lasted about 2 hours from the surgical incision to the abdominal wall closure and all the good surgical practices, such as good aseptic conditions, mini-invasive laparotomy, hemostasis management with electrosurgery and analgesics were performed.

Fentanyl application

The FTS was blotted around 45 minutes before the surgical incision on the skin in the dorsal interscapular region. The adequate volume of solution was administrated using the specific micropipette provided.

Daily clinical monitoring and pain assessment

Evolution of body weight, food intake, body temperature and heart rate were evaluated by a veterinary surgeon. Manifestations of narcotization were assessed by using a sedation score scale, as previously described in dogs ( 14), from 0 (absence of sedation) to 4 (coma). Pain assessment was measured by two out of three evaluators using a visual analogue scale (from 0 to 100) previously established in pigs using 5 different criteria ( 19): 1/ Level of quietness, 2/ Response to touch, 3/ Ability to ambulate, 4/ Vocalization, 5/ Overall pain level assessment. The higher the score, the more intense the perceived pain. Clinical monitoring and pain assessments were performed 6 hours after the FTS administration, twice a day (9 am and 4 pm) during 3 days, and then once a day (9 am) until the end of the follow-up.

Blood sampling and conservation

Preliminary step: blood samples were collected by the CVC after the FTS administration every hour during the first 8 hours and every morning until day 4. Surgical step: blood sample collection was performed every hour during the first 6 hours and every morning until day 7. Blood was collected into 6-mL lithium-heparin blood tubes, centrifugated at 4000 rpm at 4°C for 10 minutes before the plasma was recovered and stored at -80°C until analysis.

Fentanyl analysis

Pig plasma was pH-adjusted and the analytes were extracted by using a liquid-liquid extraction technique. Analysis was performed using liquid chromatographic separation, positive-ion electrospray and tandem mass spectrometry for detection (limit of detection and quantification are 0.08 and 0.1 ng/mL, respectively).

Results

All pigs remained healthy and no surgical complication appeared during the postoperative period.

Some adverse events (hyporeactivity, moderate agitation, tachycardia, hyperthermia, polypnea and ataxia) appeared during the preliminary step (non-operated) and lasted no more than 24 hours. No animal required an antagonization by naloxone.

Preliminary step

Evolution of the fentanyl concentrations at full (2.6 mg/kg) and half (1.3 mg/kg) doses are reported in The half dose was thus chosen for the next step of the study. 0.09 ng/mL), and even up to 7 days (0.25 ± 0.03 ng/mL) (Figure 2B).

Perioperative period

Fentanyl concentrations

Clinical parameters

No weight loss was noticed at the end of the study (41.5 ± 3.9 kg vs 41.3 ± 3.6 kg before surgery). Pigs were fasted at day 0 and recovered more than 75% of the initial food intake by day 3 (598 ± 121.5 g vs 775.5 ± 10 g before the surgery). Heart rate and body temperature followed physiological values throughout the whole study. Two pigs had a sedation score of 1 and 4 pigs a score of 0.5 24 hours after the FTS administration. Sedation scores were 0 for all pigs from day 2.

Pain assessment

The surgical procedure was classified as moderate. The pain scores evaluated by the visual analogue scale were subjective, so the sensitivity of the score depends on the sensibility of the evaluator.

However, we can considerate the pain as low with a score lower than 30, as moderate with a score between 30 and 60 and as severe with a score higher than 60. Pain score results concerning each of the 5 criteria are shown in Figure 3 (mean ± SEM). Maximum scores for the criteria 3 and 5 (36 ± 11 and 30 ± 2, respectively) were achieved 6 hours after the FTS and maximum scores for the criteria 1, 2, and 4 (18 ± 4, 12 ± 3 and 10 ± 3, respectively) were observed 24 hours after the surgery (Figure 3).

From 48 hours after the surgery, all scores were below 14 ± 2 (obtained on criterion 5) (Figure 3). Results: After the 2-month HFHSD, there was no discernible change between the GL and O minipigs. The pancreatectomized group in GL minipigs showed a significantly lower Acute Insulin Response (AIR) (18.3 ± 10.0 IU/mL after Px vs. 34.9 ± 13.7 IU/mL before, p < .0005). In both long-term intraportal infusion groups, an increase in the Insulinogenic (IGI) and Hepatic Insulin Resistance Indexes (HIRI) was found with a decrease in the AIR, especially in the pancreatectomized group (IGI: 4.2 ± 1.9 after vs. 1.5 ± 0.8 before, p < .05; HIRI (×10 -5 ): 12.6 ± 7.9 after vs. 3.8 ± 4.3 before, p < .05; AIR: 24.4 ± 13.7 µIU/mL after vs. 43.9 ± 14.5 µIU/mL before, p < .005). Regardless of the group, there was no fasting hyperglycemia.

Conclusions:

In this study, we used pancreatectomy followed by long-term intraportal glucose and lipid infusions to develop an original minipig model with metabolic syndrome and early signs of glucose intolerance. We reaffirm the pig's usefulness as a

| INTRODUC TI ON

Type 2 diabetes, one of the major diseases of the twenty-first century, has an elevated prevalence (10.5% of the global population). 1 The World Health Organization (WHO) defines this disease as reaching a glycemia over 126 mg/dL after 8 h of fasting, twice validated, or over 200 mg/dL following an oral glucose tolerance test. 2 Currently, it is understood that a variety of pathophysiological processes plays a role in the onset of type 2 diabetes 1,3 : decrease of insulin secretion, insulin resistance as a result of an imbalanced intake of carbohydrates and lipids and "thrifty genotype". 4 Additionally, type 2

diabetes is highly heterogenous and can be divided into five novel subtypes: severe autoimmune diabetes (related to type 1 diabetes), severe insulin-deficient diabetes, severe insulin-resistant diabetes, mild obesity related diabetes and mild-age related diabetes. 5,6 Due to the disease's polymorphism, type 2 diabetes research needs the appropriate preclinical models in order to better understand pathophysiological pathways and create innovative, effective therapeutic approaches.

The most effective interventional treatment for type 2 diabetes in obese patients nowadays is metabolic surgery, 7-10 which enables an early diabetes remission independent of weight loss. 11-14 Current research on metabolic surgery is concentrated on understanding the link between the physiological changes that occur after intervention and the clinical benefit as well as on the development of new methods intended to improve the metabolic phenotype by reducing the associated complications. 15 However, using preclinical models in which the surgical procedure may be easily applied to humans is one of the issues with metabolic surgery research. Porcine models have more translational value than rat models, even if rats are more often employed as preclinical models of metabolic surgery. 16-19 Pigs are in fact omnivorous and are similar to humans concerning the morphology and the physiology of their gastrointestinal tract, pancreas, propension to obesity and sedentary, metabolic biomarker levels and drug pharmacokinetics, 20,21 making it a particularly suitable preclinical model for these kinds of studies.

However, the creation of type 2 diabetes itself is the main problem with the preclinical pig model.

Current commercial pigs for meat production are the results of generations of selective breeding that targeted a phenotype able to store energy for later consumption by humans, likely making them protected against the deleterious effects of a "diabetogenic" environment. 22 But some minipig strains, such as the Göttingen one, on which the physiology of insulin secretion is similar to humans, 23,24 or the Ossabaw, recognized to be a natural model of metabolic syndrome, 25 were found to be more susceptible to metabolic issues. Because of this, various studies have attempted in the past to develop preclinical diabetic pig models from these strains. A number of strategies have been tried, including: a surgical strategy involving total or subtotal pancreatectomy, which results in a strong reduction in insulin secretion but has no effect on insulin sensitivity 26-28 ; a chemical strategy involving the use of beta-cell toxins, such as streptozotocin or alloxan, with variable results and significant hepato-and nephrotoxicity 29-33 ; dietary interventions with a High-Fat, High-Sucrose diet, resulting in an insulin-resistant and obesity-related phenotype but not type 2 diabetes 34-38 ; and genetic engineering, which can produce customized pig models 39-41 but is logistically challenging and may have unintended consequences. 42 In conclusion, no true type 2 diabetic pig with fasting hyperglycemia and insulin resistance conforming to type 2 diabetes definition has been created so far.

In the current study, we considered additional approaches involving the combination of existing methods: an oral energetic overload (a High-Fat, High-Sucrose diet) and a subtotal pancreatectomy were separately performed and then also combined, intended to outperform the pancreas's regulatory capabilities. A parenteral approach using long-term intraportal glucose and lipid infusions, combined or not with a prior subtotal pancreatectomy, was also attempted. If the parenteral nutrition has already been set up to induce metabolic disorders in a piglet model, 43,44 it was, to our best knowledge, never tested in the adult pig as an approach to induce type 2 diabetes.

| MATERIAL S AND ME THODS

| Ethics statement

The 

| Animals and housing

The study included a total of 21 healthy 1-year-old minipigs: 4

Ossabaw minipigs (DTU, Lyngby, Denmark) and 17 Göttingen-like preclinical model for the metabolic syndrome but without the fasting hyperglycemia that characterizes diabetes mellitus. (Pannier, Wylder, France), weighing respectively 48.2 ± 1.9 kg and 31.7 ± 11.0 kg. Our local minipig strain, called Göttingen-like, was created more than 30 years ago as a consequence of an initial crossing with the Göttingen strain. To limit the metabolic differences related to the female hormonal cycle, only males were included. At the start of the protocol, animals were either surgically castrated or delivered castrated in the animal facility. All animals were housed and enriched in individual boxes in conventional conditions. Water was provided ad libitum and 400 g of standard food (Swine Engrais-F S25/T, Uneal Cooperative) was given twice a day. The composition of the standard diet was detailed in Table 1. The light/dark cycle was 12 h of light and 12 h of darkness with a temperature between 19 and 24°C. Pigs benefited from a 15-day acclimatization period.

| Study design

In this study, we wanted to create a preclinical pig model of type 2 diabetes that corresponds to the WHO definition. 2 This led to the combination of a partial pancreatectomy, a surgical method of insulin deprivation, with methods of energetic overload, via oral or intraportal administration. In order to determine which strain of minipigs was most suited for our strategy, we first assessed how both the Göttingen-like strain (n = 3) and the Ossabaw one (n = 4) responded to a 2-month High-Fat, High-Sucrose diet (HFHSD). We decided thereafter to discard the Ossabaw strain because Göttingen-like showed a phenotype closer to our expectations. Following this choice, we combined a subtotal pancreatectomy with 2 months of HFHSD in Göttingen-like minipigs (n = 6). Finally, we explored a different strategy by infusing intraportal glucose and lipids for 3 weeks as a parenteral energetic overload in two groups of Göttingen-like minipigs: in Group 1 (n = 4), no subtotal pancreatectomy was initially performed; in Group 2 (n = 4), a subtotal pancreatectomy was performed prior to the energetic overload. The impact of the subtotal pancreatectomy on glucose metabolism in the Göttingen-like strain was simultaneously examined (n = 10), including the animals subjected to the HFHSD following the pancreatectomy (n = 6) and those of Group 2 (n = 4). Figure 1 displays the general design of this research. France). This catheter remained throughout the duration of the procedure and was kept operational by administering 5 mL of physiological serum that had been heparinized (1 mL heparin at 5000 IU/mL for 250 mL NaCl 0.9%) after each usage or every 2 days if it was not.

| Subtotal pancreatectomy

By reclining the stomach cranially and the intestinal system caudally, the pancreas was made accessible. From the tail to the head, the dissection was carried out (splenic lobe). In the retroportal region, the connecting lobe was similarly dissected and largely removed. Before section and extraction, ligatures between the splenic and the duodenal lobes were performed, and TA B L E 1 Composition (in %) of the standard diet and the High-Fat High-Sucrose (HFHS) diet given to the minipigs. infusion's glycemia above 500 mg/dL. Each infusion was preceded by a 500 mg/kg bolus of 50% glucose solution to raise blood glucose levels to more than 500 mg/dL within 1 min. All the infusions were performed in an awake animal. for the other MMT. The meal had a 990-kJ energy density and contained 49 g of total carbohydrates, 13 g of fats, and 15 g of proteins.

On EDTA and heparinised tubes, blood samples were obtained before the MMT was administered (t = 0 min) and at various time intervals afterwards (t = 15, t = 30, t = 60, t = 90, t = 120, and t = 180 min).

| Intravenous glucose tolerance test (IVGTT)

Following an overnight fast, a 50-% glucose solution (G50®, B.

Braun, France) was intravenously administered into the CVC at a dose of 500 mg/kg. On EDTA tubes, blood samples were taken in the awake animal before (t = 0 min) and following the administration of glucose at t = 1, t = 3, t = 5, t = 10, t = 15, and t = 30 min.

Plasma was collected from each tube, centrifuged at 4000 rpm for 10 min at 4°C, and then stored at -80°C until analyses.

| Biological analyses

The amperometric glucose oxidase method was used to measure the level of glucose in blood (glucometer Accu-Chek Performa®, Roche, France, or Nova Biomedical StatStrip Xpress®, DSI, USA). A DXI Access Immunoassay System (Beckman Coulter) with an assay range between 0.3 and 300 μIU/mL was used to measure the plasma insulin concentrations, as previously mentioned. 47 Plasma lipid profile (total cholesterol, LDL, HDL and triglycerides) was assessed using an Abbott Architect C4000® clinical chemistry analyser.

| Calculations and statistical analyses

For data analysis, GraphPad Prism v8® software was employed. For curves, the results were expressed as mean ± SEM, and for histograms, as mean ± SD. Depending on the situation, paired or unpaired Student's t-tests were used to analyse the variables. A Two-Way ANOVA and Sidak post-hoc tests were used to compare blood glucose and plasma insulin levels during the MMT and IVGTT between the different strains of minipigs or between baseline and after diabetogenic interventions. For each comparison of blood glucose or insulin evolution during metabolic test, the effect of time of the metabolic test (called "time") and strain (Göttingen-like or Ossabaw, called "strain") or diabetogenic intervention ("HFHSD", "pancreatectomy", or "infusions") was systematically assessed. The presence of interaction between "time" and "strain" or "time" and "intervention" was also evaluated. The calculation of Insulinogenic Index was performed to evaluate the postprandial early insulin secretion as described 48 : [Plasma Insulin (t = 30)-Plasma Insulin (t = 0)]/[Blood Glucose (t = 30)-Blood Glucose (t = 0)], with plasma insulin in μIU/ mL and blood glucose in mg/dL. The hepatic insulin resistance was evaluated thanks to the Hepatic Insulin Resistance Index (HIRI) calculation as previously described, 49 by multiplication of the first 30min area under the curve between glucose and insulin concentration during MMT. The Acute Insulin Response (AIR), which describes the initial phase of insulin production following intravenous glucose stimulation, was computed by subtracting fasting insulin levels from the mean evaluation of plasma insulin levels at 1, 3 and 5 min. 50,51 3 | RE SULTS

| Choice of the Göttingen-like minipig strain after comparison with Ossabaw

The glucose metabolism of Göttingen-like (GL, n = 3) and Ossabaw (O, n = 4) minipigs was compared before and after a 2-month High-Fat High-Sucrose diet (HFHSD) in order to determine which strain was best suited for our procedure (Figure 2). Following the regimen, both strains notably gained weight (55.1 ± 4.3 after vs. 43.4 ± 6.4 kg before for GL, p < .05 and 62.8 ± 4.8 after vs. 48.2 ± 1.9 kg before for O, p < .01), corresponding to a weight gain of 26.9% for GL and 30.3% for O. Postprandial blood glucose concentrations (Figure 2A)

were generally lower but not significantly following HFHSD, while insulin concentrations (Figure 2B) did not differ in Göttingen-like minipigs. The intravenous glucose tolerance test (IVGTT) results

for glycemia (Figure 2C) and insulin (Figure 2D) did not change between the two steps. After HFHSD, Ossabaw minipigs showed a trend of lower postprandial blood glucose levels (Figure 2E) accompanied by a trend of higher insulin peak secretion (Figure 2F).

However, during the IVGTT, there were no discernible changes between the glucose decline (Figure 2G) and corresponding insulin concentrations (Figure 2H). Ossabaw minipigs' fasting blood glucose appeared lower than Göttingen-like ones at baseline, and it was significantly lower after HFHSD than those of Göttingenlike (70.0 ± 3.4 after vs. 79.0 ± 4.6 mg/dL before; p < .05) (Figure 2I).

Figure 2J shows a trend of increasing Insulinogenic Index for both strains after HFHSD, although there was no change in Hepatic Insulin Resistance Index (Figure 2K). p < .05). These findings indicated that Ossabaw minipigs had a better early insulin response than Göttingen-like minipigs. We thus decided to proceed with our strategy using the Göttingen-like strain.

| Reduction of acute insulin response after subtotal pancreatectomy in Göttingen-like minipigs

We assessed how a subtotal pancreatectomy affected glucose metabolism (Figure 3). After the surgical procedure, there was no rise in fasting blood glucose (Figure 3A). Mixed Meal Tests did not reveal any appreciable changes in blood glucose (Figure 3B) or insulin levels (Figure 3C). As a result, there was no change in the Insulinogenic Index (Figure 3D). When compared to before the intervention, the speed at which the glucose levels declined during the IVGTT following pancreatectomy was slower (blood glucose levels of respectively 175.1 ± 12.4 mg/dL after vs. 109.4 ± 13.1 mg/dL before at 30 min, p < .05) (Figure 3E). A significant interaction between "time" and "pancreatectomy" was thus reported (p < .05). Plasma insulin levels during IVGTT were significantly lower after pancreatectomy than at the baseline and especially at 3 and 5 min (respectively 24 ± 3.2 μIU/ mL after vs. 45 ± 5.1 μIU/mL before and 21 ± 2.8 μIU/mL after vs.

43 ± 6.1 μIU/mL, p < .05) (Figure 3F). A significant interaction between "time" and "pancreatectomy" was thus noticed (p < .0001). As a result, following pancreatectomy, the Acute Insulin Response was significantly decreased (18.3 ± 10.0 μIU/mL after vs. 34.9 ± 13.7 μIU/ mL before, p < .0005) (Figure 3G). Finally, there was no significant change reported in fasting plasma lipid profile after subtotal pancreatectomy (Figure 3H).

| No significant change in glucose metabolism

following the combination of a subtotal pancreatectomy with a 2-month HFHSD in Göttingen-like minipigs

The metabolic phenotypic changes following a subtotal pancreatectomy and 2 months of HFHSD as an oral energy overload were then examined (Figure 4). Following the protocol, animals gained weight (26.3 ± 5.9 kg after, compared to 21.3 ± 3.6 kg before, p < .05).

Following this approach, no rise in fasting blood glucose (Figure 4A) was observed. With a more pronounced peak at 30 min and a faster return to baseline following the procedure, postprandial blood glucose dynamics were different from before, even if not significantly (Figure 4B). Although there was a trend to higher postprandial insulin levels (Figure 4C), the Insulinogenic Index did not significantly change (Figure 4D). Additionally, the Hepatic Insulin Resistance Index modestly but not significantly increased (Figure 4E). The IVGTT revealed no significant changes in glucose tolerance (Figure 4F), insulin levels (Figure 4G), or Acute Insulin Response (Figure 4H). Finally, the levels of fasting plasma lipids were globally increased after intervention (Figure 4I) (total cholesterol: 1.09 ± 0.20 g/L after vs. 0.80 ± 0.19 g/L before, p < .05; LDL: 0.65 ± 0.12 g/L after vs. 0.55 ± 0.15 g/L before, p = .052; HDL: 0.38 ± 0.18 g/L after vs. 0.20 ± 0.05 g/L before, not significant; triglycerides: 0.28 ± 0.07 g/L after vs. 0.24 ± 0.04 g/L before, not significant).

| Alterations of insulin secretion pattern and insulin resistance after long-term intraportal glucose and lipid infusions in Göttingenlike minipigs

In two groups of minipigs, one without prior pancreatectomy and the other following subtotal pancreatectomy, we infused long-term intraportal glucose and lipid (Figure 5). Animals of each group gained a little weight following infusions (35.2 ± 11.4 after vs. 28.3 ± 7.4 kg before for Group 1, p < .05; and 47.4 ± 6.5 kg after vs. 41.8 ± 6.7 kg before for Group 2, p < .005). Postprandial blood glucose levels of Group 1 were significantly lower following infusions compared to the baseline state (p < .005) (Figure 5A). A significant interaction between "time" and "infusions" was thus noticed (p < .05). The first 30-min showed a rise in plasma insulin levels (77.4 ± 18.0 μIU/mL after infusions at 15 min vs.

24.7 ± 5.1 μIU/mL before, and 55.3 ± 10.0 μIU/mL after infusions at 30 min vs. 37.1 ± 7.6 μIU/mL before; not significant) and a significant interaction between "time" and "infusions" was discovered (p < .005) (Figure 5B). Blood glucose levels decreased during IVGTT more slowly than they did before protocol (159.0 ± 14.2 mg/dL after infusions vs.

70.4 ± 28.6 mg/dL before at 30 min; not significant) (Figure 5C) and insulin levels globally decreased, with an exception at 30 min (Figure 5D).

Following procedure, postprandial blood glucose levels in Group 2 fell globally (Figure 5E), similar to Group 1 and a significant interaction between "time" and "intervention" was observed (p < .05). Plasma insulin levels rose for the first 30 min (76.7 ± 10.6 μIU/mL after protocol at 15 min vs. 25.5 ± 5.1 μIU/mL before, and 75.4 ± 19.0 μIU/mL after protocol at 30 min vs. 31.0 ± 6.5 μIU/mL before; not significant) and a significant interaction between "time" and "intervention" was reported (p < .0001) (Figure 5F). IVGTT findings after protocol revealed a slower lowering of blood glucose (Figure 5G) and especially lower insulin levels with a significant intervention observed between "time" and "intervention" (p < .05) (Figure 5H). Finally, whether or not a subtotal pancreatectomy had been performed prior to the intraportal glucose and lipid infusion, no increase in fasting blood glucose was observed (Figure 5I).

However, both groups showed an increase in the Insulinogenic Index

(2.0 ± 0.8 vs. 0.59 ± 0.2; p = .06 and 4.2 ± 1.9 vs. 1.5 ± 0.8; p < .05, respectively for Groups 1 and 2) (Figure 5J). An increase in Hepatic

Insulin Resistance Index (×10 -5 ) was also obtained (8.0 ± 4.7 after vs.

5.3 ± 2.3 before; not significant, and 12.6 ± 7.9 after vs. 3.8 ± 4.3 before; p < .05, respectively for Groups 1 and 2) (Figure 5K). Additionally, both groups' Acute Insulin Responses reduced (28.7 ± 7.5 µIU/mL after vs. 38.6 ± 13.3 µIU/mL before; not significant, and 24.4 ± 13.7 µIU/mL after vs. 43.9 ± 14.5 µIU/mL before; p < .005 before, respectively for Groups 1 and 2) (Figure 5L). Finally, fasting plasma levels of total cholesterol and LDL were increased after intervention for both groups (Figure 5M) (total cholesterol: 0.80 ± 0.12 g/L after vs. 0.60 ± 0.11 g/L before, p < .01, for Group 1 and 0.75 ± 0.07 g/L after vs. 0.73 ± 0.08 g/L before, p < .05, for Group 2; LDL: 0.54 ± 0.09 g/L after vs. 0.42 ± 0.07 g/L before, p < .01, for Group 1 and 0.53 ± 0.08 g/L after vs. 0.49 ± 0.07 g/L before, not significant, for Group 2). HDL and triglycerides levels were not significantly altered after intervention, no matter the group. No significant difference was observed in glucose homeostasis and lipid profile after intervention between Group 1 and Group 2.

| DISCUSS ION

We attempted to develop a preclinical type 2 diabetic pig model in this study in accordance with the World Health Organization definition (glycemia over 126 mg/dL after 8 h of fasting, verified twice, or over 200 mg/dL following an oral glucose tolerance test). 2 In order to determine which strain of pigs was the most suited, we first subjected two distinct strains to a High-Fat High-Sucrose diet (HFHSD) for 2 months. This enabled us to evaluate each strain's metabolic adaptation to the HFHSD. Both strains responded equally, with Ossabaw having a little better insulin response than Göttingen-like, which justified pursuing the study with Göttingenlike minipigs. During metabolic evaluations, the metabolic response in both strains showed a tendency to an increase in insulin levels, necessitating the introduction of an intervention aimed at reducing the capacity of pancreas adaptability. This is why we decided to combine an energy overload with an insulin restriction technique, such as a subtotal pancreatectomy. In the beginning, the effects of a single subtotal pancreatectomy were investigated.

In our investigation, subtotal pancreatectomy reduced early in- The results in the Ossabaw strain were unexpected. The HFHSD induced a response that was highly comparable to that of the Göttingen-like strain, with an early insulin secretion that appeared to be even more effective than the Göttingen one in the baseline state.

However, Ossabaw minipigs have a reputation for being the strain that is most susceptible to metabolic syndrome. 25,52 In fact, they developed, in the "Ossabaw Georgia island" where they come from, a "thrifty genotype" that enabled them to easily store energy from low-nutritive substrates because of the severe selection pressure imposed by the dry climate of the Ossabaw island. Thus, it is claimed that Ossabaw minipigs serve as a natural model for reproducing the symptoms of type 2 diabetes and the metabolic syndrome, similar to those populations that are predisposed to these diseases naturally. 3 However, given that no fasting hyperglycemia could be generated only after a diet in previous research, 53-55 it would appear that the expression of their metabolic syndrome would be more focused on lipidic dysregulations than disorders of glucose metabolism. 56,57 Fasting lipid levels of Ossabaw minipigs were much greater than those of the Göttingen-like strain in our study, particularly in terms of cholesterol, which makes this strain well-suited for the investigation of hypercholesterolemia illnesses 58 but not for studies of diabetes. We continued the combination protocol, which included a subtotal pancreatectomy, followed by five more months of HFHSD, in two minipigs of this strain. These two minipigs showed no signs of metabolic change (data not shown), demonstrating that this strain is not susceptible to develop type 2 diabetes.

The decision to perform a pancreatectomy was made considering the highly variable and toxic effects of streptozotocin 59 and alloxan. 60 Additionally, a surgical pancreatic mass excision is easier to control than one caused by toxic chemicals, 42,46 which is why this way of generating an insulin deficiency was chosen. The partial pancreatectomy's subsequent impact on glucose metabolism was unexpectedly modest, with the only discernible change being a reduction in the acute insulin response, which is the first phase of insulin secretion. We also observed that following pancreatectomy, insulin release reached a plateau. Nevertheless, there was no change in insulin secretion throughout the oral glucose challenge. As previously described in this species, 61 the loss of pancreatic mass would have been balanced by an increase in glucose and GLP-1 driven insulin secretion per islet. Although we did not measure it in our study, subtotal pancreatectomy may have increased the incretin impact to balance the loss of islet mass.

Contrary to what we expected, the plan to combine a 2-month HFHSD with a subtotal pancreatectomy in order to exceed the pancreas's capacity for insulin secretion did not result in any phenotypic change. As seen in human islets, 62 the weight gain brought on by the diet may have helped to increase the size of the surviving islets and their reactivity to glucose in releasing insulin, serving as a mode of compensation.

We found the biggest metabolic changes in the minipigs receiving continuous intraportal glucose and lipid infusions. Even while the findings of changes in insulin response were significantly different from the baseline state only in the group with a subtotal pancreatectomy prior to infusions, both groups-with or without subtotal pancreatectomy-presented comparable patterns. Therefore, we propose that the pancreatectomy potentialized the impact of infusions. In conjunction with a decline in the first phase of insulin secretion, we discovered an increase in hepatic insulin resistance and postprandial hyperinsulinism. Because glucose and lipids were infused into the portal vein, they may have quickly caused a hepatic excess in glycogen and triglycerides, which may have been the source of the hepatic insulin resistance as previously observed in dogs 63,64 and mice. 65 Furthermore, the administration of parenteral nutrition is known to have major side effects like hepatic steatosis, insulin resistance, and changes in insulin secretion, 43,66-68 which is why we decided to test this approach in our research. During the sacrifice of these minipigs, a discoloration evocating a hepatic steatosis was macroscopically observed (data not shown).

Additionally, it is now well understood that a decrease in acute insulin response, a marker of change in the first phase of insulin release, constitutes the initial indicator of impaired glucose tolerance. 69,70 The existence of ectopic triglycerides in the pancreas F I G U R E 5 Effect of long-term intraportal glucose and lipid infusions on glucose metabolism in Göttingen-like minipigs, whether or not they are preceded by a subtotal pancreatectomy. (A-D) Mean curves (Mean ± SEM; n = 4) of Blood Glucose (A) and Plasma Insulin (B) during Mixed Meal Test (MMT) and Blood Glucose (C) and Plasma Insulin (D) during Intravenous Glucose Tolerance Test (IVGTT) before (in black) and after (in blue) 3 weeks of long-term intraportal glucose and lipids infusions. (E-H) Mean curves (Mean ± SEM; n = 4) of Blood Glucose (E) and Plasma Insulin (F) during Mixed Meal Test (MMT) and Blood Glucose (G) and Plasma Insulin (H) during Intravenous Glucose Tolerance Test (IVGTT) before (in black) and after (in orange) the combination of a subtotal pancreatectomy followed by 3 weeks of longterm intraportal glucose and lipid infusions. (I) Mean Fasting Blood Glucose (Mean ± SD; n = 4 per group) measured during MMT at the baseline for Group 1 (in light grey) and Group 2 (in dark grey) and after 3 weeks of long-term intraportal glucose and lipid infusions (Group 1, in blue) and after subtotal pancreatectomy followed by 3 weeks of long-term intraportal glucose and lipid infusions (Group 2, in orange). (J, K) Mean Insulinogenic Index (J) and Hepatic Insulin Resistance Index (K) (Mean ± SD; n = 4 per group) calculated during MMT at the baseline for Group 1 (in light grey) and Group 2 (in dark grey) and after 3 weeks of long-term intraportal glucose and lipid infusions (Group 1, in blue) and after subtotal pancreatectomy followed by 3 weeks of long-term intraportal glucose and lipid infusions (Group 2, in orange). (L) Mean Acute Insulin Response (Mean ± SD; n = 4 per group) calculated during IVGTT at the baseline for Group 1 (in light grey) and Group 2 (in dark grey) and after 3 weeks of long-term intraportal glucose and lipid infusions (Group 1, in blue) and after subtotal pancreatectomy followed by 3 weeks of long term intraportal glucose and lipid infusions (Group 2, in orange). (M) Fasting plasma lipid profile (Mean ± SD; n = 4 per group) assessed at the baseline for Group 1 (in light grey) and Group 2 (in dark grey) and after 3 weeks of long-term intraportal glucose and lipid infusions (Group 1, in blue) and after subtotal pancreatectomy followed by 3 weeks of long-term intraportal glucose and lipid infusions (Group 2, in orange). HDL, high-density lipoprotein; LDL, low-density lipoprotein; TG, triglycerides; Total Chol, total cholesterol. Two-Way ANOVA test for repeated measures and Sidak post-hoc test; Paired t-test; *p < .05, **p < .01.

that were brought on by the intraportal infusions could potentially account for this decline. It is known that ectopic triglycerides have a significant role in the oxidative stress and inflammation that reduce the functionality of pancreatic beta cells. 71 Around the abdominal organs during sacrifice, substantial visceral adipose tissue was also macroscopically visible (data not shown). This finding, a potential cause of insulin resistance, might thus be used to explain the postprandial hyperinsulinism. Hepatic insulin resistance was clearly established, while peripheral insulin resistance was not. In particular, the HOMA-IR and Matsuda Index calculations, which evaluate peripheral insulin sensitivity and resistance in humans, did not change after intraportal infusions relative to the initial state (data not shown). In addition, we did not examine postprandial incretin levels. It would have been interesting to determine whether the observed postprandial hyperinsulinism may be attributed to an increase in GLP-1 concentrations caused by an intestinal adaptation brought on by the intraportal infusions. In any case, the observed modifications would look very similar to those early intervening in the beginning of type 2 diabetes, even if no fasting hyperglycemia or postprandial glucose intolerance were found for these groups. We might have acquired a more severe phenotype if we had continued intraportal infusions for a longer period of time. We did not, however, because of the ethical issues raised by the complicated porcine model.

The lipidic profile of Göttingen-like minipigs was investigated.

All groups showed a notable rise in total cholesterol, especially LDL, with the exception of pigs subjected to a single subtotal pancreatectomy. As a result, we were able to develop a minipig model of the metabolic syndrome in the groups receiving continuous intraportal infusions of glucose and lipids. Although the definition of the metabolic syndrome in pigs is still debatable, the key features of this syndrome in humans include visceral obesity, fasting blood glucose levels over 110 mg/dL, insulin resistance, dyscholesterolemia, hypertriglyceridemia, and elevated blood pressure. Metabolic syndrome is defined as the presence of at least three of these criteria, 72 which in our instance were at least visceral obesity, insulin resistance, and dyscholesterolemia. Type Finally, it is intriguing to note that the only intervention that significantly impacted the way that glucose is metabolized was one in which we mimicked an intestinal over absorption of glucose and lipids.

Previous research suggested that one of the causes of the onset of type 2 diabetes would be an increase in the intestinal glucose absorption rate. 75,76 Reciprocally, a study identified several intestinal sodiumglucose transporter 1 (SGLT1) variants that would be protective against type 2 diabetes and the progression of the metabolic syndrome. 77 It would be fascinating to see in future research if these SGLT1 variants are largely present in the pig. Additionally, the associated gene might provide a good target for developing genetically altered pig models and researching the effects on glucose metabolism.

Our study presents some limitations. We mentioned in a previous paragraph the probably too short duration of the intraportal glucose and lipids infusion to induce a more severe phenotype. The type-II error, associated to statistical analyses, could also have prevented us to highlight differences between strains or interventions, although the estimated minimal number of animals in each group was sufficient to demonstrate an effect.

In summary, we were successful in developing a preclinical minipig model with early signs of glucose intolerance and metabolic syndrome, but we were unsuccessful in obtaining a model of type 2 diabetes. Furthermore, the metabolic changes were in line with what had been reported about the disease's early pathogenesis. Thus, the pig continues to be a useful preclinical large animal model for imitating the metabolic syndrome, including insulin resistance, visceral obesity, and dyslipidemia, as we have verified in this work. The minipig, however, has more to contribute as a healthy model, supporting the necessity to choose the proper species for each type of study.

The pig's continued difficulty in achieving a fasting hyperglycemia may prompt us to rethink using it as a translational diabetic subject in accordance with the WHO definition of diabetes mellitus.
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Figure 1 :

 1 Figure 1: Proposed target for intervention compared to current target occurring at prediabetes stage (Bergman et al., 2018) NGT = Normal Glucose Tolerance. T2DM = Type 2 Diabetes Mellitus.

  created a metabolic syndrome with early indications of impaired glucose tolerance. In Part 3, we validated D-Xylose test as biomarker of intestinal glucose absorption. In Part 4, we challenged the systemic appearance of D-Xylose in experimental models. In Part 5, we finally validated the clinical relevance of D-Xylose by confirming the association between intestinal glucose absorption and postprandial glycemic response, in health and impaired glucose tolerance.

Figure 2 :

 2 Figure 2: Glucose homeostasis despite the fluxes of glucose between the blood compartment of the other tissues

Figure 3 :

 3 Figure 3: Active transport of glucose by SGLT1 (apical pole) and GLUT 2 (basal pole) across the intestinal wall (Saikat, 2016)

Figure 4 :

 4 Figure 4: Overview of metabolic fate of 68-g oral glucose load in normal human volunteers. Adapted from (Kelley et al., 1988).

Figure 5 :

 5 Figure 5: Sources of hepatic glucose production during fasting in humans (Petersen and Shulman, 2018)

  made up of 2 chains alpha and beta, each containing 21 and 30 amino acids, and linked by another peptide, the C-peptide, which has 31 amino acids and is found in the proinsulin state. Proinsulin is broken down into insulin on the one hand and C-peptide on the other during maturation in the Golgi Body. Pancreatic beta cells secrete insulin and C-peptide in equimolar amounts. The half-lives of insulin and C-peptide are 6-8 and 15 minutes, respectively.

Figure 6 :

 6 Figure 6: The insulin signaling cascade in skeletal muscle. Adapted from (Petersen and Shulman, 2018).

Figure 7 :

 7 Figure 7: Mechanism of insulin release by beta cell. Adapted from (Campbell and Newgard, 2021)

Figure 8 :

 8 Figure 8: Glucoregulatory roles of the pancreatic-derived hormones insulin and glucagon (Ruud et al., 2017)

Figure 9 :

 9 Figure 9: Incretin effect (Nauck and Meier, 2018)Contribution of (A) metabolic substrates, as well as (B) the incretin hormones glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1), and, potentially, (C) neural transmission (left panels) to the stimulation of insulin secretion ("insulinotropic incretin effect") and the suppression of glucagon secretion ("glucagonostatic incretin effect") in healthy human subjects (islet of Langerhans with α cells (red) and ß cells (green); central panel).

Figure 10 :

 10 Figure 10: Biological effects of the incretin hormones glucose-dependent insulinotropic polypeptide (GIP) and glucagonlike peptide-1 (GLP-1) on various organs (Nauck and Meier, 2018)

  Ahlqvist et al. determined 5 sub-clusters of type 2 diabetes based on six defined parameters: glutamate decarboxylase antibodies, age at diagnosis, Body Mass Index (BMI), glycated hemoglobin (HbA1c) and homeostatic model assessment 2 estimated for beta cell function and insulin resistance. The 5 subgroups were the following: Cluster 1: Severe Autoimmune Diabetes (SAID), overlapped with type 1 diabetes; Cluster 2: Severe Insulin-Deficient Diabetes (SIDD); Cluster 3: Severe Insulin-Resistant Diabetes (SIRD); Cluster 4: Mild Obesity-Related Diabetes (MOD); Cluster 5: Mild Age-Related Diabetes (MARD) (Figure 11). The aim of this classification is to improve the medical care of patients suffering from type 2 diabetes.

Figure 11 :

 11 Figure 11: Patient distribution according to method of classification. Adapted from (Ahlqvist et al., 2018). (A) Distribution of patients (n=8980) according to traditional classification. (B) Distribution of patients (n=8980) according to the proposed clustering.

Figure 12 :

 12 Figure 12: Estimated age-adjusted comparative prevalence of diabetes in adults (20-79 years) in 2021 (International Diabetes Federation, 2021)

Figure 14 :

 14 Figure 14: Mechanisms of liver, skeletal muscle and adipose tissue insulin resistance in fed and fasting state (Samuel and Schulman, 2012)

Figure 15 :

 15 Figure 15: Reciprocal association between β-cell glucose sensitivity and the 2-hour plasma glucose concentration on the OGTT in 1480 individuals spanning the range from normal glucose tolerance (NGT) to impaired glucose tolerance (IGT) to overt type 2 diabetes (T2D)[START_REF] Ferrannini | β-Cell function in type 2 diabetes[END_REF] 

Figure 16 :

 16 Figure 16: Phases of insulin secretion of a healthy pancreas compared with patients with type 2 diabetes. Adapted from (Luna and Mercado-Asis, 2022).

Figure 17 :

 17 Figure 17: Signaling pathways involved in insulin secretion in beta cells in physiological conditions (A) and mechanisms leading to dysfunction (B) (Galicia-Garcia et al., 2020)

Figure 18 :

 18 Figure 18: Schema of the interdependent relationships of gastric emptying, incretin hormones and blood glucose (Ryan J.

Figure 19 :

 19 Figure 19: Relationships between blood glucose at 30, 60, 120 min with gastric emptying expressed as kcal/min in subjects with normal glucose tolerance (NGT) (A-C), impaired glucose tolerance (IGT) (D-F) and type 2 diabetes (T2D) (G-I). Adapted from (Chinmay S. Marathe et al., 2015).

Figure 20 :

 20 Figure 20: Blood glucose levels during a meal following the ingestion of carbohydrates with diverse Glycemic Index. Adapted from (Jenkins et al., 1981).

Figure 21 :

 21 Figure 21: The hypothetical model relates a high-glycemic index diet to increased risk for type 2 diabetes mellitus (Ludwig, 2002)

Figure 22 :

 22 Figure 22: Relationship between duodenal SGLT-1 abundance and the glycemic status. Adapted from (Fiorentino et al., 2017) (A) SGLT-1 protein levels in subjects with normal glucose tolerance and a low 1-hour postprandial glycemia (NGT 1h-low), in subjects with normal glucose tolerance and a high 1-hour postprandial glycemia (NGT 1h-high), in subjects with impaired glucose tolerance (IGT) and in subjects with type 2 diabetes (T2DM).

Figure 23 :

 23 Figure 23: Glucose transport in enterocytes in health and disease (Merino et al., 2019)

Figure 24 :

 24 Figure 24: Oral metformin decrease postprandial glucose response by reducing the apical expression of SGLT1 in enterocytes (Zubiaga et al., 2023)

Figure 25 :

 25 Figure 25: Sites of action of glucose-lowering agents. Adapted from (DeFronzo, 2009).

  France, the Haute Autorité de Santé (HAS) strictly regulates metabolic surgery, which is currently accepted as a treatment for extreme obesity. Patients eligible for metabolic surgery must have a Body Mass Index (BMI) over 40 kg/m 2 or a BMI over 35 kg/m 2 with associated comorbidities susceptible to improvement after surgery, such as: type 2 diabetes, high blood pressure, osteoarticular disorders, or sleep apnea. Patients must have tried hygienic therapy prior to surgery in order to lose weight during a few months of medical follow-up, and they must be healthy enough to undergo surgery and receive anesthesia (Haute Autorité deSanté, 2009). Informing the patients of the possible outcomes of this care is especially important because surgical interventions are associated with complications. But thanks to laparoscopic surgery, the increased experience of the surgeons, and the creation of specialized centers, the morbidity associated to the procedure has dramatically decreased in recent years, reaching 0.1 % of mortality and 5 % of severe morbidity. The prevalence of rehospitalization or surgical revision can reach 10 % in the first year following surgery, and the postoperative complications, particularly the digestive ones, are still not negligible[START_REF] Halimi | Chirurgie bariatrique : état des lieux en France en 2019[END_REF]. Despite having a relatively low prevalence of obesity in comparison to other nations, France follows the United States and Brazil in terms of the number of bariatric surgery interventions, averaging about 60 000 per year (in 2018). This is probably related to a healthcare system taking totally charge of these surgeries for all the patients. The number of interventions rose significantly because there were 24 000 interventions in 2008 compared to only 5 000 in 1998. More than 80 % of the patients benefiting from bariatric surgery are women, prevalence that has remained relatively constant since 1998.

Figure 26 :

 26 Figure 26: Evolution of the rate of the different interventions of bariatric surgery in France, between 2000 and 2016. Adapted from (Halimi, 2019).

Figure 27 :

 27 Figure 27: The main interventions of bariatric surgery. Adapted from (Bariatric Clinic, 2021), (Puhalla, 2020), (Mauranui Clinic, 2023) and (Bilecik, 2019).

Figure 28 :

 28 Figure 28: Improvement of glycemic control following medical therapy, biliopancreatic diversion (BPD) and Roux-en-Y Gastric Bypass (RYGB). Adapted from (Mingrone et al., 2021). Time course of glycaemic control expressed as glycated haemoglobin (%). The dotted line indicates the target concentration of 7•0% considered to be adequate glycaemic control and the shaded area represents the SD.

Figure 29 :

 29 Figure 29: Mechanistic model of improved glycemia after RYGB. RYGB improves glucose metabolism via weight loss, and via weight-independent mechanisms, including stimulation of gut peptides, alteration of bile acids enterohepatic cycle, remodeling of the gastrointestinal track, and alteration of the microbiome. Adapted from (Laferrère and Pattou, 2018). Solid lines: evidence-based mechanisms; dashed lines: possible mechanisms. RYGB, Roux-en-Y gastric bypass surgery; HGP, hepatic glucose production; BA derivation, bile acids derivation; GI, gastro intestinal; GNG, gluconeogenesis; GLP-1, glucagonlike-peptide 1; PYY, peptide YY; OXY, oxyntomodulin; GSIS, glucose-stimulated insulin secretion; PPG, post-prandial glucose.

Figure 30 :

 30 Figure 30: Physiological changes after Roux-en-Y gastric bypass and sleeve gastrectomy (Svane et al., 2019)

Figure 31 :

 31 Figure 31: Bile Diversion in Roux-en-Y Gastric Bypass Modulates Sodium-Dependent Glucose Intestinal Uptake (Baud et al., 2016)

Figure 32 :

 32 Figure 32: Comparison of the size and weight of a micropig, a minipig, a domestic pig and a human. Adapted from a picture of Yann Arthus Bertrand.

Figure 33 :

 33 Figure 33: Anatomical variations between human and minipig pancreas. Adapted from (Longnecker, 2021) and (Ferrer et al., 2008).

  , Yucatan minipigs have been found to be particularly susceptible to obesity (Low Wang et al., 2013), atherosclerosis, hypercholesterolemia (Al-Mashhadi et al., 2018), and glucose intolerance (McKnight et al., 2012).The Chinese Bama miniature pig was created more recently as a result of long-term inbreed selection and demonstrated specific propensities for impaired glucose tolerance[START_REF] Zhang | Development and Genome Sequencing of a Laboratory-Inbred Miniature Pig Facilitates Study of Human Diabetic Disease[END_REF] Zou et al., 2019).

Figure 34 :

 34 Figure 34: Existing strategies previously attempted to elaborate a minipig with type 2 diabetes. Adapted from (Renner et al., 2020).

Figure 35 :

 35 Figure 35: Plasma glucose and insulin concentrations and respective AUC values during IVGTT on d 7 (n = 6) (A, B) and on d 13 (n = 8) (C, D) in TPN and EN pigs. (E) Fasting (12-h) plasma glucose and insulin concentrations in TPN and EN pigs on d 15 (n = 6). (F) Glucose and insulin infusion rates during CLAMP on d 15 in TPN (n = 5) and EN (n = 7) pigs (Stoll et al., 2010). Results are expressed as mean ± SEM. *p<0.05. TPN = Total Parenteral Nutrition. EN = Enteral Nutrition.

Figure 36

 36 Figure 36 displays the general design of this research.

Figure 36 :

 36 Figure 36: Overall Study Design for each Group of Animals.

5. 1

 1 High-Fat High-Sucrose Diet (HFHSD) Animals were fed with an HFHSD for two months for the appropriate groups. The Institut National de Recherche pour l'Agriculture, l'Alimentation et l'Environnement (Inrae, France) determined the composition of the food. The quantity of 750 g of HFHSD were administered twice a day and contained 61.7 % of carbohydrates, 23.2 % of fats, and 15.1 % of protein. The composition of the HFHSD was

6. 1

 1 Mixed Meal Tests (MMT)After a 12-hour fast, a 20-g solid energy bar (Ovomaltine®, Nestlé, France) and 200 mL of liquid (Fortimel Energy®, Nutricia, France) were mixed and given vigil via a nasogastric tube of 16 Fr that had previously been implanted under general anesthesia during the CVC implantation procedure for the first MMT or the day before for the others MMT.

  .1 ± 4.3 after versus 43.4 ± 6.4 kg before for GL, p<0.05 and 62.8 ± 4.8 after versus 48.2 ± 1.9 kg before for O, p<0.01), corresponding to a weight gain of 26.9 % for GL and 30.3 % for O.

Figure 37 :

 37 Figure 37: Glucose and insulin response of the Göttingen-like minipig strain to a 2-month high-fat, high-sucrose diet. (A-C) Response following Mixed Meal Test (MMT) (n=3): (A) Blood Glucose (Mean ± SEM) and (B) 180 min-incremental area under curve (180 min-iAUC) (Mean ± SD); (C) Plasma Insulin (Mean ± SEM). (D-F) Response following Intravenous Glucose Tolerance Test (IVGTT) (n=3): (D) Blood Glucose (Mean ± SEM) and (E) 30 minincremental area under curve (30 min-iAUC) (Mean ± SD); (F) Plasma Insulin (Mean ± SEM).

Figure 38 :

 38 Figure 38: Glucose and insulin response of the Ossabaw minipig strain to a 2-month high-fat, high-sucrose diet. (A-C) Response following Mixed Meal Test (MMT) (n=4): (A) Blood Glucose (Mean ± SEM) and (B) 180 min-incremental area under curve (180 min-iAUC) (Mean ± SD); (C) Plasma Insulin (Mean ± SEM). (D-F) Response following Intravenous Glucose Tolerance Test (IVGTT) (n=4): (D) Blood Glucose (Mean ± SEM) and (E) 30 minincremental area under curve (30 min-iAUC) (Mean ± SD); (F) Plasma Insulin (Mean ± SEM). The baseline characteristics were represented in black and those after 2-month high fat high sucrose diet (HFHSD) in blue. Two-Way ANOVA test for repeated measures and Sidak post-hoc test; Paired t-test; *p<0.05

Figure 39 :

 39 Figure 39: Comparison of the metabolic parameters of the Ossabaw and Göttingen-like strains to a 2-month high-fat, highsucrose diet. (A) Fasting Blood Glucose (Mean ± SD) measured during MMT before (in black) and after (in color) HFHSD in the Göttingenlike (GL, in orange; n=3) and in the Ossabaw (O, blue; n=4) strains. (B-D) Hepatic Insulin Resistance Index (B), Matsuda Index (C) and Insulinogenic Index (D) (Mean ± SD) calculated during Mixed Meal Tests (MMT) before (in black) and after (in color) HFHSD in the Göttingen-like (GL, in orange; n=3) and in the Ossabaw (O, blue; n=4) strains. (E) Acute Insulin Response (Mean ± SD) calculated during Intravenous Glucose Tolerance Test (IVGTT) before (in black) and after (in color) HFHSD in the Göttingen-like (GL, in orange; n=3) and in the Ossabaw (O, blue; n=4) strains. (F) Fasting plasma lipid profile (Mean ± SD) assessed before (in black) and after (in color) HFHSD in the Göttingen-like (GL, in orange; n=3) and in the Ossabaw (O, blue; n=4) strains. Total Chol = total cholesterol; LDL = low-density lipoprotein; HDL = high-density lipoprotein; TG = triglycerides. Paired or unpaired t-test; *p<0.05, **p<0.01, ***p<0.001.

Figure 40 :

 40 Figure 40: Glucose and insulin response of the Göttingen-like minipig strain to a subtotal pancreatectomy (Px) in Göttingenlike minipigs (A-C) Response following Mixed Meal Test (MMT) (n=10): (A) Blood Glucose (Mean ± SEM) and (B) 180-min incremental area under curve (180-min iAUC) (Mean ± SD); (C) Plasma Insulin (Mean ± SEM). (D-F) Response following Intravenous Glucose Tolerance Test (IVGTT) (n=10): (D) Blood Glucose (Mean ± SEM) and (E) 30-min incremental area under curve (30 min-iAUC) (Mean ± SD); (F) Plasma Insulin (Mean ± SEM). The baseline characteristics were represented in black and those after a 75-% pancreatectomy in blue. Two-Way ANOVA test for repeated measures and Sidak post-hoc test; Paired t-test; *p<0.05, ***p<0.001.

Figure 41 :

 41 Figure 41: Evolution of the metabolic parameters following a subtotal pancreatectomy (Px) in Göttingen-like minipigs (A) Fasting Blood Glucose (Mean ± SD) (n=10) measured during MMT before (in black) and after (in blue) subtotal pancreatectomy (B-D) Hepatic Insulin Resistance Index (B), Matsuda Index (C) and Insulinogenic Index (D) (Mean ± SD) (n=10) calculated during Mixed Meal Tests (MMT) before (in black) and after (in blue) subtotal pancreatectomy (E) Acute Insulin Response (Mean ± SD) (n=10) calculated during Intravenous Glucose Tolerance Test (IVGTT) before (in black) and after (in blue) subtotal pancreatectomy (F) Fasting plasma lipid profile (Mean ± SD) (n=10) assessed before (in black) and after (in blue) subtotal pancreatectomy. Total Chol = total cholesterol; LDL = low-density lipoprotein; HDL = high-density lipoprotein; TG = triglycerides. Paired t-test; ***p<0.0005.

Figure 42 :

 42 Figure 42: Glucose and insulin response of the Göttingen-like minipig strain to a subtotal pancreatectomy (Px) followed by a 2-months high-fat high-sucrose diet (HFHSD) in Göttingen-like minipigs (A-C) Response following Mixed Meal Test (MMT) (n=6): (A) Blood Glucose (Mean ± SEM) and (B) 180-min incremental area under curve (180-min iAUC) (Mean ± SD); (C) Plasma Insulin (Mean ± SEM). (D-F) Response following Intravenous Glucose Tolerance Test (IVGTT) (n=6): (D) Blood Glucose (Mean ± SEM) and (E) 30-min incremental area under curve (30 min-iAUC) (Mean ± SD); (F) Plasma Insulin (Mean ± SEM).

Figure 43 :

 43 Figure 43: Evolution of the metabolic parameters following a subtotal pancreatectomy (Px) followed by a 2-months highfat high-sucrose diet (HFHSD) in Göttingen-like minipigs

  , 45 and 46). Animals of each group gained a little weight following infusions(35.2 ± 11.4 after versus 28.3 ± 7.4 kg before for Group 1, p<0.05; and 47.4 ± 6.5 kg after versus 41.8 ± 6.7 kg before for Group 2, p<0.005).

Figure 44 :

 44 Figure 44: Glucose and insulin response following 3 weeks of intraportal Glucose and Lipid infusions in Göttingen-like minipigs (A-C) Response following Mixed Meal Test (MMT) (n=4): (A) Blood Glucose (Mean ± SEM) and (B) 180-min incremental area under curve (180-min iAUC) (Mean ± SD); (C) Plasma Insulin (Mean ± SEM). (D-F) Response following Intravenous Glucose Tolerance Test (IVGTT) (n=4): (D) Blood Glucose (Mean ± SEM) and (E) 30-min incremental area under curve (30-min iAUC) (Mean ± SD); (F) Plasma Insulin (Mean ± SEM). The baseline characteristics were represented in black and those after intraportal infusions in blue. Two-Way ANOVA test for repeated measures and Sidak post-hoc test; Paired t-test; **p<0.01.

Figure 45 :

 45 Figure 45: Glucose and insulin response following subtotal pancreatectomy and 3 weeks of intraportal Glucose and Lipid infusions in Göttingen-like minipigs (A-C) Response following Mixed Meal Test (MMT) (n=4): (A) Blood Glucose (Mean ± SEM) and (B) 180 min-incremental area under curve (180 min-iAUC) (Mean ± SD); (C) Plasma Insulin (Mean ± SEM). (D-F) Response following Intravenous Glucose Tolerance Test (IVGTT) (n=4): (D) Blood Glucose (Mean ± SEM) and (E) 30 minincremental area under curve (30 min-iAUC) (Mean ± SD); (F) Plasma Insulin (Mean ± SEM).

Figure 46 :

 46 Figure 46: Evolution of the metabolic parameters following 3 weeks of intraportal Glucose and Lipid infusions or a subtotal pancreatectomy (Px) followed by 3 weeks of intraportal Glucose and Lipid infusions in Göttingen-like minipigs (A) Fasting Blood Glucose (Mean ± SD) measured during MMT before (in black) and after (in color) intervention in the Group 1 (Infusions, in blue; n=4) and in the Group 2 (Px and infusions, in orange; n=4). (B-D) Hepatic Insulin Resistance Index (B), Matsuda Index (C) and Insulinogenic Index (D) (Mean ± SD) calculated during Mixed Meal Tests (MMT) before (in black) and after (in color) intervention in the Group 1 (Infusions, in blue; n=4) and in the Group 2 (Px and infusions, in orange; n=4). (E) Acute Insulin Response (Mean ± SD) calculated during Intravenous Glucose Tolerance Test (IVGTT) before (in black) and after (in color) intervention in the Group 1 (Infusions, in blue; n=4) and in the Group 2 (Px and infusions, in orange; n=4). (F) Fasting plasma lipid profile (Mean ± SD) assessed before (in black) and after (in color) intervention in the Group 1 (Infusions, in blue; n=4) and in the Group 2 (Px and infusions, in orange; n=4). Total Chol = total cholesterol; LDL = low-density lipoprotein; HDL = high-density lipoprotein; TG = triglycerides. Paired or unpaired t-test; *p<0.05, **p<0.01.

  C than12 C. They are consequently13 C enriched naturally (O'Leary, 1981). Corn, cane sugar, and succulent plants are examples. Following their consumption, 13 C-glucose can be tracked in the plasma. This technique enables the assessment of postprandial glucose fluxes following the intake of carbohydrates with a variable Glycemic Index(Nazare et al., 2010b;[START_REF] Noah | Bioavailability of starch and postprandial changes in splanchnic glucose metabolism in pigs[END_REF][START_REF] Péronnet | Plasma glucose kinetics and response of insulin and GIP following a cereal breakfast in female subjects: effect of starch digestibility[END_REF][START_REF] Wachters-Hagedoorn | The Rate of Intestinal Glucose Absorption Is Correlated with Plasma Glucose-Dependent Insulinotropic Polypeptide Concentrations in Healthy Men[END_REF].

Figure 47 :

 47 Figure 47: Experimental design of a dual-tracer meal test for intestinal glucose absorption assessment

  Rate of appearance of Total glucose (RaT): appearance of glucose ingested and endogenous-produced by the peripheral tissues -Rate of disappearance of Total glucose (RdT): utilization of glucose, from the meal and endogenousproduced, by the peripheral tissues -Rate of appearance of Exogenous glucose (RaE): appearance of glucose ingested during a meal in the systemic circulation, approximation of intestinal glucose absorption -Rate of disappearance of Exogenous glucose (RdE): utilization of glucose, from the meal only, by the peripheral tissues -Endogenous Glucose Production (EGP): glucose produced by the liver, the kidney or the intestine thanks to gluconeogenesis Calculations of the rate of appearance of total glucose (RaT) and the rate of disappearance of total glucose (RdT) RaT and RdT are calculated using the non-steady state of Steele as modified by De Bodo (DeBodo et al., 1963; Steele et al., 1956), using a single-compartmental model and a uniform repartition. RaT and RdT calculations (in mg/kg/min) are based on the enrichment values of plasmatic D-[6,6-2 H2]-labeled glucose, according to the following formula: F: perfusion rate of the D-[6,6-2 H2]-labeled glucose tracer, in mg/kg/min P: correction factor V: volume of distribution of glucose in L/kg C1 and C2: respective glycemia in time t1 and t2 in mg/L IE1 and IE2: isotopic enrichment at t1 and t2 t1 and t2: two consecutive time of blood collection Calculations of the rate of appearance of exogenous glucose (RaE) and the rate of disappearance of exogenous glucose (RdE) The rates of appearance and disappearance of exogenous glucose are evaluated relative to the natural plasmatic enrichment of 13 C at baseline. The Atom% Excess (APE) is thus the measure (%) of the increase of the isotopic abundance in the sample. APE 13 C plasmatic glucose (t) = Atom% 13 C plasmatic glucose (t) -Atom% 13 C plasmatic glucose (t0) RaE and RdE (in mg/kg/min) are thus calculated using the formula of Proietto, following the transposition of the Steele equation (Proietto et al., 1987). P: correction factor V: volume of distribution of glucose in L/kg C1 and C2: respective glycemia in time t1 and t2 in mg/L APE1 and APE2: Atom% Excess at t1 and t2 in % t1 and t2: two consecutive time of blood collection

[ 18 F

 18 ]fluoro-4-deoxy-D-glucopyranoside (Me-4FDG, specific from SGLTs), 2-deoxy-2-[ 18 F]fluoro-Dglucose (2-FDG, specific from GLUTs), or 4-deoxy-4-[ 18 F]fluoro-D-glucose (4-FDG, substrate for both SGLTs and GLUTs), PET scan allows to record the distribution of tracers throughout the whole organism with high spatial and temporal resolution (Sala-Rabanal et al., 2018). The activity intensity of the tracer at a specific time and area of the body assesses intestinal glucose absorption.

Figure 48 :

 48 Figure 48: Kinetic analyses of serum D-Xylose concentrations after administering 10-g intravenous (triangles) and 25-g oral (circles) doses to a normal subject. Adapted from (Craig et al., 1998)

Figure 49 :

 49 Figure 49: Active transport of D-Xylose across the intestinal wall, similar to the one of glucose. Adapted from (Baud et al., 2016). Plasma D-Xylose (A) and glucose (B) concentrations following instillation of glucose and D-Xylose into the intestine (white circles, n = 4) or glucose, D-Xylose and phlorizin (black circles, n = 4) before and after administration of the bile (arrow).

Figure 50 :

 50 Figure 50: Variation of D-Xylose according to postprandial glycemic response in rats and active transport across the intestinal wall. Adapted from (Fujita et al., 1998). (A-B) Plasma glucose concentration without phlorizin (A) and with co-administration of phlorizin (B) in rats with obesity (squares, n = 5) or obesity and type 2 diabetes (circles, n = 5). (C-D) Plasma D-Xylose concentration without phlorizin (C) and with co-administration of phlorizin (D) in rats with obesity (squares, n = 5) or obesity and type 2 diabetes (circles, n = 5).

  Using D-Xylose in a minipig model, we developed a model of intestinal glucose absorption in this section of the study. We started by researching and confirming some D-Xylose pharmacokinetics parameters in minipigs, which enabled us to elaborate models for intestinal glucose absorption. The objective of the modeling work was to assess the Rate of Appearance of D-Xylose (Ra D-Xylose). The Rate of Appearance of Exogenous Glucose (RaE Glucose) was determined by a gold-standard dual tracers method utilizing complex carbohydrates that were naturally enriched in13 C. We then compared Ra D-Xylose produced by our various model proposals with RaE Glucose obtained by the dual-tracers method.

Figure 51 :

 51 Figure 51: Experimental design of this project CVC = Central Venous Catheter. MMT = Mixed Meal Test. OGTT = Oral Glucose Tolerance Test. IVXTT = Intravenous D-Xylose Tolerance Test. The orange boxes represent parts of the protocol in which the animals were used for another purpose. The blue box represents the 24h-IVXTT duration.

  by the glycobiology department of the Centre de Biologie-Pathologie of Lille University Hospital. Plasma and urinary D-threitol levels were determined by the department of Biochimie Métabolique et Cellulaire -Groupe d'étude des glycopathies at the Bichat Hospital, in Paris, France, by Arnaud Bruneel and Anne Barnier. The D-threitol concentrations were measured with electrospray ionization mass spectrometry (ESI-MS) associated with ultra-high-pressure liquid chromatography (UPLC).The separation of D-threitol was performed in isocratic mode (% of H2O + ammonium acetate (A) and acetonitrile (B) stable in the column). The standard range was elaborated in 7 points between 0 and 500 µM in diluting 25 mM of D-threitol (Sigma-Aldrich®, Merck, France) in 10 mL of H2O. The conditions in the UPLC column (Acquity UPLC BEH Amide 1.7 µm, 2.1 x 150 mm, Waters®, United States) were fixed to 10 % of A and 90 % of B between 0 and 5 min and between 9 and 10 min, and to 90 % A and 10 % between 6 and 8 min, with a rate of 0.4 mL/min and a time of retention of D-threitol of 3.5 min.

9 . 2

 92 Ra D-Xylose (t) (mg/kg/min) = [Time-derivated plasma D-Xylose (t) (mg/dL/min) + (k_elim (/min) × Plasma D-Xylose (t) (mg/dL))] × volume of distribution of D-Xylose (dL/kg) k_elim represent the constant of elimination of D-Xylose. It was determined by computational modeling from IVXTT data and fixed at 0.0096 /min. The volume of distribution of D-Xylose, determined for each minipig, was estimated from IVXTT data, in dividing the initial plasma level of D-Xylose following intravenous administration (in mg/dL) by the quantity (30 g) of D-Xylose administered and by the weight of the pig. Computational models The 3 other models were elaborated by the Centre de Recherche en Informatique, Signal et Automatique de Lille, by Cédric Lhoussaine, Danilo Dursoniah and Maxime Folschette.

Figure 52 :

 52 Figure 52: "Simple" model proposal for the assessment of the rate of appearance of D-Xylose Rax(t) = Rate of appearance of D-Xylose according to time (mg/kg/min). kempt = rate of D-Xylose gastric emptying (parameter, /min). kabs = rate of D-Xylose intestinal absorption (parameter, /min). kelim = rate of D-Xylose elimination (parameter, /min). Xs(t) = quantity of D-Xylose in the stomach according to time (mg). Xs0 = quantity of D-Xylose in the stomach at t=0 (mg). Xg(t) = quantity of D-Xylose in the gut according to time (mg). Xg0 = quantity of D-Xylose in the gut at t=0 (mg). Xp(t) = quantity of D-Xylose in the plasmatic compartment according to time (mg). Xp0 = quantity of D-Xylose in the plasmatic compartment at t=0 (mg). Dx = administered dose of D-Xylose (mg). BW = Body Weight (kg). Vdx = Volume of distribution of D-Xylose (dL/kg). ODE = Ordinary Differential Equations.

Figure 53 :

 53 Figure 53: "Multi" model proposal for the assessment of the rate of appearance of D-Xylose Rax(t) = Rate of appearance of D-Xylose according to time (mg/kg/min). kempt = rate of D-Xylose gastric emptying (parameter, /min). kabs = rate of D-Xylose intestinal absorption (parameter, /min). kelim = rate of D-Xylose elimination (parameter, /min). ktrans = rate of transit (parameter, /min). Xs(t) = quantity of D-Xylose in the stomach according to time (mg). Xs0 = quantity of D-Xylose in the stomach at t=0 (mg). Xgi(t) = quantity of D-Xylose in the gut according to time (mg). Xgi0 = quantity of D-Xylose in the gut at t=0 (mg). αi = coefficient of modulation of kabs for each intestinal subcompartment. Xp(t) = quantity of D-Xylose in the plasmatic compartment according to time (mg). Xp0 = quantity of D-Xylose in the plasmatic compartment at t=0 (mg). Dx = administered dose of D-Xylose (mg). BW = Body Weight (kg). Vdx = Volume of distribution of D-Xylose (dL/kg). ODE = Ordinary Differential Equations.

Figure 54 :

 54 Figure 54: "Retention" model proposal for the assessment of the rate of appearance of D-Xylose Rax(t) = Rate of appearance of D-Xylose according to time (mg/kg/min). kempt = rate of D-Xylose gastric emptying (parameter, /min). kabs = rate of D-Xylose intestinal absorption (parameter, /min). kelim = rate of D-Xylose elimination (parameter, /min). kd1 and kd2 = fictive fluxes between the gut and the retention compartment (parameters, /min). Xs(t) = quantity of D-Xylose in the stomach according to time (mg). Xs0 = quantity of D-Xylose in the stomach at t=0 (mg). Xg(t) = quantity of D-Xylose in the gut according to time (mg). Xg0 = quantity of D-Xylose in the gut at t=0 (mg). Xd(t) = quantity of D-Xylose in the retention compartment according to time (mg). Xd0 = quantity of D-Xylose in the retention compartment at t=0 (mg). Xp(t) = quantity of D-Xylose in the plasmatic compartment according to time (mg). Xp0 = quantity of D-Xylose in the plasmatic compartment at t=0 (mg). Dx = administered dose of D-Xylose (mg). BW = Body Weight (kg). Vdx = Volume of distribution of D-Xylose (dL/kg). ODE = Ordinary Differential Equations.

First, the existence

  of a competition between D-Xylose and glucose for intestinal absorption was investigated in performing successively in the same minipigs (Group 1) oral D-Xylose test, Mixed Meal Test (MMT) with D-Xylose and Oral Glucose Tolerance Test (OGTT) with D-Xylose. Results of these tests were presented in Figure 55.

  were measured at 39.0 ± 11.8 mg/ dL at 30 min and 53.0 ± 9.6 mg/ dL at 60 min, compared to 15.8 ± 3.4 mg/dL at 30 min and 25.0 ± 4.7 mg/dL at 60 min for MMT with D-Xylose and 15.0 ± 4.0 mg/dL at 30 min and 22.5 ± 4.7 mg/dL at 60 min for OGTT with D-Xylose.

Figure 56 :

 56 Figure 56: Plasma D-Xylose kinetics according to different routes of administration: oral, jejunal and intravenous (A-B) Plasma D-Xylose levels following oral mixed meal test (MMT) with D-Xylose: (A) Mean curves (Mean ± SEM, n=8), (B) Individual curves (C-D) Plasma D-Xylose levels following intrajejunal mixed meal test (MMT) with D-Xylose: (C) Mean curves (Mean ± SEM, n=7), (D) Individual curves (E-F) Plasma D-Xylose levels following intravenous D-Xylose administration: (E) Mean curves (Mean ± SEM, n=10), (F) Individual curves (G) Correlation between the volume of distribution of D-Xylose (dL/kg) and the weight (kg) Correlation with Pearson coefficients: r = -0.96, r2 = 0.92, p<0.0001

Table 2 :

 2 Pharmacokinetic parameters of D-Xylose estimated from plasma D-Xylose levels following oral and intravenous administration (n=5) [D-Xylose]max = maximal peak of D-Xylose level; tmax = time for which the maximal peak of D-Xylose was obtained; [D-Xylose]0 = initial plasma concentration of D-Xylose after intravenous administration; F = bioavailability; Vd = volume of distribution.

Figure 57 :

 57 Figure 57: Metabolization and urinary excretion of D-Xylose following oral or intravenous D-Xylose administration (A-B) Mixed meal test with D-Xylose (n=3): (A) Individual curves of plasma D-threitol levels and (B) Mean curves (Mean ± SEM) of plasma D-Xylose and D-threitol levels. (C-D) Intravenous D-Xylose tolerance test (IVXTT) (n=3): (C) Individual curves of plasma D-threitol levels and (D) Mean curves (Mean ± SEM) of plasma D-Xylose and D-threitol levels. (E-F) Urinary excretion of D-Xylose following IVXTT: (E) Fraction of D-Xylose found intact in urines (Mean ± SD, n=4) and (F) Fraction of D-Xylose converted into D-threitol in urines (Mean ± SD, n=2).

Figure 58 :

 58 Figure 58: Comparison of the intestinal glucose absorption modeling between the "calculation" model and a gold-standard method with glucose labeled in healthy minipigs (A) Mean curves (Mean ± SEM, n = 14) of the rate of appearance of D-Xylose (Ra D-Xylose, in black) and the rate of appearance of exogenous glucose (RaE Glucose, in orange) during the labeled meal test. (B) Concordance between Ra D-Xylose and RaE Glucose. (C) Mean curves (Mean ± SEM, n = 14) of the area under curve (AUC) of Ra D-Xylose (in black) and the RaE Glucose (in orange) during the labeled meal test. (D) Concordance between the AUC of Ra D-Xylose and RaE Glucose. Mixed-effects model and Sidak post-hoc test; r = Pearson coefficient; ccc = Lin concordance coefficient expressed with 95 % confidence interval.

Table 3 :

 3 Non-linear mixed model for the rate of appearance of exogenous glucose prediction with D-Xylose performed for each of the proposed model in healthy minipigs Non-linear mixed model after adjustment on pig, weight and time. The values of the intercept and the estimate of the rate of appearance of D-Xylose (Ra D-Xylose) were expressed with 95 % confidence interval.

Figure 59 :

 59 Figure 59: Comparison of the intestinal glucose absorption modeling between the "simple" computational model and a gold-standard method with glucose labeled in healthy minipigs (A) Mean curves (Mean ± SEM, n = 14) of the rate of appearance of D-Xylose (Ra D-Xylose, in black) and the rate of appearance of exogenous glucose (RaE Glucose, in orange) during the labeled meal test. (B) Concordance between Ra D-Xylose and RaE Glucose. (C) Mean curves (Mean ± SEM, n = 14) of the area under curve (AUC) of Ra D-Xylose (in black) and the RaE Glucose (in orange) during the labeled meal test. (D) Concordance between the AUC of Ra D-Xylose and RaE Glucose. Mixed-effects model and Sidak post-hoc test; *p<0.05; r = Pearson coefficient; ccc = Lin concordance coefficient expressed with 95 % confidence interval.

Figure 60 :

 60 Figure 60: Comparison of the intestinal glucose absorption modeling between the "multi" computational model and a goldstandard method with glucose labeled in healthy minipigs (A) Mean curves (Mean ± SEM, n = 14) of the rate of appearance of D-Xylose (Ra D-Xylose, in black) and the rate of appearance of exogenous glucose (RaE Glucose, in orange) during the labeled meal test. (B) Concordance between Ra D-Xylose and RaE Glucose. (C) Mean curves (Mean ± SEM, n = 14) of the area under curve (AUC) of Ra D-Xylose (in black) and the RaE Glucose (in orange) during the labeled meal test. (D) Concordance between the AUC of Ra D-Xylose and RaE Glucose. Mixed-effects model and Sidak post-hoc test; r = Pearson coefficient; ccc = Lin concordance coefficient expressed with 95 % confidence interval.

Figure 61 :

 61 Figure 61: Comparison of the intestinal glucose absorption modeling between the "retention" computational model and a gold-standard method with glucose labeled in healthy minipigs (A) Mean curves (Mean ± SEM, n = 14) of the rate of appearance of D-Xylose (Ra D-Xylose, in black) and the rate of appearance of exogenous glucose (RaE Glucose, in orange) during the labeled meal test. (B) Concordance between Ra D-Xylose and RaE Glucose. (C) Mean curves (Mean ± SEM, n = 14) of the area under curve (AUC) of Ra D-Xylose (in black) and the RaE Glucose (in orange) during the labeled meal test. (D) Concordance between the AUC of Ra D-Xylose and RaE Glucose. Mixed-effects model and Sidak post-hoc test; r = Pearson coefficient; ccc = Lin concordance coefficient expressed with 95 % confidence interval.

Figure 62 :

 62 Figure 62: Study of the ability of each proposed model of Ra D-Xylose to correctly reflect the differences observed between two individuals, in comparison with the gold-standard

Figure 63 :

 63 Figure 63: Ability of each proposed model of Ra D-Xylose to correctly reflect the differences observed between two individuals, in comparison with the gold-standard (A-B) Sensibility to change with the "Calculation" model: Concordance between the difference of (A) Ra D-Xylose and the one of RaE Glucose and of (B) their respective AUC. (C-D) Sensibility to change with the "Simple" Model: Concordance between the difference of (C) Ra D-Xylose and the one of RaE Glucose and of (D) their respective AUC.(E-F) Sensibility to change with the "Multi" model: Concordance between the difference of (E) Ra D-Xylose and the one of RaE Glucose and of (F) their respective AUC.

Figure 64 :

 64 Figure 64: Contribution of insulin secretion, insulin sensitivity and gastric emptying on the systemic appearance of D-Xylose ? = relationship between factors still unclear. The orange narrows represent the relationship of interest for this part of the thesis.

Figure 65

 65 Figure 65 displays the experimental design of this study.

Figure 65 :

 65 Figure 65: Experimental design of this part of the project CVC = Central Venous Catheter. MMT = Mixed Meal Test. The orange boxes represent parts of the protocol in which the animals were used for another purpose. The blue boxes represent a 3-weeks period for which the animals were subjected to several MMT. The minipigs in Group 4 (orange arrow) were specifically used for this protocol.

Figure 67 :

 67 Figure 67: Evolution of the rate of intestinal glucose absorption during a Mixed Meal Test following intestinal resection, subtotal pancreatectomy and a 2-months High-Fat High-Sucrose Diet (A-C) "Calculation" model: Evolution (Mean ± SEM) of the rate of appearance of D-Xylose (Ra D-Xylose) during a Mixed Meal Test (MMT) (A) before (in black) and after (in red) intestinal resection (n = 8), (B) before (in black) and after (in blue) subtotal pancreatectomy (n = 10) and (C) before (in black) and after (in blue) a 2-months High-Fat High Sucrose Diet (HFHSD) (n = 7). (D-F) "Retention" model: Evolution (Mean ± SEM) of Ra D-Xylose during a Mixed Meal Test (MMT) (D) before (in black) and after (in red) intestinal resection (n = 8), (E) before (in black) and after (in blue) subtotal pancreatectomy (n = 10) and (F) before (in black) and after (in blue) a 2-months HFHSD (n = 7). Two-Way ANOVA test for repeated measures and Sidak post-hoc test

Figure 68 :

 68 Figure 68: Evolution of the cumulative amount of glucose absorbed during a Mixed Meal Test following intestinal resection, subtotal pancreatectomy and a 2-months High-Fat High-Sucrose Diet (A-C) "Calculation" model: Evolution (Mean ± SEM) of the areas under curves (AUC) of the rate of appearance of D-Xylose (Ra D-Xylose) during a Mixed Meal Test (MMT) (A) before (in black) and after (in red) intestinal resection (n = 8), (B) before (in black) and after (in blue) subtotal pancreatectomy (n = 10) and (C) before (in black) and after (in blue) a 2-months High-Fat High Sucrose Diet (HFHSD) (n = 7). (D-F) "Retention" model: Evolution (Mean ± SEM) of the AUC of D-Xylose (Ra D-Xylose) during a Mixed Meal Test (MMT) (D) before (in black) and after (in red) intestinal resection (n = 8), (E) before (in black) and after (in blue) subtotal pancreatectomy (n = 10) and (F) before (in black) and after (in blue) a 2-months HFHSD (n = 7).

Figure 69 :

 69 Figure 69: Comparison of the response to a Mixed Meal Test following oral or intrajejunal administration (A-D) For a 30-g dose of D-Xylose (Mean ± SEM, n = 7): (A) Blood glucose, (B) plasma insulin, (C) rate of appearance of D-Xylose (Ra D-Xylose) and (D) cumulative areas under curve (AUC) of Ra D-Xylose after oral (in black) or intrajejunal (in red) administration of the Mixed Meal Test (MMT). (E-F) For a 6-g dose of D-Xylose (Mean ± SEM, n = 3): (E) Ra D-Xylose following oral (in black) or intrajejunal (in blue) administration of the MMT. (F) Cumulative AUC of Ra D-Xylose following oral (in black) or intrajejunal (in blue) administration of the MMT. (G) Concordance of AUC of Ra D-Xylose between Oral and Jejunal administration from 180 min: in blue for the 6-g dose and in red for the 30-g dose. Two-Way ANOVA test for repeated measures and Sidak post-hoc test; **p<0.01; ***p<0.001; r = Pearson coefficient; ccc = Lin concordance coefficient expressed with 95 % confidence interval.

Figure 70 :

 70 Figure 70: Intestinal adaptation of the proximal jejunum following 80-% intestinal resection (A) Histological images of the intestinal mucosa for each of the 4 minipigs before and after resection. (B) Individual villi height, (C) crypts depth and (D) SGLT1 relative fold induction before and after resection. Hematoxylin-Eosin coloration; magnification 5X; black scale = 500 µm; black arrow = mucosa thickness

Figure 71 :

 71 Figure 71: Intestinal adaptation of the distal jejunum following 80-% intestinal resection (A) Histological images of the intestinal mucosa for each of the 4 minipigs before and after resection. (B) Individual villi height, (C) crypts depth and (D) SGLT1 relative fold induction before and after resection. Hematoxylin-Eosin coloration; magnification 5X; black scale = 500 µm; black arrow = mucosa thickness

Figure 72 :

 72 Figure 72: Contribution of insulin secretion, insulin sensitivity, and gastric emptying on the systemic appearance of D-

Figure 73 :

 73 Figure 73: Contribution of insulin secretion, insulin sensitivity, and intestinal glucose absorption on postprandial glycemic response ? = relationship between factors still unclear. The orange narrows represent the relationship of interest for this part of the thesis.

Figure 75 :

 75 Figure 75: Intestinal glucose absorption pattern during a Mixed Meal Test in healthy minipigs and human subjects with different glycemic status (A-B) Healthy minipigs (n = 74): (A) Rate of Appearance of D-Xylose (Ra D-Xylose) (Mean ± SEM), (B) Cumulative area under curve (AUC) of Ra D-Xylose (Mean ± SEM) 1st quartile = full black circles (n = 19); 2nd quartile = empty black circles (n = 19); 3rd quartile = empty red circles (n = 18); 4th quartile = full red circles (n = 18). * symbol = 1st quartile versus 4th quartile. ° symbol = 1st quartile versus 3rd quartile. # symbol = 2nd quartile versus 3rd quartile. § symbol = 2nd quartile versus 4th quartile. (C-D) Human subjects (n = 166): (A) Rate of Appearance of D-Xylose (Ra D-Xylose) (Mean ± SEM), (B) Cumulative area under curve (AUC) of Ra D-Xylose (Mean ± SEM) Lean subjects (Lean; n=8) = full black circles; Patients with Obesity and Normal Glucose Tolerance (NG; n=41) = empty black circles; Patients with Obesity and Impaired Glucose Tolerance (IGT; n=30) = empty red circles; Patients with Obesity and Type 2 Diabetes (T2D; n=87) = full red circles. * symbol = T2D versus NG. ° symbol = IGT versus NG. # symbol = T2D versus IGT

  then evaluated the association between the intestinal absorption of D-Xylose and the postprandial glucose response at different time point during the MMT, in healthy minipigs and human subjects with impaired glucose tolerance or type 2 diabetes. The 30-min Incremental Glycemia, the 60-min Incremental Glycemia and the 180 min-iAUC Glycemia were chosen as variables to define postprandial glucose response respectively at 30 min, 60 min, and 180 min. The 30-min AUC, 60-min AUC et 180min AUC Ra D-Xylose were the variables chosen to represent intestinal D-Xylose absorption respectively at 30 min, 60 min, and 180 min.

Figure 76 :

 76 Figure 76: Positive correlations between postprandial glucose response and intestinal glucose absorption in healthy minipigs and human subjects (A-C) Healthy minipigs (n = 74): Correlations between the postprandial glucose response and the area under curve of the Rate of Appearance of D-Xylose (AUC Ra D-Xylose) at 30 min (r = 0.70), 60 min (r = 0.63) and 180 min (r = 0.54). (D-F) Subjects with impaired glucose tolerance (IGT) or type 2 diabetes (T2D) (n = 117): Correlations between the postprandial glucose response and the AUC Ra D-Xylose at 30 min (r = 0.64), 60 min (r = 0.54) and 180 min (r = 0.29).

Figure 77 :

 77 Figure 77: Multivariate Analyses showing the time-dependent contributors of postprandial glycemic response following a Mixed Meal Test in Healthy Minipigs and human Subjects with Impaired Glucose Tolerance or Type 2 Diabetes (A) Contribution of intestinal glucose absorption (30 min-AUC Ra D-Xylose, red circle), insulin secretion (Disposition Index, blue circle) and insulin sensitivity (Matsuda Index, grey circle) on 30-min postprandial glucose response (30-min Incremental Glycemia) in healthy minipigs (whole-model r 2 =0.51). (B) Contribution of intestinal glucose absorption (60-min AUC Ra D-Xylose, red circle), insulin secretion (Disposition Index, blue circle) and insulin sensitivity (Matsuda Index, grey circle) on 60-min postprandial glucose response (60-min Incremental Glycemia) in healthy minipigs (whole-model r 2 =0.41). (C) Contribution of intestinal glucose absorption (180-min AUC Ra D-Xylose, red circle), insulin secretion (Disposition Index, blue circle) and insulin sensitivity (Matsuda Index, grey circle) on 180-min postprandial glucose response (180-min iAUC Glycemia) in healthy minipigs (whole-model r 2 =0.36). (D) Contribution of intestinal glucose absorption (30-min AUC Ra D-Xylose, red circle), insulin secretion (Disposition Index, blue circle) and insulin sensitivity (Matsuda Index, grey circle) on 30-min postprandial glucose response (30-min Incremental Glycemia) in subjects with Impaired Glucose Tolerance (IGT) or Type 2 Diabetes (T2D) (whole-model r 2 =0.41). (E) Contribution of intestinal glucose absorption (60-min AUC Ra D-Xylose, red circle), insulin secretion (Disposition Index, blue circle) and insulin sensitivity (Matsuda Index, grey circle) on 60-min postprandial glucose response (60-min Incremental Glycemia) in subjects with Impaired Glucose Tolerance (IGT) or Type 2 Diabetes (T2D) (whole-model r 2 =0.34).

  intestinal D-Xylose absorption was not associated with obesity, since the obese patients from the NG group showed similar values compared to the Lean group. Then, we evaluated the time-dependent correlation between intestinal D-Xylose absorption and postprandial glucose response during the meal in healthy minipigs and dysglycemia. In healthy minipigs, intestinal D-Xylose absorption was the only factor explaining the interindividual variability of postprandial glucose response at any time of the meal. In patients with dysglycemia, intestinal D-Xylose absorption remained associated to postprandial glucose response, at any time. Additionally, the non-negligible co-contribution of the other determinants was totally consistent with the pathophysiology of hyperglycemia: the decrease of insulin secretion would be an explicative factor of an increase in postprandial glucose response only in the early step; the decrease of insulin sensitivity

Figure 78 :

 78 Figure 78: Time-dependent contribution of intestinal glucose absorption, beta cell function and insulin sensitivity on postprandial glucose response in health and impaired glucose tolerance or type 2 diabetes PGR = Postprandial Glycemic Response; IGT = Impaired Glucose Tolerance; T2D = Type 2 Diabetes. The black arrow represents the positive contribution of a mechanism on postprandial glucose response.

Finally, we

  explored D-Xylose clinical value and confirmed the association between intestinal D-Xylose absorption and postprandial glucose response, in health and dysglycemia. We confirmed in health that intestinal D-Xylose absorption is the only explicating factor of the interindividual variability of postprandial glucose response. In impaired glucose tolerance, we confirmed the remaining contribution of intestinal D-Xylose absorption on postprandial hyperglycemia, additionally to impaired insulin secretion and sensitivity, as commonly described. Although the causal relationship between increased intestinal D-Xylose absorption and dysglycemia was not explored here, we nevertheless demonstrated: a statistically significant positive correlation between intestinal D-Xylose absorption and postprandial glucose response (Part 5); the anteriority of increased intestinal glucose absorption to early signs of impaired glucose tolerance (Part 2); and the independence of intestinal D-Xylose absorption from other mechanistic factors (Part 5).

Figure 1 .

 1 Figure 1. Within the first hour post-administration, plasma fentanyl concentrations reached the Minimum Effective Concentration (MEC) reported in pigs, regardless of the dose (Figure 1A). All plasma fentanyl concentrations remained above the MEC during the first 8 hours (Figure 1A). On Figure 1B, the evolution of the plasma fentanyl concentration during 4 days post-administration is reported for two pigs: one at full dose and one at half dose. All the values exceeded the MEC during the entire time of the study.

Figure 1 :

 1 Figure 1: Plasma fentanyl concentrations (ng/mL) during the preliminary step after a single topical application at full (2.6 mg/kg) or half dose (1.3 mg/kg) (n = 5). (A) During the first eight hours. (B) During four consecutive days post-administration. The grid line shows the Minimum Effective Concentration (MEC) reported in pigs (0.2 ng/mL).

Figure 2 : 2 .

 22 Figure 2: Plasma fentanyl concentrations (ng/mL) during the perioperative period after a single topical administration at half dose (1.3 mg/kg) (n = 6) (Mean ± SEM). (A) During the first six hours.

Introduction:

  Nowadays, there are no strong diabetic pig models, yet they are required for various types of diabetes research. Using cutting-edge techniques, we attempted to develop a type 2 diabetic minipig model in this study by combining a partial pancreatectomy (Px) with an energetic overload administered either orally or parenterally. Methods: Different groups of minipigs, including Göttingen-like (GL, n = 17) and Ossabaw (O, n = 4), were developed. Prior to and following each intervention, metabolic assessments were conducted. First, the metabolic responses of the Göttingenlike (n = 3) and Ossabaw (n = 4) strains to a 2-month High-Fat, High-Sucrose diet (HFHSD) were compared. Then, other groups of GL minipigs were established: with a single Px (n = 10), a Px combined with a 2-month HFHSD (n = 6), and long-term intraportal glucose and lipid infusions that were either preceded by a Px (n = 4) or not (n = 4).

  local French Committee of Animal Research and Ethics (CEEA-75, n°#18,915), in accordance with European law (2010/63/EU directive), accepted the protocol by approving it in accordance with the widely accepted ARRIVE guidelines. All the procedures were carried out in the agreed-upon (n°D59-35010) Département Hospitalo-Universitaire de Recherche et d'Enseignement (Dhure) in the Faculty of Medicine in Lille, France.

2. 4 | 45 2. 4 . 2 |

 44542 Surgical procedures 2.4.1 | Anaesthesia and analgesia Following an overnight fast, all surgical procedures were performed under general anaesthesia. Premedication included intramuscular injections of xylazine (3 mg/kg; Sedaxylan®; Dechra Pharmaceutical PLC, France) and ketamine (5 mg/kg; Ketamine 1000®; Virbac, France), followed by isoflurane after endotracheal intubation (0.5 to 2%; IsoFlo; Zoetis, France). During the laparotomy procedures, animals were ventilated with assistance at 20 mpm or left with spontaneous ventilation. To ensure analgesia, an intramuscular injection of buprenorphine (15 μg/kg, Bupaq®, Virbac, France) for the insertion of a central venous catheter or a single transdermal application of fentanyl (1.3 mg/kg, Recuvyra®, Lilly-Elanco, France) for laparotomy procedures were used. Implantation of a central venous catheter (CVC) The external jugular vein was exposed in the neck region after skin and muscle incision. After venotomy, the catheter (Hickman® 9.6F Single-Lumen CV Catheter, Bard Access System, USA) was inserted and linked to the vein with two ligatures (Vicryl® Bobine 2/0, Ethicon, France). It was tunnelized via the subcutaneous tissue from the incision zone to the dorsal area of the neck. Muscular and cutaneous layers were then closed by simple overlock (respectively Polysorb® 2/0, Medtronic, France and Mersilene® 1, Ethicon,

2. 6 |

 6 Metabolic tests 2.6.1 | Mixed meal tests (MMT) After a 12-h fast, a 20-g solid energy bar (Ovomaltine®, Nestlé, France) and 200 mL of liquid (Fortimel Energy®, Nutricia, France) were mixed and given vigil via a nasogastric tube of 16 Fr that had previously been implanted under general anaesthesia during the CVC implantation procedure for the first MMT or the day before

  strain following HFHSD (Figure2L). Ossabaw minipigs presented a higher level in fasting cholesterol at the baseline than Göttingenlike minipigs (Figure2M) (total cholesterol: 0.74 ± 0.18 g/L for O vs. 0.45 ± 0.16 g/L for GL, not significant; LDL: 0.45 ± 0.12 g/L for O vs. 0.32 ± 0.14 g/L for GL, not significant; HDL: 0.29 ± 0.06 g/L for O vs. 0.13 ± 0.02 g/L for GL, p < .01). However, there was no change in the lipid profile after HFHSD in Ossabaw minipigs while total cholesterol and LDL levels were significantly increased in Göttingen-like minipigs (total cholesterol: 0.69 ± 0.15 g/L after vs. 0.45 ± 0.16 g/L before, p < .001; LDL: 0.50 ± 0.17 g/L after vs. 0.32 ± 0.14 g/L before, F I G U R E 2 Comparison of the Ossabaw and Göttingen-like minipig strains' metabolic responses to a 2-month High-Fat, High-Sucrose diet. (A-D) Mean curves (Mean ± SEM; n = 3) of Blood Glucose (A) and Plasma Insulin (B) during Mixed Meal Test (MMT) and Blood Glucose (C) and Plasma Insulin (D) during Intravenous Glucose Tolerance Test (IVGTT) in the Göttingen-like (GL) strain, with the baseline characteristics represented in black and after 2-month High-Fat High-Sucrose diet (HFHSD) in orange. (E-H) Mean curves (Mean ± SEM; n = 4) of Blood Glucose (E) and Plasma Insulin (F) during MMT and Blood Glucose (G) and Plasma Insulin (H) during IVGTT in the Ossabaw (O) strain, with the baseline characteristics represented in black and after HFHSD in blue. (I) Mean Fasting Blood Glucose (Mean ± SD) measured during MMT before (in black) and after (in colour) HFHSD in the Göttingen-like (GL, in orange; n = 3) and in the Ossabaw (O, blue; n = 4) strains. (J, K) Mean Insulinogenic Index (J) and Hepatic Insulin Resistance Index (K) (Mean ± SD) calculated during MMT before (in black) and after (in colour) HFHSD in the Göttingen-like (GL, in orange; n = 3) and in the Ossabaw (O, blue; n = 4) strains. (L) Mean Acute Insulin Response (Mean ± SD) calculated during IVGTT before (in black) and after (in colour) HFHSD in the Göttingen-like (GL, in orange; n = 3) and in the Ossabaw (O, blue; n = 4) strains. (M) Fasting plasma lipid profile (Mean ± SD) assessed before (in black) and after (in colour) HFHSD in the Göttingen-like (GL, in orange; n = 3) and in the Ossabaw (O, blue; n = 4) strains. HDL, high-density lipoprotein; LDL, low-density lipoprotein; TG, triglycerides; Total Chol, total cholesterol. Two-Way ANOVA test for repeated measures and Sidak post-hoc test; Paired or unpaired t-test; *p < .05, **p < .01, ***p < .001. F I G U R E 3 Evaluation of the effect of a subtotal pancreatectomy on glucose metabolism in Göttingen-like minipigs. (A) Mean Fasting Blood Glucose (Mean ± SD; n = 10) measured during MMT before (in black) and after (in blue) subtotal pancreatectomy. (B, C) Mean curves (Mean ± SEM; n = 10) of Blood Glucose (B) and Plasma Insulin (C) during MMT before (in black) and after (in blue) subtotal pancreatectomy. (D) Mean Insulinogenic Index (Mean ± SD; n = 10) calculated during MMT before (in black) and after (in blue) subtotal pancreatectomy. (E, F) Mean curves (Mean ± SEM; n = 10) of Blood Glucose (E) and Plasma Insulin (F) during IVGTT before (in black) and after (in blue) subtotal pancreatectomy. (G) Mean Acute Insulin Response (Mean ± SD; n = 10) calculated during IVGTT before (in black) and after (in blue) subtotal pancreatectomy. (H) Fasting plasma lipid profile (Mean ± SD; n = 10) assessed before (in black) and after (in blue) subtotal pancreatectomy. HDL, high-density lipoprotein; LDL, low-density lipoprotein; TG, triglycerides; Total Chol, total cholesterol. Two-Way ANOVA test for repeated measures and Sidak post-hoc test; Paired t-test; *p < .05, ***p < .0005 between baseline and after pancreatectomy.

  sulin secretion while leaving postprandial glycemic response and fasting glycemia unaffected. The subtotal pancreatectomy was performed on a set of pigs combined with 2 months of oral energy overload administered via a HFHSD: there was no change in the metabolism of glucose. Thus, another strategy was considered F I G U R E 4 Effect of the combination of a subtotal pancreatectomy followed by a 2-month High-Fat High-Sucrose diet on glucose metabolism in Göttingen-like minipigs. (A) Mean Fasting Blood Glucose (Mean ± SD; n = 6) measured during MMT before (in black) and after (in orange) subtotal pancreatectomy followed by a 2-month High-Fat High-Sucrose diet (HFHSD). (B, C) Mean curves (Mean ± SEM; n = 6) of Blood Glucose (A) and Plasma Insulin (B) during MMT before (in black) and after (in orange) subtotal pancreatectomy followed by a 2-month HFHSD. (D, E) Mean Insulinogenic Index (D) and Hepatic Insulin Resistance Index (E) (Mean ± SD; n = 6) calculated during MMT before (in black) and after (in orange) subtotal pancreatectomy followed by a 2-month HFHSD. (F, G) Mean curves (Mean ± SEM; n = 6) of Blood Glucose (F) and Plasma Insulin (G) during IVGTT before (in black) and after (in orange) subtotal pancreatectomy followed by a 2-month HFHSD. (H) Mean Acute Insulin Response (Mean ± SD; n = 6) calculated during IVGTT before (in black) and after (in orange) subtotal pancreatectomy followed by a 2-month HFHSD. (I) Fasting plasma lipid profile (Mean ± SD; n = 6) assessed before (in black) and after (in orange) subtotal pancreatectomy followed by a 2-month HFHSD. HDL, high-density lipoprotein; LDL, low-density lipoprotein; TG, triglycerides; Total Chol, total cholesterol. Two-Way ANOVA test for repeated measures and Sidak post-hoc test; Paired t-test; *p < .05. in moving towards a parenteral energetic overload using chronic intraportal glucose and lipid infusions, whether or not they were associated with a preceding subtotal pancreatectomy. Results showed similar patterns with or without a pancreatectomy, with lower postprandial glycemia values associated with a higher 30min insulin peak. A rise in hepatic insulin resistance was also observed, particularly in the group that was subjected to the subtotal pancreatectomy prior to infusions, in addition to this postprandial hyperinsulinism. Finally, during intravenous glucose tolerance testing, a decrease in the first phase of insulin secretion was observed for both groups, with the pancreatectomy group showing significant differences. We were unable to produce a type 2 diabetic minipig model because none of the study groups achieved a fasting hyperglycemia.

2

  diabetes and metabolic syndrome were frequently confused in many other studies that worked on developing type 2 diabetic pig models. Because of this, some researchers falsely claimed to have a legitimate preclinical minipig model of type 2 diabetes, despite the fact that the World Health Organization strictly defines diabetes as hyperglycemia and not by a variety of signs of insulin resistance. Minipigs demonstrated both hyperglycemia caused by the toxic medication's use and obesity with metabolic abnormalities in other studies when HFHSD and streptozotocin were combined.73,74 However, because metabolic disorders and hyperglycemia are in reality interrelated in the disease's genesis, it was in this case two different independent interventions that produced two phenotypic characteristics independently, raising question on the reliability of this type 2 diabetes paradigm.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  local French Committee of Animal Research and Ethics (CEEA-75, n°#18915), in accordance with European law (2010/63/EU directive), accepted the protocol by approving it in accordance with the widely accepted ARRIVE guidelines. All the procedures were carried out in the agreed-upon (n°D59-

35010) Département Hospitalo-Universitaire de Recherche et d'Enseignement (Dhure) in the Faculty of Medicine in Lille, France.

Table 1 : Composition (in %) of the standard diet and the high-fat high-sucrose (HFHS) diet

 1 

  , as modified by De Bodo et al.[START_REF] Debodo | On the hormonal regulation of carbohydrate metabolism; studies with C14 glucose[END_REF] was used to compute the Rate of appearance of Total glucose (RaT, mg/kg/min) from the plasmatic 2 H/H ratio, the Rate of appearance of Exogenous glucose (RaE, mg/kg/min) from the plasmatic13 C/ 12 C ratio[START_REF] Proietto | Nonsteady-state measurement of glucose turnover in rats by using a one-compartment model[END_REF], and their corresponding Rate of disappearance of Total and Exogenous glucose (respectively RdT and RdE, mg/kg/min). Endogenous Glucose Production (EGP,

mg/kg/min) was calculated as EGP = RaT -RaE.

All these analyses were performed in the Centre de Recherche en Nutrition Humaine Rhône-Alpes, in Pierre-Bénite, France, by the group of Julie-Anne Nazare: Valérie Sauvinet, Laure Meiller and Corinne Louche-Pelissier.

  terms of kinetics, the mean curves of Ra D-Xylose and RaE Glucose presented the same peak at 15 min (2.74 ± 0.62 mg/kg/min for RaE Glucose and 4.09 ± 0.68 mg/kg/min for Ra D-Xylose) and the same bounce between 120 and 180 min (at 120 min: 1.60 ± 0.34 mg/kg/min and 1.56 ± 0.19 mg/kg/min respectively for RaE Glucose and Ra D-Xylose; at 180 min: 1.36 ± 0.19 mg/kg/min and 1.27 ± 0.14 mg/kg/min respectively for RaE Glucose and Ra D-Xylose

  This part of the project was approved by the local French Committee of Animal Research and Ethics (CEEA-75, n°#18915, n°#12467 and n°#38311), in accordance with European law (2010/63/EU directive). All the procedures were carried out in the agreed-upon (n°D59-35010) Département Hospitalo-Universitaire de Recherche et d'Enseignement (Dhure) in the Faculty of Medicine in Lille,

	France.

1.1 Animal cross-sectional study

  All the 74 animals of the healthy minipigs cohort belonged to previous preclinical projects (carried out by our laboratory between 2012 and 2021) approved by the local French Committee of Animal Research and Ethics (CEEA-75, authorization n°#12467, n°#18915 and n°#4273), in accordance with European law (2010/63/EU directive). All the procedures were carried out in the agreed-upon (n°D59-35010) Département Hospitalo-Universitaire de Recherche et d'Enseignement (Dhure) in the Faculty of Medicine in Lille, France.

	1.2 Clinical cross-sectional study
	The cohort of patients was constituted of 158 subjects. All were candidate for metabolic surgery and
	have been included (between 2006 and 2022) to the Lille University Hospital "Atlas Biologique de
	l'Obésité Sévère" (ABOS/DIAB-OMICS) cohort, ongoing prospective study aimed at better
	understanding the determinants of metabolic surgery outcomes. All patients provided a written
	information and consent form before inclusion. This project benefited from an ethical approval by the
	Comité de Protection des Personnes Nord Ouest VI (Lille, France) (CP06/49, registration number DGS
	2006/0307, Clinical Gov NCT01129297).

Table 4 : Characteristics of the healthy minipigs according to the stratification in quartiles

 4 

Table 5 : Baseline patients characteristics according to glycemic status stratification in ABOS cohort and compared with a lean group of subjects

 5 Data are expressed in n (%) or mean (SD). RYGB = Roux-en-Y Gastric Bypass. SG = Sleeve Gastrectomy. AGB = Adjustable Gastric Band. (i)AUC = (Incremental) Area Under Curve. § = Patients under insulin treatment were excluded. NC = Not

	Concerned.
	Ordinary One-Way ANOVA with Tukey's post-hoc test between T2D, IGT and NG; *p<0.05 T2D versus NG; °p<0.05 IGT versus
	NG; #p<0.05 T2D versus IGT.

  protocol was approved by the local French Committee of Animal Research and Ethics (CEEA-75, n°

	2019012812135146) according to the European legislation (2010/63/EU directive). All the procedures
	were performed in the agreed University and Hospital Department for Experimental Research (Dhure)
	in Lille, France.
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For the next steps of this study, we decided to systematically performed MMT including D-Xylose. Then, D-Xylose was given to minipigs (Groups 2 and 3) according to several routes of administration in order to determine some parameters of pharmacokinetics. In fact, 600-min oral MMT with D-Xylose, 300-min intrajejunal MMT with D-Xylose and 600-min intravenous D-Xylose tolerance tests (IVXTT) were performed, as shown in Figure 56.

After oral administration of MMT with D-Xylose, the mean plasma peak was reached at 90 min, corresponding to a level of 37.3 ± 3.8 mg/dL. D-Xylose levels were almost returned to baseline 600 min after administration (3.4 ± 0.7 mg/dL) (Figure 56A). A high interindividual heterogeneity was observed concerning the plasmatic peaks of D-Xylose: 20 mg/dL at 90 min for the pig 3 compared to 50 mg/dL at 90 min for the pig 7 (Figure 56B).

After intrajejunal administration of MMT with D-Xylose, the mean plasma peak was reached at 120 min, corresponding to a level of 50.3 ± 1.9 mg/dL (Figure 56C). Additionally, variation was seen in the plasmatic peaks of D-Xylose: 42 mg/dL for the pig 3 compared to 56 mg/dL for the pig 4 (Figure 56D).

Even though the "Calculation" model to express Ra D-Xylose was less refined compared to computational models, it showed good concordance with RaE Glucose, particularly in terms of the load absorbed.

Consequently, the "Simple" and the "Multi" models have been discarded for the next steps of the study, and only the "Calculation" and the "Retention" have been kept for the expression of Ra D-Xylose.

Limitations of the study 4.1 Interpretation framework

By using D-Xylose as a novel biomarker instead of glucose-labeled meal tests using various isotopic tracers, this study enabled the development of several models of intestinal glucose absorption in vivo.

The suggested models, particularly the "Calculation" and "Retention" models, are reliable for quantifying intestinal glucose absorption, but require an interpretation framework to prevent misinterpretations. The "Calculation" model is straightforward (especially for the expression of AUC of Ra D-Xylose) and extensible, but does not allow the determination of the pharmacokinetics parameters. All contexts cannot be covered by the "Retention" computational model for the moment and work is still in progress.

The gold-standard RaE Glucose is only an approximation of intestinal glucose absorption

We validated our models in comparison with the gold-standard dual tracers. However, the variable RaE Glucose calculated with this method is only an indirect approximation of intestinal glucose absorption because it does not consider the hepatic first pass effect. We also demonstrated the ability of D-Xylose of being metabolized but did not assessed the D-Xylose first pass hepatic effect. Despite everything, the degree of D-Xylose metabolization is much lower than the degree of glucose metabolization, so we can assume that the first pass effect in the liver should be much lower than that the one of glucose. This theory could explain why the early 15-min peak of Ra D-Xylose was globally higher than the one of RaE Glucose in our results.

It could have been interesting to compare Ra D-Xylose with with the intestinal glucose absorption assessment obtained by the method of catheterization of the portal vein and carotid artery, to take in consideration the absorbed fraction without the liver first pass. However, a pig study compared the dual tracer method and the catheterization method. The findings revealed that the fraction of glucose absorbed calculated by the two methods were not different during the first 240 minutes of the study [START_REF] Noah | Bioavailability of starch and postprandial changes in splanchnic glucose metabolism in pigs[END_REF], indicating that the approximation underlying RaE Glucose about intestinal glucose absorption assessment is actually very small. Once the decrease of insulin secretion after subtotal pancreatectomy and the decrease of insulin sensitivity after the 2-month HFHSD characterized, the variation of the rate of appearance of D-Xylose following each intervention was assessed using the "Calculation" and the "Retention" model, and described in Figure 67 (rates of absorption) and Figure 68 (loads absorbed).

Study design 3.1 Animal cross-sectional study

All the minipigs were subjected to an oral Mixed Meal Test (MMT) including D-Xylose. The MMT had the same constitution and was given according to the same modalities as previously described in the thesis and all the minipigs were subjected, 2 days before the MMT, to the implantation of a central venous catheter (CVC) under general anesthesia (see Materials and Methods of Part 2,3 or 4).

A 20-g solid energy bar (Ovomaltine®, Nestlé, France) and 200 mL of liquid (Fortimel Energy®, Nutricia, France) were mixed. The dose of 30 g of D-Xylose was then added to the mix. The MMT was given vigil, after an overnight fasting, for a 10-min period, and via a nasogastric tube of 16 Fr that had previously been implanted under general anesthesia during the CVC implantation procedure. On EDTA and fluorinated tubes, blood samples were obtained before the MMT was administered (t=0 min) and at various time intervals afterwards (t=15, t=30, t=60, t=90, t=120, and t=180 min). They were centrifuged (4000 rpm for 10 min at 4°C) and plasma was isolated and stored at -80°C until analysis.

Since we did not dispose of neither a type 2 diabetes nor an impaired glucose tolerance minipig model, we stratified all the healthy minipigs in 4 quartiles according to the value of their 30 min-Incremental glycemia obtained during the MMT. The respective characteristics of the First Quartile (n = 19), Second Quartile (n = 19), Third Quartile (n = 18) and Last Quartile (n = 18) were presented in the Table 4.

Clinical cross-sectional study

The patients eligible to metabolic surgery included in the ABOS cohort underwent a 180 min-MMT including 30 g of D-Xylose after an overnight fasting. The MMT administered was identical in composition as the one given to the minipigs. Blood samples were collected in dry, fluorinated and EDTA tubes at t=0, t=15, t=30, t=60, t=90, t=120 and t=180 min via a peripheral catheter. Only data from non-operated patients were considered in this work.

Patients were then stratified according to their glycemic status: Obesity and Type 2 Diabetes (T2D, n = 87), Obesity and Impaired Glucose Tolerance (IGT, n = 30) and Obesity and Normal Glucose Tolerance (NG, n = 41). Patients from these groups were compared to a lean group of subjects (Lean,n = 8) constituted of volunteers from the department of General and Endocrine Surgery of the Lille University Hospital. The characteristics of the patients were presented in the Table 5.

Biological procedures

The biological analyses were the similar as previously described in the previous parts of the thesis. The amperometric glucose oxidase method was used to measure the level of glucose in blood (glucometer Accu-Chek Performa®, Roche, France, or Nova Biomedical StatStrip Xpress®, DSI, USA). Blood glucose Data are expressed in n (%) or mean (SD). (i)AUC = (Incremental) Area Under Curve. Ra D-Xylose = Rate of Appearance of D-Xylose. HOMA-IR = Homeostasis Model Assessment of Insulin Resistance.

Ordinary One-Way ANOVA with Tukey's post-hoc test between quartiles (excepted for incremental of iAUC glycemia); * First vs Last quartile; ° First vs Third quartile; # Second vs Third quartile; § Second vs Last quartile; p<0.05.

The groups differed mainly according to quantity of glucose absorbed during the meal, at 30, 60 and 180 min, with higher quantity absorbed in the Third and Last quartiles (p<0.05). Additionally, the Matsuda Index was lower in these same quartiles (p<0.05) (Table 4). 
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Abstract Introduction

In animal research, obtaining efficient and constant pain control is regulatory but challenging. The gold-standard pain management consists of opioid analgesic administration, such as buprenorphine or fentanyl extended-release patches. However, as in all drugs with a short half-life time, repeated buprenorphine administrations are needed, leading to multiple injections that affect the research protocol. On the other hand, fentanyl patch efficacy is discussed in some species. These elements highlight the need of an optimal formulation of analgesic drugs for laboratory animals. In this study, we investigated how Recuvyra®, a Fentanyl Transdermal Solution (FTS), validated in dog perioperative pain management, could provide sustained analgesia after a single topical administration in pigs in a surgical context.

Methods

A total of eleven minipigs were used in this study. As a preliminary experiment, two different doses were tested as a single application on 5 pigs: 2 pigs at full dose (2.6 mg/kg) and 3 pigs at half dose (1.3 mg/kg). Plasma fentanyl dosages were performed during 4 consecutive days, using liquid chromatography with tandem mass spectrometry detection. The efficacy of the FTS was then evaluated in a perioperative period. Six minipigs benefited from a surgical intervention comprising a laparotomy. The FTS was blotted on the skin in a single application 20 minutes before the surgical incision and plasma fentanyl dosages, clinical examination (body weight, food intake, heart rate and body temperature) and pain assessment were performed for 7 consecutive days.

Results

During the preliminary experiment, all fentanyl concentrations reached the Minimum Effective Concentration (MEC) extrapolated in pigs (fentanylemia ≥ 0.2 ng/mL) throughout the 4 days. The half dose was chosen for the next step of the study. After the surgical intervention, all the plasma fentanyl concentrations remained above the MEC up to 7 days post-administration. Pig clinical examinations and pain evaluations showed an efficient and constant pain control at the half dose and few adverse events were observed. 

Discussion/Conclusion

Discussion

During the preliminary experiment, our results demonstrated the pharmacological effectiveness of the FTS at full and half doses and determined the choice of using a half dose in pigs. At half dose in the surgical context, all fentanyl concentrations were above the MEC during at least 7 days, which is longer than the minimum analgesic efficacy period described in dogs at full dose (13)(14)(15)(16). The postoperative clinical follow-up showed an effective pain management, as indicated by the low scores obtained from the visual pain evaluation and the clinical parameters (no tachycardia or hyperthermia). Moreover, a quick recovery in food intake was also observed.

Only a discrete sedation was observed during the first 24 postoperative hours. At the preliminary step (pigs without surgery), 2 half-dose-treated pigs exhibited a mild agitation leading to tachycardia, polypnea, and moderate hyperthermia associated to hyporeactivity and ataxia. This moderate agitation could be due to a feeling of dysphoria by the pigs, and as generally described in humans (20), when the use of opioids is not appropriate. Without pain, the affinity of opioids for µ1 receptors decreases. This is why fentanyl comes to fix itself on µ2 receptors, responsible of the side effects (21).

The issue remains about the value of the Minimum Effective Concentration (MEC) of fentanyl in animal species other than dogs (8,9,12). In humans, some studies have discussed the minimum levels of 0.23 (22), 0.63 (6) or 1 ng/mL (23). In dogs, average plasma concentration ≥ 0.6 ng/mL is commonly considered as being analgesic (24). In pigs, there is no consensus about the MEC value but some authors proposed an extrapolated therapeutic range. This range was calculated from species for which the MEC is known, considering the variations of several physiological and metabolic parameters. The minimal value of this extrapolated therapeutic range was then estimated at 0.2 ng/mL (8,9). Accordingly, this value was retained for the MEC in the present study.

A high interindividual variability of plasma fentanyl concentrations was noticed independently of the dose at the preliminary step. This variability has already been described in pigs, but also mentioned in other species (7,12). Heterogeneous absorption across the epidermis, dermis, and hypodermis depending on the thickness of the subcutaneous adipose tissue and its vascularization, drug distribution depending on the animal volume and metabolic clearance, as well as the level of animal stress were all suggested to explain this variability (8,25). Lower interindividual variability was observed in our surgical context, but the explanation remains unclear. Moreover, fentanyl concentrations measured in this group were globally lower than those measured after the use of the same dose (1.3 mg/kg) in the preliminary step. Indeed, the affinity of fentanyl for µ1 receptors is lower without pain, which may have contributed to increase the circulating concentration in this group (21).

Furthermore, fentanyl pharmacokinetic properties can be influenced by changes in hepatic blood flow induced by anesthesia (26), that may have led to a reduction of plasma fentanyl concentrations in operated pigs.

This study presents some limitations. Like all studies in large mammals, the sample size is small. Our study proposed only descriptive results. We noted in our department that the analgesia effect is better with the use of the FTS than with buprenorphine or fentanyl patch. For these ethical reasons, we decided not to compare the analgesic effect of the FTS to buprenorphine injections.

In conclusion, the current study validates the use of a Fentanyl Transdermal Solution Recuvyra® in a single topical application at half dose in pigs. Analgesia was optimized during at least 7 days, confirmed by clinical and visual pain evaluation and plasma fentanyl measurements without adverse effects. This safe and useful formulation could be used universally in many animal research species to provide optimal perioperative pain management and long-term analgesia. Unfortunately, Recuvyra® is no longer available so far because of a too small market. Moreover, there is currently no alternative product as effective and easy to use. This is why there are many expectations concerning an eventual new approval by the European Medical Agency with another laboratory. Discussions are still pending.
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the connecting lobe was also tightened. As previously stated, 46 the subtotal pancreatectomy involved removing 75% of the total organ weight.

| Portal catheter implantation

The spleen was removed from the abdominal cavity after median laparotomy of the supra ombilical region, and the splenic vein was dissected on 2 cm. On the left flank, behind the final rib, the catheter (Hickman® 9.6F Single-Lumen CV Catheter, Bard Access System, USA) was tunnelized across the abdominal wall. The catheter was placed following the splenic vein venotomy, advanced through the spleno-mesaraic confluence into the portal vein, and secured to the splenic vein with two ligatures. The layers of the peritoneum, muscles and skin were closed by a simple overlock.

| Surgical castration

Medially between the scrotum and the penile region, cutaneous and subcutaneous tissues were incised after testicles were compressed cranially. Additionally, the tunica vaginalis was cut open to reveal the testis. The cauda epididymis ligament was cut after extraction. Two ligatures were used to ligate the spermatic lead, and it was then sectioned. Simple overlock was used to seal the tunica vaginalis and scrotum.

| Energetic overload

2.5.1 | High-Fat High-Sucrose diet (HFHSD) Animals were fed with a HFHSD for 2 months. The Institut National de Recherche pour l'Agriculture, l'Alimentation et l'Environnement (Inrae, France) determined the food's composition. Seven hundred and fifty grams of HFHSD were administered twice a day and contained 61.7% carbohydrates, 23.2% fats, and 15.1% proteins. The composition of the HFHS diet was detailed in Table 1.

| Intraportal glucose and lipid infusions

Over the period of 3 weeks, the intraportal catheter was used to administer lipid and glucose infusions twice daily for 2 h. A 2-h gap between the bi-daily infusions was observed. Fifty percent glucose (G50®, B. Braun, France) and lipid solution (Intralipid20®, Fresenius Kabi, France) was administered using infusion pumps (SK 600II®, Mano Medical, France) at respective flow rates of 125 mL/h and 63 mL/h. These flow rates were selected in order to maintain each 
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