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High dietary glucose consumption and hyperglycemia can result in chronic complications.

Several studies suggest that high glucose (HG) induces dysfunction of the intestinal barrier.

However, the precise changes remain unclear. In our study, we used in vitro models composed of Caco-2 and/or HT29-MTX cells in both monoculture and co-culture to assess the effects of long-term HG exposure on the morphological, structural, and functional properties of the intestinal barrier. Cells were grown in medium containing normal physiologic glucose (NG, 5.5 mM) or a clinically relevant HG (25 mM) concentration until 21 days. Results demonstrated that HG induced morphological changes, with the layers appearing denser and less organized than under physiological conditions, which is in accordance with the increased migration capacity of Caco-2 cells and proliferation properties of HT29-MTX cells. Although we mostly observed a small decrease in mRNA and protein expressions of three junction proteins (ZO-1, OCLN and E-cad) in both Caco-2 and HT29-MTX cells cultured in HG medium, confocal microscopy showed that HG induced a remarkable reduction in their immunofluorescence intensity, triggering disruption of their associated structural network. In addition, we highlighted that HG affected different functionalities (permeability, mucus production and alkaline phosphatase activity) of monolayers with Caco-2 and HT29-MTX cells. Interestingly, these alterations were stronger in co-culture than in monoculture, suggesting a cross-relationship between enterocytes and goblet cells. Controlling hyperglycemia remains a major therapeutical method for reducing damage to the intestinal barrier and improving therapies.

INTRODUCTION

Ingestion of high dietary glucose is a risk factor for developing obesity, diabetes and cancer in humans [START_REF] Clement | American Diabetes Association Diabetes in Hospitals Writing Committee Management of Diabetes and Hyperglycemia in Hospitals[END_REF][START_REF] Giri | Chronic Hyperglycemia Mediated Physiological Alteration and Metabolic Distortion Leads to Organ Dysfunction, Infection, Cancer Progression and Other Pathophysiological Consequences: An Update on Glucose Toxicity[END_REF][START_REF] Hruby | The Epidemiology of Obesity: A Big Picture[END_REF][4]. In addition, these diseases are frequently associated with hyperglycemia [START_REF] Giri | Chronic Hyperglycemia Mediated Physiological Alteration and Metabolic Distortion Leads to Organ Dysfunction, Infection, Cancer Progression and Other Pathophysiological Consequences: An Update on Glucose Toxicity[END_REF][START_REF] Duan | Hyperglycemia, a Neglected Factor during Cancer Progression[END_REF].

High dietary glucose consumption and hyperglycemia elevate glucose levels in the blood and many organs and tissues such as the lumen of the intestine. Chronic exposure to high glucose (HG) concentrations can negatively affect these organs and lead to cellular dysfunction that may become irreversible over time.

The intestinal epithelium (IE) is a monolayer composed mainly of two distinct differentiated cell types: enterocytes and goblet cells. It directly interacts with the lumen and acts as a protective barrier against inflammatory molecules such as dietary antigens and pathogens [START_REF] Groschwitz | Intestinal Barrier Function: Molecular Regulation and Disease Pathogenesis[END_REF][START_REF] Odenwald | The Intestinal Epithelial Barrier: A Therapeutic Target?[END_REF][START_REF] Zhang | Enhancing Intestinal Barrier Efficiency: A Novel Metabolic Diseases Therapy[END_REF]. The IE has biological and functional characteristics that can be affected by "pathologies" and dietary factors. Among them, intercellular junctions are a major prerequisite for barrier integrity and are constituted in particular by tight junctions (TJ) and adherens junctions (AJ) [START_REF] Groschwitz | Intestinal Barrier Function: Molecular Regulation and Disease Pathogenesis[END_REF][START_REF] Bhat | Tight Junction Proteins and Signaling Pathways in Cancer and Inflammation: A Functional Crosstalk[END_REF][START_REF] Niessen | Tight Junctions/Adherens Junctions: Basic Structure and Function[END_REF]. Key tight junction proteins are occludin (OCLN) and members of the zonula occludens (ZO) family. The major constituent of adherens junctions is E-cadherin (E-cad).

The apical side of the enterocytes is distinguished by a brush border which contains several enzymes implicated in gut homeostasis, such as the intestinal alkaline phosphatase [START_REF] Estaki | Interplay between Intestinal Alkaline Phosphatase, Diet, Gut Microbes and Immunity[END_REF]. The surface of the IE is covered in a layer of mucus, produced by goblet cells, protecting the host from harmful agents.

For years, the use of human in vitro cell models has been a good alternative to in vivo studies for reducing the use of animals in research. Different immortalized cell lines have been used to mimic intestinal epithelial cells as they have extended lifespan and decreased experimental variability, while still retaining some of their key functional characteristics. Upon reaching full confluency, the human colon adenocarcinoma Caco-2 cell line spontaneously differentiates to form a polarized cell monolayer, with properties typical of human enterocytes, such as the tight and adherens junctions and brush border enzyme activities. On the other hand, goblet cells can be mimicked by the HT29-MTX cell line, which is a subpopulation of HT29 human colon adenocarcinoma cells, selected for resistance to methotrexate (MTX), exclusively differentiated into mucus secreting goblet-type cells. These modified cells retain their ability to differentiate under normal culture conditions in the absence of MTX. Therefore, several in vitro human intestinal models have been developed using either Caco-2 or HT29-MTX cell lines in either monoculture or co-culture [START_REF] Akbari | Interaction of Cruciferin-Based Nanoparticles with Caco-2 Cells and Caco-2/HT29-MTX Co-Cultures[END_REF][START_REF] Araújo | Towards the Characterization of an in Vitro Triple Co-Culture Intestine Cell Model for Permeability Studies[END_REF][START_REF] Boegh | Property Profiling of Biosimilar Mucus in a Novel Mucus-Containing in Vitro Model for Assessment of Intestinal Drug Absorption[END_REF][START_REF] Chen | Defining Conditions for the Co-Culture of Caco-2 and HT29-MTX Cells Using Taguchi Design[END_REF][START_REF] Lehner | A Novel 3D Intestine Barrier Model to Study the Immune Response upon Exposure to Microplastics[END_REF][START_REF] Pan | Optimization of Caco-2 and HT29 Co-Culture in Vitro Cell Models for Permeability Studies[END_REF][START_REF] Pham | Effects of Colon-Targeted Vitamins on the Composition and Metabolic Activity of the Human Gut Microbiome-a Pilot Study[END_REF][START_REF] Pham | The Effects of Fermentation Products of Prebiotic Fibres on Gut Barrier and Immune Functions in Vitro[END_REF].

A number of works reported that either chronic or even intermittent exposure of cells to HG induces biochemical and physiological changes that can affect their biological functions [START_REF] Giri | Chronic Hyperglycemia Mediated Physiological Alteration and Metabolic Distortion Leads to Organ Dysfunction, Infection, Cancer Progression and Other Pathophysiological Consequences: An Update on Glucose Toxicity[END_REF][START_REF] Quagliaro | Intermittent High Glucose Enhances Apoptosis Related to Oxidative Stress in Human Umbilical Vein Endothelial Cells: The Role of Protein Kinase C and NAD(P)H-Oxidase Activation[END_REF]. The American Diabetes Association defined that a physiological fasting plasma glucose level is around 5.5 mM and that severe hyperglycemia reaches the glucose level of 22.2-25 mM [START_REF] Clement | American Diabetes Association Diabetes in Hospitals Writing Committee Management of Diabetes and Hyperglycemia in Hospitals[END_REF]. Consequently, when investigating the influence of glucose on cells, 5.5 mM glucose (1 g/L) in the media corresponds to normal physiological levels (NG), whereas 25 mM (4.5 g/L) is considered to be the high glucose (HG) concentration [START_REF] Clement | American Diabetes Association Diabetes in Hospitals Writing Committee Management of Diabetes and Hyperglycemia in Hospitals[END_REF][START_REF] Boztepe | Investigation of the Influence of High Glucose on Molecular and Genetic Responses: An in Vitro Study Using a Human Intestine Model[END_REF][START_REF] Chen | Acute Glucose Fluctuation Promotes in Vitro Intestinal Epithelial Cell Apoptosis and Inflammation via the NOX4/ROS/JAK/STAT3 Signaling Pathway[END_REF][START_REF] Souza | High Glucose Concentration in Isotonic Media Alters Caco-2 Cell Permeability[END_REF][START_REF] Han | Glucose Promotes Cell Proliferation, Glucose Uptake and Invasion in Endometrial Cancer Cells via AMPK/MTOR/S6 and MAPK Signaling[END_REF][START_REF] Leontieva | Rapamycin Reverses Insulin Resistance (IR) in High-Glucose Medium without Causing IR in Normoglycemic Medium[END_REF][START_REF] Pereira | Effect of Dietary Additives on Intestinal Permeability in Both Drosophila and a Human Cell Co-Culture[END_REF][START_REF] Villarroel | Effects of High Glucose Concentration on the Barrier Function and the Expression of Tight Junction Proteins in Human Retinal Pigment Epithelial Cells[END_REF]. Several studies have highlighted that HG modulated multiple signalling pathways may contribute to proliferation, migration, invasion and/or recurrence of cells from various tissues [START_REF] Duan | Hyperglycemia, a Neglected Factor during Cancer Progression[END_REF][START_REF] Han | Glucose Promotes Cell Proliferation, Glucose Uptake and Invasion in Endometrial Cancer Cells via AMPK/MTOR/S6 and MAPK Signaling[END_REF][START_REF] Masur | Diabetogenic Glucose and Insulin Concentrations Modulate Transcriptome and Protein Levels Involved in Tumour Cell Migration, Adhesion and Proliferation[END_REF][START_REF] Skibbe | Colorectal Cancer Progression Is Potently Reduced by a Glucose-Free, High-Protein Diet: Comparison to Anti-EGFR Therapy[END_REF][START_REF] Thaiss | Hyperglycemia Drives Intestinal Barrier Dysfunction and Risk for Enteric Infection[END_REF][START_REF] Wahdan-Alaswad | Glucose Promotes Breast Cancer Aggression and Reduces Metformin Efficacy[END_REF]. Some of these studies suggested that HG markedly interfered with homeostatic intestinal epithelial integrity, damaging intestinal barrier functions, and increasing intestinal permeability. Impaired intestinal barrier function may result from a combination of events affecting the properties of the tight and adherens junctions, the mucus layer and/or the brush border enzyme activities. Some of these IE characteristics have been partially investigated.

Accordingly, it has been shown in vitro that HG resulted in increased proliferation [START_REF] Pereira | Effect of Dietary Additives on Intestinal Permeability in Both Drosophila and a Human Cell Co-Culture[END_REF][START_REF] Masur | Diabetogenic Glucose and Insulin Concentrations Modulate Transcriptome and Protein Levels Involved in Tumour Cell Migration, Adhesion and Proliferation[END_REF][START_REF] Morresi | Effect of High Glucose-Induced Oxidative Stress on Paraoxonase 2 Expression and Activity in Caco-2 Cells[END_REF][START_REF] Mroueh | Unmasking the Interplay between MTOR and Nox4: Novel Insights into the Mechanism Connecting Diabetes and Cancer[END_REF][START_REF] Yang | High Blood Sugar Levels but Not Diabetes Mellitus Significantly Enhance Oxaliplatin Chemoresistance in Patients with Stage III Colorectal Cancer Receiving Adjuvant FOLFOX6 Chemotherapy[END_REF], migration [START_REF] Masur | Diabetogenic Glucose and Insulin Concentrations Modulate Transcriptome and Protein Levels Involved in Tumour Cell Migration, Adhesion and Proliferation[END_REF][START_REF] Mroueh | Unmasking the Interplay between MTOR and Nox4: Novel Insights into the Mechanism Connecting Diabetes and Cancer[END_REF][START_REF] Wu | High Glucose Induces Epithelial-Mesenchymal Transition and Results in the Migration and Invasion of Colorectal Cancer Cells[END_REF] and reactive oxygen species production [START_REF] Morresi | Effect of High Glucose-Induced Oxidative Stress on Paraoxonase 2 Expression and Activity in Caco-2 Cells[END_REF][START_REF] Mroueh | Unmasking the Interplay between MTOR and Nox4: Novel Insights into the Mechanism Connecting Diabetes and Cancer[END_REF][START_REF] Sharma | Flavonoids Modulate Tight Junction Barrier Functions in Hyperglycemic Human Intestinal Caco-2 Cells[END_REF], and decreased transepithelial electrical resistance with increased membrane permeability [START_REF] Boztepe | Investigation of the Influence of High Glucose on Molecular and Genetic Responses: An in Vitro Study Using a Human Intestine Model[END_REF][START_REF] Souza | High Glucose Concentration in Isotonic Media Alters Caco-2 Cell Permeability[END_REF][START_REF] Sharma | Flavonoids Modulate Tight Junction Barrier Functions in Hyperglycemic Human Intestinal Caco-2 Cells[END_REF][START_REF] Min | Abnormal Differentiation of Intestinal Epithelium and Intestinal Barrier Dysfunction in Diabetic Mice Associated with Depressed Notch/NICD Transduction in Notch/Hes1 Signal Pathway[END_REF]. In a few cases, expressions of intercellular junctional proteins have been investigated at the mRNA and/or protein levels [START_REF] Masur | Diabetogenic Glucose and Insulin Concentrations Modulate Transcriptome and Protein Levels Involved in Tumour Cell Migration, Adhesion and Proliferation[END_REF][START_REF] Wu | High Glucose Induces Epithelial-Mesenchymal Transition and Results in the Migration and Invasion of Colorectal Cancer Cells[END_REF][START_REF] Sharma | Flavonoids Modulate Tight Junction Barrier Functions in Hyperglycemic Human Intestinal Caco-2 Cells[END_REF][START_REF] Min | Abnormal Differentiation of Intestinal Epithelium and Intestinal Barrier Dysfunction in Diabetic Mice Associated with Depressed Notch/NICD Transduction in Notch/Hes1 Signal Pathway[END_REF] and/or their subcellular locations have been examined [START_REF] Souza | High Glucose Concentration in Isotonic Media Alters Caco-2 Cell Permeability[END_REF][START_REF] Thaiss | Hyperglycemia Drives Intestinal Barrier Dysfunction and Risk for Enteric Infection[END_REF][START_REF] Dutton | Hyperglycemia Minimally Alters Primary Self-Renewing Human Colonic Epithelial Cells While TNFα-Promotes Severe Intestinal Epithelial Dysfunction[END_REF]. Limited studies have assessed the effects of HG on IE barrier functionality, such as mucus secretion or ALP activity and they have mostly been done in vivo [START_REF] Pereira | Effect of Dietary Additives on Intestinal Permeability in Both Drosophila and a Human Cell Co-Culture[END_REF][START_REF] Min | Abnormal Differentiation of Intestinal Epithelium and Intestinal Barrier Dysfunction in Diabetic Mice Associated with Depressed Notch/NICD Transduction in Notch/Hes1 Signal Pathway[END_REF][START_REF] Lerkdumnernkit | The Effects of Early Diabetes on Duodenal Alterations in the Rats[END_REF][START_REF] Volynets | Intestinal Barrier Function and the Gut Microbiome Are Differentially Affected in Mice Fed a Western-Style Diet or Drinking Water Supplemented with Fructose[END_REF]. Thus, how excessive glucose ingestion as part of a long-term diet impacts the IE still needs to be understood.

The aim of the study was to explore in vitro the effects of the glucose concentrations corresponding to physiological and hyperglycemia conditions on various functional and structural characteristics of the two main cell types representing the IE, enterocytes (Caco-2) and goblet cells (HT29-MTX). This study provides important information regarding the impact of prolonged hyperglycemia exposure on the human intestinal barrier and the involvement of chronic disease development.

MATERIALS AND METHODS

Cells and reagents

Caco-2 (Cat. #86010202) and HT29-MTX (Cat. #12040401) cell lines were obtained from the European Collection of Authenticated Cell Cultures (ECACC, Salisbury, UK). FITC-dextran (10 kDa), Alcian blue, fast Red TR/Naphthol AS-MX Tablets, non-essential amino acids (NEAA), bovine serum albumin, Igepal, sodium dodecyl sulfate (SDS), glycerol, triton X-100 and sodium deoxycholate were provided by Sigma-Aldrich (Saint-Quentin-Fallavier, France).

Acrylamide/Bis-Acrylamide (37.5:1) 30% solution was obtained from Euromedex (Souffelweyersheim, France). Dulbecco's Modified Eagle's Medium with phenol red (DMEM), high glucose and low glucose, penicillin/streptomycin, L-Glutamine 200mM 100X, and all solvents, were obtained from Dutscher (Brumath, France). Sodium chloride, Tris-(hydroxymethyl) aminomethane (TRIS, Trometamol) ≥ 99.9% were purchased from VWR (Fontenay/Bois,France). Foetal bovine serum (FBS) was obtained from Eurobio (Les-Ulis, France). Halt Protease Inhibitor Cocktail (100X) was purchased from Fisher scientific (Saint Aubin, France). Tris-glycine-SDS buffer, tris-glycine buffer, bio-safe Coomassie, and clarity Western ECL were obtained from Biorad (Marnes-la-Coquette, France). All antibodies used for Western blot and immunofluorescence staining were purchased from Cell Signaling (Ozyme, Saint Quentin en Yveline, France).

Cell culture conditions

The human colon adenocarcinoma Caco-2 and HT29-MTX cell lines were used in experiments at passages between P10 and P22. After thawing, cells were maintained separately in a flask in high glucose DMEM (HG = 4.5 g/L, 25 mM) and low glucose DMEM (NG = 1 g/L, 5.5 mM) culture media. Each culture medium was supplemented with 10% (v/v) heat inactivated FBS, 1% (v/v) NEAA, 1% (v/v) L-glutamine and 1% (v/v) penicillin and streptomycin. Cells were grown at 37°C in a 5% CO2 humidified atmosphere with changes of media every 2-3 days. Cells were never cultured above 80% confluency, and all cell lines were periodically checked for the presence of mycoplasma.

Transepithelial electrical resistance (TEER)

For this experiment, 12-well polycarbonate Transwell inserts with a 6.5 mm diameter and 0.4 µm pore size (Corning, NY, USA) were used. Caco-2 and HT29-MTX cells were counted by Malassez cells. The cells were then mixed in a population ratio Caco-2:HT29-MTX cells of 1:0, 9:1, 8:2, 7:3 or 0:1 and seeded into apical chambers with a final density of 1.5 x 10 5 cells/cm² in each insert. 100% of cell confluency was reached between days 1 and 2. Cells were cultured for 21 days, with two culture medium conditions (NG and HG), under the same conditions as previously described. The medium (200 µL in the apical chamber and 900 µL in the basolateral chamber) was refreshed every 2-3 days. The assessment of the transepithelial electrical resistance (TEER), was carried out using the Millicell ERS-2 electrical resistance system at Millipore (Merck, Darmstadt, Germany). TEER was used to check integrity and monolayer formation for 21 days before experiments. Twice a week, TEER measurement was performed by placing electrode tips into two chambers in each Transwell insert. The results are expressed in ohms/cm² after subtracting the blank value from an insert without cells.

Permeability assay

At 18 days post seeding, culture medium was aspirated and 200 µL of FITC-dextran (10 kDa), diluted in the corresponding medium (NG or HG) at 1 mg/mL, were added to the apical chamber of each monolayer. In the basolateral chambers, 900 μL of the corresponding medium (NG or HG) were added and the plates were incubated at 37°C in 5% CO2. Samples (100 µL) were collected after 2h, 4h, 6h and 24h from the basolateral chambers, transferred to a black 96-well plate, and replaced by the same amount of medium. FITC-dextran quantification was performed by measuring fluorescence at an excitation wavelength of 485 nm and an emission wavelength of 535 nm on a Victor X3 Multimode Microplate Reader (Perkin Elmer, Waltham, MA, USA).

Mucus staining

At 21 days post seeding, mucus secreted by HT29-MTX cells cultured on Transwell was stained using Alcian blue. Briefly, culture medium was aspirated and the cells were fixed with cold Carnoy solution (60% ethanol, 30% chloroform, 10% acetic acid) in both apical and basolateral compartments for 15 min at room temperature, then washed once with 1X PBS 3% acetic acid. Carnoy solution was used to preserve the mucus layer. Alcian blue solution was added to the apical compartment at room temperature for 15 min and washed three times with cold PBS. After washings, polycarbonate membranes were removed using a scalpel blade, transferred on to a slide, and mounted with coverslips using gold anti-fade mounting reagent (Invitrogen, Cergy-Pontoise, France). The mounting agent was allowed to set overnight prior to analysis using light microscopy at 2X magnification. Images were taken with a Nikon digital camera mounted on a Nikon Eclipse Ni microscope (Nikon instrument, Japan) processed by NIS-Elements (BR). The blue stained surface, corresponding to mucus layer formation at the monolayer surfaces, was estimated with ImageJ software, version 1.53T (NIH, Bethesda, USA).

Mucus production by HT29-MTX cells also underwent histochemical analysis. After removal, polycarbonate membranes were dehydrated, and embedded in paraffin prior to performing 3 µm cross sections. After hematoxylin/eosin and Alcian blue staining, slides were scanned on Nanozoomer S60 (Hamamatsu photonics, Hamamatsu City, Japan) and analyzed using NDP viewer 2 software (Hamamatsu photonics, Hamamatsu City, Japan).

Alkaline phosphatase assay

ALP that was expressed only on the brush border of differentiated Caco-2 cells was examined with Fast-Red TR/Naphthol AS-MX staining. Caco-2 and HT29-MTX cells were seeded in monoculture or co-culture with different ratios (9:1, 8:2, 7:3 respectively) on Cell Carrier TM 96 ultra-well plate (Perkin Elmer, Waltham, MA, USA) with a density of 1 x 10 4 cells/well, that reached 100% of cell confluency between days 3 and 4. Cells were grown with two culture medium conditions (NG and HG), at 37°C in 5% CO2 and moisture to make possible cellular differentiation and the development of microvilli for 7, 14, and 21 days. Before coloration, brightfield images of each well were acquired using the Operetta CLS ™ high throughput microplate imager (5X magnification) to visualize the monolayer's morphology.

Confluent cells, at days 7, 14, or 21 post seeding, were washed once with cold PBS. Fast-Red TR/Naphthol AS-MX solution was added to monolayers without prior fixation of cells, then incubated 30 min at 37°C in the dark room. Supernatant was recovered, and absorbance was measured to 525 nm on a Victor Nivo Multimode Microplate Reader (Perkin Elmer, Waltham, MA, USA).

Cell migration measurement by means of a scratch test

Caco-2 and HT29-MTX cell motilities were studied with a scratch assay, which measures the expansion of a cell population on surfaces. Cells were seeded on 12-well plates with a density of 3.1 x 10 4 cells/cm² for Caco-2 cells and 3.7 x 10 4 cells/cm² for HT29-MTX cells, with two DMEM culture medium conditions (NG and HG). These seeding densities were chosen to achieve 100% of cell confluency by day 3. 3 days post seeding, monolayers were manually scratched with a 200 µL pipette tip to create a linear wound in the centre of each well. Detached cells were removed by washing the monolayer twice with PBS. Each condition was performed in triplicate. Cells were cultured at 37°C, in 5% CO2, and a series of 48 frames per well were acquired using a 5X magnification on the Operetta high-content imaging system (Perkin Elmer, Waltham, MA, USA) every day for 4 days. Scratch wound healing was estimated by evaluating the cell expansion area using ImageJ software. Data were expressed as the distance covered by the cells (mm) after the wound had occurred.

Cell growth assay

Serial measurements of cell numbers were carried out to establish growth curves of Caco-2 and HT29-MTX cells in various conditions. In order to be able to follow the increase in cell numbers over several days before reaching cell confluency, Caco-2 and HT29-MTX cells in monoculture were seeded on 6-well plates with a density of 6.6 x 10 3 cells/cm² in the volume of 3 mL using two DMEM culture medium conditions (NG and HG). Every 2-3 days, cells of one well were harvested in 500 mL trypsin/EDTA and counted using a Malassez cell.

Western blot analysis.

Protein expressions in Caco-2 and HT29-MTX cell monolayers were determined by Western blot analyses. Cells in monoculture were seeded on 6-well plates with a density of 3 x 10 4 cells/cm² in the volume of 3 mL using two DMEM culture medium conditions (NG and HG). 100% of cell confluency was reached between days 3 and 4. At 7, 14 and 21 days post seeding, the medium was removed, cells were washed twice with PBS and directly scraped using 150 µL of lysis buffer per well (RIPA: 150 mM NaCl, 1% Igepal, 50 mM Tris-HCl (pH 7.4), 1 mM EDTA, 0.5% sodium deoxycholate, and 0.1% SDS), containing a protease inhibitor cocktail (#1862209, Thermo scientific, Saint Aubin, France), and kept at -80°C before protein extraction.

For total protein extraction, Caco-2 and HT29-MTX samples were incubated on ice for 60 min and centrifuged at 2 x 10 4 g for 20 min at 4°C. Supernatants were collected and protein concentrations were evaluated using a BC Assay quantitation kit (Interchim SA, Montluçon, France), according to the manufacturer's instructions using bovine serum albumin as standard.

Equal amounts of proteins (30 μg) were diluted in water, and 4X blue electrophoresis buffer (250 mM Tris-HCl pH 6.8, 10% 2-mercaptoethanol, 8% SDS, 40% glycerol and 0.04% bromophenol blue), boiled for 10 min at 95°C, and separated by SDS-PAGE with 10% polyacrylamide gel. The separated proteins were transferred to Immobilon Transfer polyvinylidene fluoride membranes from Millipore (Merck, Darmstadt, Germany). Blots were blocked with 5% BSA in TBS-0.1% Tween (TBST) and the membranes were incubated overnight at 4°C using the following primary antibodies: rabbit monoclonal occludin antibody (1:2000; Cat. #91131, Cell Signaling), rabbit monoclonal ZO-1 antibody (1:2000; Cat. #8193, Cell Signaling), or rabbit monoclonal E-cadherin antibody (1:2000; Cat. #3195, Cell Signaling). Then, an anti-rabbit horseradish peroxidase (HRP)-conjugated secondary antibody (1:10000; Cat. #7074S, Cell Signaling) was incubated for 1 h at room temperature.

After several washings using TBST, the membranes were exposed on a Chemidoc MP imaging system (Biorad, Marnes-la-Coquette, France) with ECL to detect antibody binding.

Peroxydase activity was recorded and analyzed by using Image Lab version 5.0 software (Biorad, Marnes-la-coquette, France). To quantify the intensities of the stained bands for normalization, we used housekeeping protein β-actin, which was detected by a rabbit monoclonal β-actin antibody (1:10000; Cat. #4970, Cell Signaling).

RNA isolation and quantitative PCR (RT-qPCR)

The mRNA expressions of various genes in Caco-2 and HT29-MTX cells were explored using qPCR. Cells in monoculture were seeded on 6-well plates with a density of 3 x 10 4 cells/cm² in the volume of 3 mL using two DMEM culture medium conditions (NG and HG).

At 2, 7, 14, and 21 days post seeding, the medium was removed, cells were washed twice with PBS and directly scraped using 150 µL of RA1 lysis buffer (from the RNA extraction kit, see below) per well. Supernatants were transferred to tubes and kept at -80°C before RNA extraction. Total RNA was extracted using a Nucleospin RNA kit (Macherey-Nagel, Hoerdt, France), according to the manufacturer's instructions. The concentration of total RNA was determined by absorbance at 260/280 nm using a NanoDrop TM one spectrophotometer (Thermo scientific, Saint Aubin, France). Reverse transcription was carried out with 1 µg of total RNA using QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany), according to the manufacturer's instructions.

PCR amplification was carried out on Rotor Gene Q (Qiagen, Hilden, Germany), with 25 ng of cDNA (5 µL) in 15 μL of reaction mixture containing 10 μL of Power up SYBR Green master mix (Applied Biosystems, Life Technologies), and 5 μL of forward and reverse primers (2 µM), for each sample. The qPCR conditions were as follows: an amplification phase at 95°C for 5 min followed by 40 cycles at 95°C for 5 s and 60°C for 10 s. Finally, melt curve analysis was performed by gradually increasing the temperature from 60°C to 95°C to verify that each of the chosen primer pairs amplified a single product with a distinct melting temperature. The primer sequences used for quantification of ZO-1, OCLN and E-cad are shown in Table 1. ß-Actin was used as the housekeeping control gene. The gene expression was compared to the housekeeping gene, using the 2 -∆∆CT method.

Immunofluorescent staining

Caco-2 and HT29-MTX cells in monoculture were seeded on Cell Carrier TM 96 ultra-well plates (Perkin Elmer, Waltham, MA, USA), with a density of 1 x 10 4 cells/well. Cells were grown during 7, 14, and 21 days with two DMEM culture medium conditions (NG and HG).

Before immunofluorescence staining, brightfield images of each well were acquired using the Operetta CLS ™ high throughput microplate imager (5X magnification) to visualize the monolayer morphology.

Confluent cells at days 7, 14, or 21 post seeding were washed once with PBS, fixed with 4% paraformaldehyde for 20 min, then washed once with PBS. Permeabilization was performed with 0.1% Triton X-100 in PBS for 10 min at room temperature. Cells were washed once with PBS before incubation for 1 h in PBS-BSA 3% blocking buffer.

Monolayers were incubated overnight at 4°C using the same primary antibodies as the Western blot analysis: rabbit monoclonal occludin antibody (1:600), rabbit monoclonal ZO-1 antibody (1:200) or rabbit monoclonal E-cadherin antibody (1:600). Subsequently, after washings using PBS, monolayers were incubated with Alexa Fluor 488 anti-rabbit IgG #8940S, Cell Signaling), 1 h at room temperature, in the dark. All antibodies were diluted in PBS-3% BSA. Cells were washed twice with PBS for 5 min, then the nuclei were stained with DAPI for 10 min during the last wash. A final wash was performed with PBS for 5 min.

Fluorescence microscopy images were captured under 63X magnification on the Operetta high-content imaging system and analyzed using Harmony 4.9 software.

Statistical analysis

Results are expressed as the mean ± standard deviation (SD). Statistical analyses were performed using two-way ANOVA with Tukey's multiple comparisons test using GraphPad Prism software version 6.0 for Windows (GraphPad Software, San Diego, CA). Differences with a p-value < 0.05 were considered statistically significant.

RESULTS

Effect of HG on the growth of Caco-2 and HT29-MTX cells

Glucose is an important source of energy and nutrients for the growth and survival of normal and cancer cells. To test the impact of glucose on intestinal cell growth, Caco-2 and HT29-MTX cells, which constitute in vitro models of the two main intestinal cell types (respectively enterocytes and goblet cells), were incubated in culture media containing two concentrations of glucose [normal glucose (NG, 5.5 mM) and high glucose (HG, 25 mM)]. Cells were maintained in the corresponding medium for at least three passages before the experiment but no more than 15 passages (to avoid the selection of distinct cell populations). This separate growth of cells in NG or HG condition prior experiments allows us to compare whether the behavior of these cells differs when they are routinely grown in the different medium, in correlation with the effects of a long-term glucose-rich environment on the functions of the intestinal barrier. Cell numbers were determined for 14 days after seeding. The growth curves showed typical characteristics for the two cell lines. Briefly, a short lag phase was followed by an exponential growth phase (day 3 to day 10). The curves ended with a plateauing of cell density. We observed that there was no significant difference in glucose concentrations for Caco-2 cell proliferation (Fig. 1A) whereas HG increased the cell growth of HT29-MTX cells compared to normal glucose conditions (Fig. 1B). The number of cells at confluency was higher in HG medium compared to NG medium. This result suggests that the cells may have a different morphology depending on the medium used.

Effect of HG on membrane integrity and permeability in Caco-2 and HT29-MTX cell monolayer in monoculture

To evaluate the effect of HG on membrane integrity, TEER measurements can be monitored in intestinal cell monolayers grown on a Transwell membrane. Since we worked under long-term exposure conditions, glucose concentration was similar in the apical and basolateral compartments, either NG or HG. As shown in Fig. 2A, TEER values of both cell lines increased progressively with time until a maximum around day 18. The TEER across Caco-2 cells was higher than that across HT29-MTX cells. The average TEER of both cell lines had the highest level in NG medium, suggesting that HG decreased membrane integrity. In addition, apical to basolateral fluxes of FITC-dextran (10 kDa) were measured to assess the monolayer permeability. These fluxes increased as a function of time between 2h and 24h for both cell lines (Fig. 2B and2C). The results are consistent with those obtained from TEER measurements, with a higher permeability of HT29-MTX cell monolayers compared with the Caco-2 cell monolayers. Significant increases in permeability were observed in the presence of HG medium for both cell lines at 24h (p < 0.001), and as early as 4h for HT29-MTX cells (p < 0.01). Nevertheless, these dextran permeabilities are very low with, respectively for HT29-MTX and Caco-2 cells, values < 2% and < 0.4% at 6h and < 10% and < 0.5% at 24h.

Consequently, barrier properties restricting permeability appears to be less developed in the HG condition.

Effect of HG on Caco-2 and HT29-MTX cell monolayer morphology

To investigate whether HG exposure affects monolayer formation, we compared morphological features of IE cells grown in NG or HG medium. Brightfield images of the Caco-2 and HT29-MTX cells cultured on 96-well plates were taken at 3 different days of culture after seeding (days 7, 14 and 21). We observed differences between monolayers in their general appearance during growth. Cells grew rapidly in confluent flat monolayers (Fig. 3). For Caco-2 cells, dark spots were already observed on the monolayers on day 7 in both media. In addition, in some places, the monolayer became very dense and three-dimensional, forming domes. These elevations have been previously described and are correlated to cell differentiation and transepithelial transport. These observations indicated that the cells maintain their polarization capacity in vitro and display directed salt and water transport as well as strong cell to cell contacts, forming a water-impermeable layer [START_REF] Grasset | Epithelial Properties of Human Colonic Carcinoma Cell Line Caco-2: Electrical Parameters[END_REF]. At day 7, the monolayers looked similar between the NG and HG media. Differences appeared over time with a density that seemed slightly higher in HG medium than in NG medium at day 21.

These results suggest that the cells were growing on top of each other in HG medium.

Differences over time appeared to be more pronounced for HT29 than for Caco-2 cells with much denser monolayers in HG medium than in NG medium.

In addition, we investigated the morphological changes in cell nuclei using DAPI staining, which supported that HG induced modifications in the nuclear morphology for both Caco-2 and HT29-MTX cells (Fig. 4). HG decreased the nucleus area and fluorescence intensities.

For HT29-MTX, increased numbers of nuclei per well were found at days 7 and 21, which is in line with the increase observed in cell growth and number of cells at confluency (Fig. 1B).

These results confirm that the cells cultured in the two media have different morphologies.

Effect of HG on Caco-2 and HT29-MTX cell migration capacity

Cell motility is a hallmark of many gut-related physiological and pathological processes such as wound repair and cancer metastasis. Thus, to determine the influence of glucose on cell migration, we performed a wound healing assay, which provides an indirect measurement of the ability of IE cells to repair mucosal injury and maintain the integrity of the intestinal barrier. The closure of a scratch applied to confluent cell monolayers was monitored for 96 h.

As shown in Fig. 5, the wound closure increased with time for all the conditions. The migration was significantly faster with Caco-2 compared to HT29-MTX cells. Data are expressed as the distance covered by the cells in mm after the wound had occurred. This distance was not dependent of the width of scratches. In order to get a visual effect of wound closure in Fig. 5A, larger scratch widths (at 0h) were chosen for Caco-2 cells than for HT29-MTX cells. The results demonstrated that Caco-2 cells cultivated in HG medium migrated at a faster rate than in NG medium (Fig. 5A and5C). In contrast, HT29-MTX cells did not appear to migrate differently with glucose concentrations (Fig. 5B and5D).

Effect of HG on protein junction expression and localization in Caco-2 and HT29-MTX cell monolayers in monoculture

To assess whether more subtle cellular morphological changes than those measured by TEER and observed by microscopy can occur, changes in junctional protein expression and localization were evaluated. We were particularly interested in tight junction (ZO-1 and OCLN) and adherens junction (E-cad) proteins. These proteins play an important role in maintaining cellular barrier functions [START_REF] Groschwitz | Intestinal Barrier Function: Molecular Regulation and Disease Pathogenesis[END_REF][START_REF] Bhat | Tight Junction Proteins and Signaling Pathways in Cancer and Inflammation: A Functional Crosstalk[END_REF][START_REF] Niessen | Tight Junctions/Adherens Junctions: Basic Structure and Function[END_REF]. Cell monolayers were cultured in NG or HG medium for 7, 14 or 21 days. Then either mRNA or protein contents were extracted, and their levels were quantified with RT-qPCR and Western blotting respectively.

As shown in Fig. 6, mRNA expression levels of all proteins increased with time, in accordance with the progressive constitution of monolayers. For the most part, in Caco-2 cells, mRNA expression levels of all proteins were slightly reduced in the HG condition compared with the NG condition (Fig. 6A). In contrast, for HT29-MTX cells, although the expression levels of E-cad were also reduced in HG medium at day 21, the mRNA levels of ZO-1 and OCLN were similar or slightly higher (Fig. 6B). It is important to note that the variations in mRNA expressions between NG and HG media were low (mostly < 1.5-fold).

Concerning protein expression levels, for Caco-2 cells, Western blot quantification demonstrated that HG did not cause any notable change in protein expressions (Fig. 7A and7C). Nevertheless, even though the differences were not statistically significant, slightly lower protein content was frequently observed in samples grown in HG medium at any time considered for most of the proteins studied, except for ZO-1 at D21. We noticed decreases in the detected amount of ZO-1 as the culture time increased in both media (p < 0.01). For HT29-MTX cells, results were depending on the protein and time of interest (Fig. 7B and7D). While we observed lower OCLN content at D7 (p < 0.001) in HG medium compared to NG medium, the variations were not significant for E-cad, OCLN at D14 and D21 and ZO-1 at D7. Intriguingly, we found a clear decrease in the detected amount of ZO-1 in NG medium as the culture time increased (p < 0.0001). ZO-1 was thus barely detectable in the HT29-MTX monolayer developed in NG medium at days 14 and 21. More protein was detected on these same days in the HG condition, indicating that HG maintained ZO-1 levels at a fairly high content with time while it was reduced in NG medium. It should be noted that the anti-ZO-1 antibody used in this work recognizes the two protein isoforms but our Western blot conditions did not enable us to separate them. We also observed that while the amount of OCLN decreased slightly with time in NG medium, it increased in HG medium (p < 0.01).

Next, we assessed the effect of HG on the cellular localization of these junction proteins by using immunofluorescence staining. We noticed that ZO-1, OCLN and E-cad all exhibited the typical intercellular network with continuous immunolocalization encircling the individual cells. Interestingly, the intensities of the ZO-1, OCLN and E-cad signals of both types of IE cell were markedly reduced in monolayers cultured in HG medium compared to NG medium, especially at days 14 and 21 (Fig. 8). In addition, for HT29-MTX cells, immunofluorescence localization of ZO-1, OCLN and E-cad, especially at day 21, indicated that HG induced modifications in the morphological shape of the cells. Signals were more localized at the intercellular junctions and the network seemed tighter. This result was in agreement with nucleus immunofluorescence staining, showing lower signal intensities and an increased number of nuclei in HG medium (Fig. 4B). In accordance with Western blot analysis, we found a time-dependent decrease in the presence of protein for ZO-1 in Caco-2 and HT29-MTX cells. We did not see any notable variation with time in the immunofluorescence intensities of OCLN and E-cad in either medium.

Confocal X-Z images were generated to visualize the localization of the corresponding proteins in the Z planes (Fig. 8C and8D). For both cell types, they revealed that OCLN and E-cad was mainly localized in the lateral membranes and ZO-1 was focused at the apical side of the lateral membranes. These images also confirmed that HG induced morphological and structural differences in the monolayers. The image analysis parameters were chosen to correctly visualize the signals. It is important to note that the signal intensities in the HG medium were lower than those in the NG medium for Caco-2 and HT29-MTX cells, reinforcing what has been seen previously (Fig. 8A and8B). Moreover, for Caco-2 cells in HG medium, a few spots of ZO-1 were focused a little more towards the basolateral side on the lateral membrane. Furthermore, distribution of OCLN and E-cad along the lateral membranes highlighted that the monolayer appears thinner in NG medium compared to HG medium for both IE cells (Fig. 8C). It is also worth noting, for Caco-2 cells, that we found that these structural and morphological changes were not observed in NG medium containing 20 mM of mannitol (data not shown). The use of mannitol allows us to exclude potential hyperosmotic effects that may arise due to high glucose. For HT29-MTX cells, the experiments could not be performed as 20 mM of mannitol appeared to be toxic to cells that detached from the culture support. Immunofluorescence staining via phalloidin of F-actin, a key marker of the cytoskeleton, was also performed and did not show any significant variations between NG and HG media (data not shown).

Taken together, our results demonstrated that HG-induced impairment of the intestinal barrier led to both density changes and redistribution of intercellular junction proteins, and morphological modifications in the IE cells. These structural alterations may impact the functional characteristics of the barrier such as mucus production and ALP activity.

Effect of HG on the mucus production of Caco-2 and HT29-MTX cell monolayers in monoculture

Mucus production, a major function of the IE, was then examined for both medium conditions and cell types. Secreted mucus along the monolayers was evaluated using Alcian blue, a cationic dye which specifically binds to acidic mucin glycoproteins, leading to a deep blue colour. As indicated previously, Caco-2 cells showed only background levels of staining, confirming that they are not able to produce mucus (Fig. 9A and9B). On the other hand, Fig. 9 shows that mucus was successfully produced by HT29-MTX cells. We did not find any significant variation in mucus production between NG and HG conditions, as 100% of the insert surface was covered in both conditions. Nevertheless, a slight increase in the intensity of the mucus stain could be observed in the presence of HG medium (Fig. 9A). In addition, histological examination of paraffin-embedded vertical cross sections of the HT29-MTX monolayer stained with Alcian blue confirmed that no increase in the thickness of the adherent mucus layer seemed to appear by culturing the cells in HG medium compared to NG medium. It also confirmed that HT29-MTX cells grown in NG medium displayed a wellpolarized monolayer, whereas the same cells grown in HG medium showed a less organized pattern and appeared to be pseudo-stratified or even multi-layered at several locations along the entire layer on the insert. The ALP activities of the HT29-MTX monolayers were close to the background noise level and did not vary with time (Fig. 10). For the Caco-2 monolayers, ALP activities increased progressively from day 7 to day 21 (Fig. 10). We did not observe any significant variation between NG and HG media, suggesting that HG did not affect the differentiation of Caco-2 cells and their microvilli formation.

Effect of HG on the ALP activity of

Effect of HG on the functional characteristics of Caco-2 and HT29-MTX cells in co-culture

To improve the Caco-2 cell model for simulating human intestines, co-cultures of Caco-2 cells with HT29 cells were frequently established [START_REF] Akbari | Interaction of Cruciferin-Based Nanoparticles with Caco-2 Cells and Caco-2/HT29-MTX Co-Cultures[END_REF][START_REF] Araújo | Towards the Characterization of an in Vitro Triple Co-Culture Intestine Cell Model for Permeability Studies[END_REF][START_REF] Boegh | Property Profiling of Biosimilar Mucus in a Novel Mucus-Containing in Vitro Model for Assessment of Intestinal Drug Absorption[END_REF][START_REF] Chen | Defining Conditions for the Co-Culture of Caco-2 and HT29-MTX Cells Using Taguchi Design[END_REF][START_REF] Lehner | A Novel 3D Intestine Barrier Model to Study the Immune Response upon Exposure to Microplastics[END_REF][START_REF] Pan | Optimization of Caco-2 and HT29 Co-Culture in Vitro Cell Models for Permeability Studies[END_REF][START_REF] Pham | Effects of Colon-Targeted Vitamins on the Composition and Metabolic Activity of the Human Gut Microbiome-a Pilot Study[END_REF][START_REF] Pham | The Effects of Fermentation Products of Prebiotic Fibres on Gut Barrier and Immune Functions in Vitro[END_REF]. The characteristics of these coculture models are closer to those of the human small intestine. Depending on the studies, the proportions of the two cell types in co-culture vary and several authors have investigated the optimal cell ratio. Using EGFP-transfected Caco-2 cells, Araujo and Sarmento indicated that, after 21 days in culture, the 9:1 proportion resulted in around 95% of EGFP positive Caco-2 cells, the 8:2 proportion around 93% and the 7:3 proportion, around 90% [START_REF] Araújo | Towards the Characterization of an in Vitro Triple Co-Culture Intestine Cell Model for Permeability Studies[END_REF]. They finally elected to work with the 9:1 ratio which is the most commonly used ratio in the literature [START_REF] Araújo | Towards the Characterization of an in Vitro Triple Co-Culture Intestine Cell Model for Permeability Studies[END_REF][START_REF] Lehner | A Novel 3D Intestine Barrier Model to Study the Immune Response upon Exposure to Microplastics[END_REF][START_REF] Pan | Optimization of Caco-2 and HT29 Co-Culture in Vitro Cell Models for Permeability Studies[END_REF]. Nevertheless, many authors have chosen other ratios, such as 8:2 [START_REF] Akbari | Interaction of Cruciferin-Based Nanoparticles with Caco-2 Cells and Caco-2/HT29-MTX Co-Cultures[END_REF][START_REF] Boegh | Property Profiling of Biosimilar Mucus in a Novel Mucus-Containing in Vitro Model for Assessment of Intestinal Drug Absorption[END_REF][START_REF] Mccright | Generating an In Vitro Gut Model with Physiologically Relevant Biophysical Mucus Properties[END_REF] or 7:3 [START_REF] Chen | Defining Conditions for the Co-Culture of Caco-2 and HT29-MTX Cells Using Taguchi Design[END_REF][START_REF] Pham | Effects of Colon-Targeted Vitamins on the Composition and Metabolic Activity of the Human Gut Microbiome-a Pilot Study[END_REF][START_REF] Pham | The Effects of Fermentation Products of Prebiotic Fibres on Gut Barrier and Immune Functions in Vitro[END_REF][START_REF] Schimpel | Development of an Advanced Intestinal in Vitro Triple Culture Permeability Model to Study Transport of Nanoparticles[END_REF]. In any case, it is worth noting that in our experiments, we were unable to specify precisely the ratio of Caco-2 versus HT29-MTX cell numbers at each culture time.

We investigated three barrier functions of Caco-2 and HT29-MTX cell monolayers in coculture with three ratios (9:1, 8:2 and 7:3): mucus production, ALP activity and permeability by TEER and FITC-dextran flux measurements. First, the blue staining area of the different co-cultures increased with the ratio of HT29-MTX cells (Fig. 11A and11B). Under these conditions, we found a more intense blue staining of the co-culture monolayers in HG medium, compared to NG medium. Ultimately, HG slightly increased the mucus production ability of HT29-MTX cells, and thus goblet cells. Second, we found similar ALP activities between Caco-2 monolayers in monoculture and in co-culture with HT29-MTX cells (Fig. 11C). ALP activities gradually increased from day 7 to day 21 for all co-culture monolayers.

HG tended to decrease ALP activity a little, but differences were low and not significant in our experimental conditions, indicating that HG may not have a drastic impact on enterocyte activity.

Finally, when the ratio of Caco-2 cells decreased in the co-culture monolayers, TEER values also decreased (Fig. 11D, p < 0.001) and the FITC-dextran fluxes increased (Fig. 11E, p < 0.0001). This is in line with the results of the monoculture monolayers where Caco-2 cells exhibited a high TEER and a low FITC-dextran permeability while HT29-MTX cells displayed a low TEER and a higher FITC-dextran permeability than Caco-2 cells. We showed that HG affected the permeability properties of the co-culture monolayers by significantly decreasing the TEER, which measures the ion flux through the barrier and increasing apical to basolateral flux of FITC-dextran. This increase in permeability implies a decrease in barrier integrity induced by HG. Taken together, our results highlighted that HG strongly impacts the properties of the intestinal barrier by modulating its functionalities.

DISCUSSION

The prevalence of excess weight and obesity in the United States and Europe has climbed almost unabated in the last 50 years, leading to an increase in chronic diseases such as cancer, cardiovascular disease, type 2 diabetes, hypertension and coronary heart disease [START_REF] Clement | American Diabetes Association Diabetes in Hospitals Writing Committee Management of Diabetes and Hyperglycemia in Hospitals[END_REF][START_REF] Giri | Chronic Hyperglycemia Mediated Physiological Alteration and Metabolic Distortion Leads to Organ Dysfunction, Infection, Cancer Progression and Other Pathophysiological Consequences: An Update on Glucose Toxicity[END_REF][START_REF] Hruby | The Epidemiology of Obesity: A Big Picture[END_REF][4]. The role of diet and physical activity in mitigating the risk of obesity have gained much attention, justifiably, given that deaths can increasingly be attributed to excess weight, caused by poor diet and physical inactivity [START_REF] Hruby | The Epidemiology of Obesity: A Big Picture[END_REF][START_REF] Zhang | Enhancing Intestinal Barrier Efficiency: A Novel Metabolic Diseases Therapy[END_REF][START_REF] Lustig | Obesity I: Overview and Molecular and Biochemical Mechanisms[END_REF][START_REF] Yao | The Role of Small Intestinal Bacterial Overgrowth in Obesity and Its Related Diseases[END_REF]. Overweight people tend to ingest glucose-containing foods, which can lead to glucose addiction, increased glucose levels in the blood and intestine lumen, and exposure of intestinal epithelial (IE) cells to high glucose (HG) concentrations. It has been shown that hyperglycemia promotes cell proliferation, migration, and adhesion in various tumor cell lines [START_REF] Giri | Chronic Hyperglycemia Mediated Physiological Alteration and Metabolic Distortion Leads to Organ Dysfunction, Infection, Cancer Progression and Other Pathophysiological Consequences: An Update on Glucose Toxicity[END_REF][START_REF] Han | Glucose Promotes Cell Proliferation, Glucose Uptake and Invasion in Endometrial Cancer Cells via AMPK/MTOR/S6 and MAPK Signaling[END_REF][START_REF] Wahdan-Alaswad | Glucose Promotes Breast Cancer Aggression and Reduces Metformin Efficacy[END_REF][START_REF] Han | Indometacin Ameliorates High Glucose-Induced Proliferation and Invasion via Modulation of e-Cadherin in Pancreatic Cancer Cells[END_REF], including the colon [START_REF] Duan | Hyperglycemia, a Neglected Factor during Cancer Progression[END_REF][START_REF] Masur | Diabetogenic Glucose and Insulin Concentrations Modulate Transcriptome and Protein Levels Involved in Tumour Cell Migration, Adhesion and Proliferation[END_REF][START_REF] Wu | High Glucose Induces Epithelial-Mesenchymal Transition and Results in the Migration and Invasion of Colorectal Cancer Cells[END_REF][START_REF] Ma | High Glucose Modulates Antiproliferative Effect and Cytotoxicity of 5-Fluorouracil in Human Colon Cancer Cells[END_REF]. It is also associated with metastasis and may play a part in reengineering cancer cells in primary lesions.

Epithelial barrier function is a key feature of intestinal health [START_REF] Groschwitz | Intestinal Barrier Function: Molecular Regulation and Disease Pathogenesis[END_REF][START_REF] Odenwald | The Intestinal Epithelial Barrier: A Therapeutic Target?[END_REF][START_REF] Zhang | Enhancing Intestinal Barrier Efficiency: A Novel Metabolic Diseases Therapy[END_REF]. Various works have investigated the effect of HG on intestinal barrier properties. However, contradictory results have been described, which can be explained by the different experimental conditions used, in particular concerning exposure time to HG. This exposure time is very frequently short, ranging from 1 to 4 days [START_REF] Han | Glucose Promotes Cell Proliferation, Glucose Uptake and Invasion in Endometrial Cancer Cells via AMPK/MTOR/S6 and MAPK Signaling[END_REF][START_REF] Pereira | Effect of Dietary Additives on Intestinal Permeability in Both Drosophila and a Human Cell Co-Culture[END_REF][START_REF] Skibbe | Colorectal Cancer Progression Is Potently Reduced by a Glucose-Free, High-Protein Diet: Comparison to Anti-EGFR Therapy[END_REF][START_REF] Wahdan-Alaswad | Glucose Promotes Breast Cancer Aggression and Reduces Metformin Efficacy[END_REF][START_REF] Wu | High Glucose Induces Epithelial-Mesenchymal Transition and Results in the Migration and Invasion of Colorectal Cancer Cells[END_REF][START_REF] Sharma | Flavonoids Modulate Tight Junction Barrier Functions in Hyperglycemic Human Intestinal Caco-2 Cells[END_REF][START_REF] Han | Indometacin Ameliorates High Glucose-Induced Proliferation and Invasion via Modulation of e-Cadherin in Pancreatic Cancer Cells[END_REF][START_REF] Alfuraih | Effect of High Glucose on Ocular Surface Epithelial Cell Barrier and Tight Junction Proteins[END_REF][START_REF] Cheng | Loganin Attenuates High Glucose-Induced Schwann Cells Pyroptosis by Inhibiting ROS Generation and NLRP3 Inflammasome Activation[END_REF][START_REF] Filippello | High Glucose Exposure Impairs L-Cell Differentiation in Intestinal Organoids: Molecular Mechanisms and Clinical Implications[END_REF][START_REF] Gan | High Glucose Induces the Loss of Retinal Pericytes Partly via NLRP3-Caspase-1-GSDMD-Mediated Pyroptosis[END_REF][START_REF] Qing | High Glucose-Induced Intestinal Epithelial Barrier Damage Is Aggravated by Syndecan-1 Destruction and Heparanase Overexpression[END_REF][START_REF] Suarez | High Glucose-Induced Retinal Pericyte Apoptosis Depends on Association of GAPDH and Siah1[END_REF]. Finally, few studies have evaluated the effect of longer exposure time to HG on the development and characteristics of the intestinal barrier [START_REF] Boztepe | Investigation of the Influence of High Glucose on Molecular and Genetic Responses: An in Vitro Study Using a Human Intestine Model[END_REF][START_REF] Villarroel | Effects of High Glucose Concentration on the Barrier Function and the Expression of Tight Junction Proteins in Human Retinal Pigment Epithelial Cells[END_REF]. And yet, long-term high glucose exposure is certainly the process that contributes to the development of diseases. For this reason, investigation is warranted to better understand the adaptive physiological changes in IE cells in response to HG consumption, and thus in long-term exposure, as the mechanisms underlying this process remain unclear.

To closely mimic the human intestinal barrier, standard monoculture models with Caco-2 monolayers have been used extensively. However, they form monolayers of enterocyte-like cells and thus exhibit numerous limitations, such as the lack of mucus layer. Mucus-secreting goblet cells are the second major cell type of the IE and they are frequently represented by HT29-MTX cells. Accordingly, the co-culture of Caco-2 cells with HT29-MTX cells has been referred to as a more predictable experimental cell model than these IE cells in monoculture [START_REF] Akbari | Interaction of Cruciferin-Based Nanoparticles with Caco-2 Cells and Caco-2/HT29-MTX Co-Cultures[END_REF][START_REF] Araújo | Towards the Characterization of an in Vitro Triple Co-Culture Intestine Cell Model for Permeability Studies[END_REF][START_REF] Boegh | Property Profiling of Biosimilar Mucus in a Novel Mucus-Containing in Vitro Model for Assessment of Intestinal Drug Absorption[END_REF][START_REF] Chen | Defining Conditions for the Co-Culture of Caco-2 and HT29-MTX Cells Using Taguchi Design[END_REF][START_REF] Lehner | A Novel 3D Intestine Barrier Model to Study the Immune Response upon Exposure to Microplastics[END_REF][START_REF] Pan | Optimization of Caco-2 and HT29 Co-Culture in Vitro Cell Models for Permeability Studies[END_REF][START_REF] Pham | Effects of Colon-Targeted Vitamins on the Composition and Metabolic Activity of the Human Gut Microbiome-a Pilot Study[END_REF][START_REF] Pham | The Effects of Fermentation Products of Prebiotic Fibres on Gut Barrier and Immune Functions in Vitro[END_REF].

A normal physiological level of glucose is considered to be 5.5 mM, whereas the glucose concentration in media is frequently 25 mM when investigating the influence of HG on cells [START_REF] Clement | American Diabetes Association Diabetes in Hospitals Writing Committee Management of Diabetes and Hyperglycemia in Hospitals[END_REF][START_REF] Boztepe | Investigation of the Influence of High Glucose on Molecular and Genetic Responses: An in Vitro Study Using a Human Intestine Model[END_REF][START_REF] Chen | Acute Glucose Fluctuation Promotes in Vitro Intestinal Epithelial Cell Apoptosis and Inflammation via the NOX4/ROS/JAK/STAT3 Signaling Pathway[END_REF][START_REF] Souza | High Glucose Concentration in Isotonic Media Alters Caco-2 Cell Permeability[END_REF][START_REF] Han | Glucose Promotes Cell Proliferation, Glucose Uptake and Invasion in Endometrial Cancer Cells via AMPK/MTOR/S6 and MAPK Signaling[END_REF][START_REF] Leontieva | Rapamycin Reverses Insulin Resistance (IR) in High-Glucose Medium without Causing IR in Normoglycemic Medium[END_REF][START_REF] Pereira | Effect of Dietary Additives on Intestinal Permeability in Both Drosophila and a Human Cell Co-Culture[END_REF][START_REF] Villarroel | Effects of High Glucose Concentration on the Barrier Function and the Expression of Tight Junction Proteins in Human Retinal Pigment Epithelial Cells[END_REF]. Surprisingly, this excessive amount of glucose is quite common in experimental settings for the maintenance of Caco-2 and HT29-MTX cells [START_REF] Akbari | Interaction of Cruciferin-Based Nanoparticles with Caco-2 Cells and Caco-2/HT29-MTX Co-Cultures[END_REF][START_REF] Nollevaux | Development of a Serum-Free Co-Culture of Human Intestinal Epithelium Cell-Lines (Caco-2/HT29-5M21)[END_REF][START_REF] Talbot | Food-Grade TiO2 Is Trapped by Intestinal Mucus in Vitro but Does Not Impair Mucin O-Glycosylation and Short-Chain Fatty Acid Synthesis in Vivo: Implications for Gut Barrier Protection[END_REF]. Many studies that do not even mention the concentration of glucose in their media frequently used DMEM medium that probably contains HG concentrations [START_REF] Araújo | Towards the Characterization of an in Vitro Triple Co-Culture Intestine Cell Model for Permeability Studies[END_REF][START_REF] Boegh | Property Profiling of Biosimilar Mucus in a Novel Mucus-Containing in Vitro Model for Assessment of Intestinal Drug Absorption[END_REF][START_REF] Lehner | A Novel 3D Intestine Barrier Model to Study the Immune Response upon Exposure to Microplastics[END_REF][START_REF] Pan | Optimization of Caco-2 and HT29 Co-Culture in Vitro Cell Models for Permeability Studies[END_REF][START_REF] Pham | Effects of Colon-Targeted Vitamins on the Composition and Metabolic Activity of the Human Gut Microbiome-a Pilot Study[END_REF][START_REF] Pham | The Effects of Fermentation Products of Prebiotic Fibres on Gut Barrier and Immune Functions in Vitro[END_REF][START_REF] Mccright | Generating an In Vitro Gut Model with Physiologically Relevant Biophysical Mucus Properties[END_REF][START_REF] Schimpel | Development of an Advanced Intestinal in Vitro Triple Culture Permeability Model to Study Transport of Nanoparticles[END_REF][START_REF] Pontier | HT29-MTX and Caco-2/TC7 Monolayers as Predictive Models for Human Intestinal Absorption: Role of the Mucus Layer[END_REF]. However, this concentration appears to be comparable to the hyperglycemia condition and patients with uncontrolled severe diabetes [START_REF] Clement | American Diabetes Association Diabetes in Hospitals Writing Committee Management of Diabetes and Hyperglycemia in Hospitals[END_REF][START_REF] Souza | High Glucose Concentration in Isotonic Media Alters Caco-2 Cell Permeability[END_REF].

The present study aimed to explore the impact of these two glucose concentrations (NG and HG) in a long-term exposure condition on various characteristics of IE cells such as proliferation, integrity, permeability, cell morphology, functionality, expression, and localisation of junctional proteins (OCLN, ZO-1 and E-cad). We used in vitro models combining Caco-2 and HT29-MTX cells in both monoculture and co-culture. Confocal microscopy demonstrated that growing cells mainly formed a monolayer, especially in NG as at some positions, multilayers appeared in HG. The monolayers were at confluency from 7 days and remained stable for more than 21 days. In both media, we noted the appearance of domes characteristic of Caco-2 cells cultured on plates, indicating correct differentiation of the cells, even on plates compared to insert membranes. As time progressed, the differences in morphology became more pronounced between monolayers grown in HG or NG medium for Caco-2 and HT29-MTX cells, with layers appearing denser and less organized in HG (Fig. 3, difficult to focus during microscopic imaging [START_REF] Lindner | Physiological Shear Stress Enhances Differentiation, Mucus-Formation and Structural 3D Organization of Intestinal Epithelial Cells In Vitro[END_REF]. They suggested that HT29-MTX monolayers are capable of expanding three-dimensionally leading to the presence of multilayered areas, explaining the accumulation of mucus that decreased light transmission in these respective areas [START_REF] Lindner | Physiological Shear Stress Enhances Differentiation, Mucus-Formation and Structural 3D Organization of Intestinal Epithelial Cells In Vitro[END_REF]. As in NG conditions, HT29-MTX cells have decreased proliferation capability (Fig. 1), these cells are less able to expand three-dimensionally, which is consistent with our morphological result.

TEER measurement is a reliable method for confirming the integrity and permeability of a monolayer. It also makes it possible to characterize the presence of tight junctions between cells. All the monolayers displayed a continuous increase in TEER in the first 18 days after seeding (Fig. 2 and11D). As previously shown in the literature [START_REF] Boegh | Property Profiling of Biosimilar Mucus in a Novel Mucus-Containing in Vitro Model for Assessment of Intestinal Drug Absorption[END_REF][START_REF] Chen | Defining Conditions for the Co-Culture of Caco-2 and HT29-MTX Cells Using Taguchi Design[END_REF][START_REF] Lehner | A Novel 3D Intestine Barrier Model to Study the Immune Response upon Exposure to Microplastics[END_REF][START_REF] Pan | Optimization of Caco-2 and HT29 Co-Culture in Vitro Cell Models for Permeability Studies[END_REF][START_REF] Souza | High Glucose Concentration in Isotonic Media Alters Caco-2 Cell Permeability[END_REF][START_REF] Min | Abnormal Differentiation of Intestinal Epithelium and Intestinal Barrier Dysfunction in Diabetic Mice Associated with Depressed Notch/NICD Transduction in Notch/Hes1 Signal Pathway[END_REF][START_REF] Schimpel | Development of an Advanced Intestinal in Vitro Triple Culture Permeability Model to Study Transport of Nanoparticles[END_REF][START_REF] Nollevaux | Development of a Serum-Free Co-Culture of Human Intestinal Epithelium Cell-Lines (Caco-2/HT29-5M21)[END_REF][START_REF] Pontier | HT29-MTX and Caco-2/TC7 Monolayers as Predictive Models for Human Intestinal Absorption: Role of the Mucus Layer[END_REF][START_REF] Béduneau | A Tunable Caco-2/HT29-MTX Co-Culture Model Mimicking Variable Permeabilities of the Human Intestine Obtained by an Original Seeding Procedure[END_REF][START_REF] Gagnon | Comparison of the Caco-2, HT-29 and the Mucus-Secreting HT29-MTX Intestinal Cell Models to Investigate Salmonella Adhesion and Invasion[END_REF],

HT29-MTX monolayers have very low resistance. Furthermore, TEER values of Caco-2 and HT29-MTX co-culture monolayers decreased as the ratio of Caco-2 cells decreased because these cells form tighter junctions than HT29-MTX cells. Interestingly, HT29-MTX and Caco-2 cells exhibited decreased resistance when cultured in HG medium, further supporting the barrier destabilization induced by HG. Navabi et al. previously suggested the negative effect of glucose on the integrity of the monolayer when they detected a decrease in the epithelial resistance of the LS513 cell line grown in the DMEM medium compared to RPMI medium which contains half the amount of glucose [START_REF] Navabi | Gastrointestinal Cell Lines Form Polarized Epithelia with an Adherent Mucus Layer When Cultured in Semi-Wet Interfaces with Mechanical Stimulation[END_REF]. While some studies have also shown a decrease in TEER in the presence of HG [START_REF] Souza | High Glucose Concentration in Isotonic Media Alters Caco-2 Cell Permeability[END_REF][START_REF] Sharma | Flavonoids Modulate Tight Junction Barrier Functions in Hyperglycemic Human Intestinal Caco-2 Cells[END_REF][START_REF] Min | Abnormal Differentiation of Intestinal Epithelium and Intestinal Barrier Dysfunction in Diabetic Mice Associated with Depressed Notch/NICD Transduction in Notch/Hes1 Signal Pathway[END_REF][START_REF] Alfuraih | Effect of High Glucose on Ocular Surface Epithelial Cell Barrier and Tight Junction Proteins[END_REF][START_REF] Qing | High Glucose-Induced Intestinal Epithelial Barrier Damage Is Aggravated by Syndecan-1 Destruction and Heparanase Overexpression[END_REF], other studies have observed that there was no effect [START_REF] Boztepe | Investigation of the Influence of High Glucose on Molecular and Genetic Responses: An in Vitro Study Using a Human Intestine Model[END_REF][START_REF] Dutton | Hyperglycemia Minimally Alters Primary Self-Renewing Human Colonic Epithelial Cells While TNFα-Promotes Severe Intestinal Epithelial Dysfunction[END_REF]. Villarroel et al. even found that human retinal pigment epithelia cell lines (ARPE-19) showed higher TEER when they were grown in HG medium [START_REF] Villarroel | Effects of High Glucose Concentration on the Barrier Function and the Expression of Tight Junction Proteins in Human Retinal Pigment Epithelial Cells[END_REF]. This discrepancy may be due to different experimental protocols, but it could also be due to exposure times and cell types, two factors probably crucial in the HG effect. In our study, we highlighted that while the effect of HG in long-term exposure on the permeability of Caco-2 cells was not drastic when the cells were in monoculture, the impact was increasingly significant when they were co-cultured with an increasing proportion of HT29-MTX cells.

Similar results were found with apical to basolateral fluxes of FITC-dextran. Caco-2 cells showed very low permeability in both media compared to HT29-MTX cells. FITC-dextran fluxes of Caco-2 and HT29-MTX co-culture monolayers increased as the ratio of Caco-2 cells decreased. Moreover, HG medium slightly but significantly increased the permeability of the co-culture monolayers at 24h, especially as the proportion of HT29-MTX cells increased (Fig. 11E).

The integrity and permeability of the epithelial barrier are accomplished by the formation of complex protein networks that mechanically connect adjacent cells and seal the intercellular space. These protein networks linking epithelial cells form intercellular junctions that include in particular tight junctions (TJ) and adherens junctions (AJ) [START_REF] Groschwitz | Intestinal Barrier Function: Molecular Regulation and Disease Pathogenesis[END_REF][START_REF] Bhat | Tight Junction Proteins and Signaling Pathways in Cancer and Inflammation: A Functional Crosstalk[END_REF][START_REF] Niessen | Tight Junctions/Adherens Junctions: Basic Structure and Function[END_REF]. TJ regulate paracellular permeability across epithelial cells, while AJ mediate adhesive contact that supports the mechanical integrity of the epithelial barrier. We studied the most well-known: ZO-1 and OCLN for TJ proteins, and E-cad for an AJ protein.

Although we observed small changes in the mRNA and protein expressions of the junction proteins tested for Caco-2 and HT29-MTX cells in HG medium, we mainly observed low variation, less than 2-fold, which may be not significant (Fig. 6 and7). Nevertheless, for Caco-2 cells, we found that mRNA and protein expressions of ZO-1, E-cad and OCLN tended to be reduced in HG medium. Results for HT29-MTX cells were more complex, with modification depending on both the protein and time. To go further, we assessed the barrier not see any variation in the immunolocalization of ZO-1, they did not show the result for OCLN.

To the best of our knowledge, this is the first time that confocal microscopy was performed to visualize the structural network of TJ and AJ proteins on both Caco-2 and HT29-MTX cell monolayers cultured in long-term exposure to HG. We confirmed their presence around cell membranes between the neighboring cells forming the well-organized network, known for Accordingly, the effects of HG on the barrier are not due to drastic changes in the overall protein content but rather to a reorganization of these proteins. Acharya et al. previously showed that the amount of E-cad that concentrated to form an apical zonula adherens can be significantly reduced, without change in the total or surface levels of E-cad [START_REF] Acharya | Mammalian Diaphanous 1 Mediates a Pathway for E-Cadherin to Stabilize Epithelial Barriers through Junctional Contractility[END_REF]. Our results showed a more intense and therefore certainly thicker localization of junction proteins at lateral cell-cell contact points in NG conditions. The reduction in protein levels detectable at cell junctions under HG conditions highlighted a variation in protein localization in cells, with fewer proteins concentrated at cell junctions. This redistribution suggests a less effective junctional recruitment of proteins, leading to a decrease in protein density at junctions [START_REF] Kale | Distinct Contributions of Tensile and Shear Stress on E-Cadherin Levels during Morphogenesis[END_REF].

This reorganization and loss of adhesion between cells induced by HG could also explain how HG significantly enhanced the invasive and migratory capabilities of cells, in particular CRC cells [START_REF] Bhat | Tight Junction Proteins and Signaling Pathways in Cancer and Inflammation: A Functional Crosstalk[END_REF][START_REF] Wu | High Glucose Induces Epithelial-Mesenchymal Transition and Results in the Migration and Invasion of Colorectal Cancer Cells[END_REF], which is in line with the results we obtained in this present work (Fig. 5). These features are two characteristics of cancer and play an important role in cancer progression, promoting the growth and metastasis of tumor cells [START_REF] Han | Indometacin Ameliorates High Glucose-Induced Proliferation and Invasion via Modulation of e-Cadherin in Pancreatic Cancer Cells[END_REF]. In addition to the impermeable lining of IE cells, other properties such as the mucus layer are important for maintaining an adequate barrier function. Alcian blue stained cell monolayers allowed us to visualise mucus formation (Fig. 9, 11A and 11B). In both media, as previously shown [START_REF] Boegh | Property Profiling of Biosimilar Mucus in a Novel Mucus-Containing in Vitro Model for Assessment of Intestinal Drug Absorption[END_REF][START_REF] Chen | Defining Conditions for the Co-Culture of Caco-2 and HT29-MTX Cells Using Taguchi Design[END_REF][START_REF] Pan | Optimization of Caco-2 and HT29 Co-Culture in Vitro Cell Models for Permeability Studies[END_REF][START_REF] Mccright | Generating an In Vitro Gut Model with Physiologically Relevant Biophysical Mucus Properties[END_REF][START_REF] Schimpel | Development of an Advanced Intestinal in Vitro Triple Culture Permeability Model to Study Transport of Nanoparticles[END_REF][START_REF] Béduneau | A Tunable Caco-2/HT29-MTX Co-Culture Model Mimicking Variable Permeabilities of the Human Intestine Obtained by an Original Seeding Procedure[END_REF],

mucus release is proportional to increasing amounts of HT29-MTX cells. In our present work, we revealed that this enhancement is more important in the HG medium. Although our experiments on HT29-MTX monolayers in monoculture did not show significant modification in mucus production between the NG or HG media, the same experiments on HT29-MTX monolayers in co-culture with Caco-2 cells finally indicated an increase in staining areas in HG medium. Stress induced by HG may explain this increase. Such stress-induced production of mucins was previously demonstrated for HT29-MTX [START_REF] Lindner | Physiological Shear Stress Enhances Differentiation, Mucus-Formation and Structural 3D Organization of Intestinal Epithelial Cells In Vitro[END_REF][START_REF] Elzinga | Characterization of Increased Mucus Production of HT29-MTX-E12 Cells Grown under Semi-Wet Interface with Mechanical Stimulation[END_REF]. In addition, HG-induced mucin production has previously been shown in human airway epithelial cells [START_REF] Yu | Regulation of High Glucose-Mediated Mucin Expression by Matrix Metalloproteinase-9 in Human Airway Epithelial Cells[END_REF]. This increase may be due to accelerated maturation of the HT29-MTX cells towards the goblet cell phenotype, the presence of multicellular layers, and/or activation of the ROS signaling pathway known to increase mucin production [START_REF] Yu | Regulation of High Glucose-Mediated Mucin Expression by Matrix Metalloproteinase-9 in Human Airway Epithelial Cells[END_REF].

In co-culture, the darker stained blue areas are probably close to the areas of HT29-MTX cell placement, producing the mucus. It was shown that HT29-MTX cells are able to maintain their intrinsic properties, producing mucus not only when they are in monoculture but also when they are in co-culture [START_REF] Araújo | Towards the Characterization of an in Vitro Triple Co-Culture Intestine Cell Model for Permeability Studies[END_REF][START_REF] Pan | Optimization of Caco-2 and HT29 Co-Culture in Vitro Cell Models for Permeability Studies[END_REF][START_REF] Béduneau | A Tunable Caco-2/HT29-MTX Co-Culture Model Mimicking Variable Permeabilities of the Human Intestine Obtained by an Original Seeding Procedure[END_REF]. In these studies, the authors did not precisely indicate the glucose concentration in the DMEM medium. We assume that they used the HG concentration, like most experiments using these epithelial cells. In our study, we revealed that this ability of HT29-MTX cells to maintain high mucus production efficiency while in co-culture with Caco-2 cells is slightly diminished in NG medium. HG may affect the ability of HT29-MTX cells to generate and/or secrete mucus. The lack of an effect that is visible to the eye with cells in monoculture may be due to a saturation of mucus production distributed over the entire support surface. It may also be due to a difference in the composition of the mucus produced by the cells in monoculture or co-culture. Recently, McCright et al. showed that the mucus secreted by the co-cultures was more viscoelastic than that secreted by the monoculture of HT29-MTX cells [START_REF] Mccright | Generating an In Vitro Gut Model with Physiologically Relevant Biophysical Mucus Properties[END_REF].

ALP is a membrane-bound enzyme localized in the brush border of enterocytes in the human IE. Expression of the protein and its activity can thus be used to monitor the differentiation of enterocyte-like cells. While a few methods have been described in the literature [START_REF] Chen | Defining Conditions for the Co-Culture of Caco-2 and HT29-MTX Cells Using Taguchi Design[END_REF][START_REF] Pan | Optimization of Caco-2 and HT29 Co-Culture in Vitro Cell Models for Permeability Studies[END_REF][START_REF] Schimpel | Development of an Advanced Intestinal in Vitro Triple Culture Permeability Model to Study Transport of Nanoparticles[END_REF][START_REF] Nollevaux | Development of a Serum-Free Co-Culture of Human Intestinal Epithelium Cell-Lines (Caco-2/HT29-5M21)[END_REF],

there is really no standard technique. In the present study, we developed a fast and reliable method for measuring the ALP activity of the monolayers composed of Caco-2 or HT29-MTX cells in monoculture or co-culture in NG or HG media. We used naphthol AS-MX (N) and fast red TR (FR) as substrates of the ALP enzyme and the ability of the corresponding reaction product (N-FR) to absorb visible light at 525 nm to quantify the activity. Increased absorbance indicated increased of ALP activity. Care should be taken not to use a fixative solution before performing ALP measurement as this step damages the enzyme activity.

Previous studies used these substrates, however they used light microscopy to visualize the ALP activity [START_REF] Chen | Defining Conditions for the Co-Culture of Caco-2 and HT29-MTX Cells Using Taguchi Design[END_REF][START_REF] Nollevaux | Development of a Serum-Free Co-Culture of Human Intestinal Epithelium Cell-Lines (Caco-2/HT29-5M21)[END_REF]. Schimpel et al. also described the method using an absorbance microplate reader but the absorbance was measured at 405 nm [START_REF] Schimpel | Development of an Advanced Intestinal in Vitro Triple Culture Permeability Model to Study Transport of Nanoparticles[END_REF]. Measurements with this wavelength did not show consistent results, which can be explained by the spectrum of the product. Effectively, while N-FR did exhibit a small shoulder peak at 405 nm, its maximum absorption peaks were located at 525 and 565 nm. No signal was detected with HT29-MTX cells, confirming the absence of ALP activity by these cells. For Caco-2 monolayers, ALP activities increased progressively from day 7 to day 21 (Fig. 10 and11C). HG tended to slightly decrease the ALP activity of the monolayers, especially in co-culture, but the differences were small and not under our experimental conditions, suggesting that HG does not drastically affect enterocyte activity. Our current study supports the hypothesis that the behavior of the cells varies depending on whether they are alone or combined with another cell type, suggesting a cross-relationship between enterocytes and goblet cells. We demonstrated a stronger effect of HG on the different functionalities (TEER, mucus production and ALP activity) of monolayers with Caco-2 and HT29-MTX cells in co-culture than in monoculture.

In the present investigation, in vitro models composed of Caco-2 and/or HT29-MTX cells were used. These two cell lines are routinely cultured in the presence of high levels of glucose (25 mM) [START_REF] Akbari | Interaction of Cruciferin-Based Nanoparticles with Caco-2 Cells and Caco-2/HT29-MTX Co-Cultures[END_REF][START_REF] Nollevaux | Development of a Serum-Free Co-Culture of Human Intestinal Epithelium Cell-Lines (Caco-2/HT29-5M21)[END_REF][START_REF] Talbot | Food-Grade TiO2 Is Trapped by Intestinal Mucus in Vitro but Does Not Impair Mucin O-Glycosylation and Short-Chain Fatty Acid Synthesis in Vivo: Implications for Gut Barrier Protection[END_REF], since this condition is thought to promote rapid growth and differentiation and to ensure the survival of most cells over long periods of cell culture without the need to control glucose concentration. However, as confirmed by our study, this hyperglycemic condition may lead to changes in cellular processes. Consequently, a particular attention should be brought to the concentration of glucose in culture conditions using in vitro models to be closer to physiological conditions, and the results of studies using high glucose concentrations should be interpreted with caution. In the current study, we highlighted that interconnected processes as varied as they are complex, including insulin production [START_REF] Giri | Chronic Hyperglycemia Mediated Physiological Alteration and Metabolic Distortion Leads to Organ Dysfunction, Infection, Cancer Progression and Other Pathophysiological Consequences: An Update on Glucose Toxicity[END_REF][START_REF] Zhang | Enhancing Intestinal Barrier Efficiency: A Novel Metabolic Diseases Therapy[END_REF][START_REF] Leontieva | Rapamycin Reverses Insulin Resistance (IR) in High-Glucose Medium without Causing IR in Normoglycemic Medium[END_REF][START_REF] Masur | Diabetogenic Glucose and Insulin Concentrations Modulate Transcriptome and Protein Levels Involved in Tumour Cell Migration, Adhesion and Proliferation[END_REF][START_REF] Thaiss | Hyperglycemia Drives Intestinal Barrier Dysfunction and Risk for Enteric Infection[END_REF][START_REF] Lustig | Obesity I: Overview and Molecular and Biochemical Mechanisms[END_REF] or the microbiota [START_REF] Zhang | Enhancing Intestinal Barrier Efficiency: A Novel Metabolic Diseases Therapy[END_REF][START_REF] Thaiss | Hyperglycemia Drives Intestinal Barrier Dysfunction and Risk for Enteric Infection[END_REF][START_REF] Lustig | Obesity I: Overview and Molecular and Biochemical Mechanisms[END_REF][START_REF] Yao | The Role of Small Intestinal Bacterial Overgrowth in Obesity and Its Related Diseases[END_REF]. Besides intestinal barrier dysfunction, the long-term HG exposure condition of our experiments has enabled us to identify differences in the evolution of cell densities in monolayers for both Caco-2 and HT29-MTX cells. It is conceivable that under pathological conditions, high glucose concentration has an impact on intestinal epithelial renewal. The impaired intestinal barrier can be a catalyst for the development of various diseases. In addition, deregulation of glucose homeostasis may affect treatment efficacy in certain patients [START_REF] Wahdan-Alaswad | Glucose Promotes Breast Cancer Aggression and Reduces Metformin Efficacy[END_REF][START_REF] Ma | High Glucose Modulates Antiproliferative Effect and Cytotoxicity of 5-Fluorouracil in Human Colon Cancer Cells[END_REF][START_REF] Zhang | Diet-Induced Obese Alters the Expression and Function of Hepatic Drug-Metabolizing Enzymes and Transporters in Rats[END_REF]. It has been shown that supraphysiologic glucose reduces the effectiveness of metformin in various molecular subtypes of cancer cells, but may be overcome by using higher doses of metformin [START_REF] Wahdan-Alaswad | Glucose Promotes Breast Cancer Aggression and Reduces Metformin Efficacy[END_REF]. Ma et al. showed that, compared to physiological NG concentrations, HG leads to increased GI50 of 5-FU in four colon cancer cell lines [START_REF] Ma | High Glucose Modulates Antiproliferative Effect and Cytotoxicity of 5-Fluorouracil in Human Colon Cancer Cells[END_REF]. Controlling hyperglycemia remains a major therapeutical method for reducing damage to IE cells and the barrier, and for improving therapy [START_REF] Duan | Hyperglycemia, a Neglected Factor during Cancer Progression[END_REF][START_REF] Zhang | Enhancing Intestinal Barrier Efficiency: A Novel Metabolic Diseases Therapy[END_REF][START_REF] Chen | Acute Glucose Fluctuation Promotes in Vitro Intestinal Epithelial Cell Apoptosis and Inflammation via the NOX4/ROS/JAK/STAT3 Signaling Pathway[END_REF][START_REF] Leontieva | Rapamycin Reverses Insulin Resistance (IR) in High-Glucose Medium without Causing IR in Normoglycemic Medium[END_REF][START_REF] Qing | High Glucose-Induced Intestinal Epithelial Barrier Damage Is Aggravated by Syndecan-1 Destruction and Heparanase Overexpression[END_REF].

Consequently, new therapeutic strategies to manipulate the intestinal barrier and repair its functions have been tested clinically and in various diseases, repairing intestinal barrier dysfunction in many cases [START_REF] Groschwitz | Intestinal Barrier Function: Molecular Regulation and Disease Pathogenesis[END_REF][START_REF] Odenwald | The Intestinal Epithelial Barrier: A Therapeutic Target?[END_REF][START_REF] Zhang | Enhancing Intestinal Barrier Efficiency: A Novel Metabolic Diseases Therapy[END_REF]. These strategies may include diet, but also drugs, probiotics, or natural products. 
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8 and 9 )

 9 . Navabi et al. previously found that most cell lines grew faster and in a more disorganized manner with HG content compared to lower glucose content [57]. Béduneau et al. revealed the formation of multilayers in an HT29-MTX model and in a Caco-2/HT29-MTX co-culture cultured in HG medium [58]. In addition, Lindner et al. have recently shown a time-dependent formation of darker regions in the HT29-MTX monolayer, making it

  these intercellular junction proteins. Interestingly, experiments demonstrated that for both cell lines, HG induced a remarkable reduction in the fluorescence intensity of ZO-1, E-cad and OCLN. Moreover, at certain positions, HG triggered a disruption in both monolayer morphology and the particular structure. Transmission electron microscopy experiments could be performed to confirm these morphological alterations. These morphological changes are in accordance with our previous results, showing reduced TEER values and increased FITCdextran permeability with the cell monolayers maintained in the HG condition. Taken together, these results suggest that HG reduces the physical barrier properties of Caco-2 and HT29-MTX cell monolayers, and probably the IE in vivo, by inducing morphological changes to the epithelial barrier, especially through redistribution of epithelial intercellular junction proteins. Consequently, changes in barrier permeability were accompanied by reorganization of TJ and AJ ultrastructures, confirming a link between structural and functional regulation. It has been reported that changes in the density of epithelial junctions and/or distribution pattern can critically contribute to barrier loss and various gastrointestinal disorders[START_REF] Groschwitz | Intestinal Barrier Function: Molecular Regulation and Disease Pathogenesis[END_REF][START_REF] Odenwald | The Intestinal Epithelial Barrier: A Therapeutic Target?[END_REF].

  most of the techniques applied to in vitro models composed of Caco-2 and/or HT29-MTX cells to characterize the morphology and functionality of the intestinal barrier can be performed in the presence of physiological glucose concentration. Furthermore, we provide evidence that long-term exposure to high glucose levels impairs various barrier characteristics and functions, suggesting that diet can play a role in the health of the gut barrier. Even though high intestinal luminal glucose levels, caused by high dietary glucose consumption or pathology such as hyperglycemia or diabetes, only slightly alter the properties of the intestinal barrier, these long-term alterations can cause life-threatening complications and have important pathophysiological consequences. In addition, they are sufficient to weaken the intestinal barrier and make it sensitive to any other foreign attack xenobiotics...).The mechanisms underlying glucose fluctuation and intestinal barrier dysfunction involve morphological and structural alteration of IE cells and of the monolayer they constitute. We cannot rule out other pathways being involved in these mechanisms. It is worth noting that during cell growth in HG medium, particularly with HT29-MTX cells, the medium changed color slightly to yellow after three days of culture, indicating that the pH was altered. High glucose probably enhanced various cellular metabolisms increasing metabolites released by the cells. These metabolites could be one of the mechanisms involved in the effect of high glucose on cells. It has been shown that epithelial barrier dysfunction may result from focal disruptions of tight junctional proteins or from the contraction of actin and myosin II bands, which constitute the perijunctional actomyosin ring[START_REF] Rodgers | Regulation of Epithelial Permeability by the Actin Cytoskeleton[END_REF]. In addition, Borghi et al. revealed a constitutive function of E-cad as a link between the cell membrane and the actomyosin cytoskeleton[START_REF] Borghi | E-Is under Constitutive Actomyosin-Generated Tension That Is Increased at Cell-Cell Contacts upon Externally Applied Stretch[END_REF]. Myosin contraction acts on attached F-actin, which is bound to junction proteins, resulting in increased epithelial paracellular permeability. Even if we did not observe a significant impact of HG on the F-actin arrangement (data not shown), we cannot exclude an effect of HG on myosin II activity and on the contraction of the perijunctional actomyosin ring. Further studies are needed to clarify this question. The mechanisms by which high glucose concentrations compromise intestinal epithelial cell function in vivo may also involve
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integrity through analysis of protein immunofluorescence staining to visualize these cell-cell junctions. Distributions of TJ and AJ proteins were examined with confocal laser scanning microscopy (Fig. 8). As expected, images confirmed the formation of confluent monolayers expressing the junction proteins between neighboring cells at the apical and lateral side of the cells. This typical structural pattern was generally observed for all the proteins of interest in both media. Nevertheless, fluorescence intensities of all junction proteins were greatly reduced in the HG condition compared with the NG condition. For Caco-2 cells and ZO-1, we also found a time-dependent decrease in the intensities and structuring in both media.

Concerning HT29-MTX cells, the results are more ambiguous to interpret. We can note that a nonlinear relationship between mRNA and protein expression levels and/or localization of these proteins may be related at some points to post-transcription efficiency and the degradation process. It is noteworthy that most studies investigated the effects of HG after a short time exposure, from 1 to 4 days [START_REF] Han | Glucose Promotes Cell Proliferation, Glucose Uptake and Invasion in Endometrial Cancer Cells via AMPK/MTOR/S6 and MAPK Signaling[END_REF][START_REF] Pereira | Effect of Dietary Additives on Intestinal Permeability in Both Drosophila and a Human Cell Co-Culture[END_REF][START_REF] Skibbe | Colorectal Cancer Progression Is Potently Reduced by a Glucose-Free, High-Protein Diet: Comparison to Anti-EGFR Therapy[END_REF][START_REF] Wahdan-Alaswad | Glucose Promotes Breast Cancer Aggression and Reduces Metformin Efficacy[END_REF][START_REF] Wu | High Glucose Induces Epithelial-Mesenchymal Transition and Results in the Migration and Invasion of Colorectal Cancer Cells[END_REF][START_REF] Sharma | Flavonoids Modulate Tight Junction Barrier Functions in Hyperglycemic Human Intestinal Caco-2 Cells[END_REF][START_REF] Han | Indometacin Ameliorates High Glucose-Induced Proliferation and Invasion via Modulation of e-Cadherin in Pancreatic Cancer Cells[END_REF][START_REF] Alfuraih | Effect of High Glucose on Ocular Surface Epithelial Cell Barrier and Tight Junction Proteins[END_REF][START_REF] Cheng | Loganin Attenuates High Glucose-Induced Schwann Cells Pyroptosis by Inhibiting ROS Generation and NLRP3 Inflammasome Activation[END_REF][START_REF] Filippello | High Glucose Exposure Impairs L-Cell Differentiation in Intestinal Organoids: Molecular Mechanisms and Clinical Implications[END_REF][START_REF] Gan | High Glucose Induces the Loss of Retinal Pericytes Partly via NLRP3-Caspase-1-GSDMD-Mediated Pyroptosis[END_REF][START_REF] Qing | High Glucose-Induced Intestinal Epithelial Barrier Damage Is Aggravated by Syndecan-1 Destruction and Heparanase Overexpression[END_REF][START_REF] Suarez | High Glucose-Induced Retinal Pericyte Apoptosis Depends on Association of GAPDH and Siah1[END_REF], in animal intestine tissue [START_REF] Min | Abnormal Differentiation of Intestinal Epithelium and Intestinal Barrier Dysfunction in Diabetic Mice Associated with Depressed Notch/NICD Transduction in Notch/Hes1 Signal Pathway[END_REF], in other cell lines from the intestine [START_REF] Chen | Acute Glucose Fluctuation Promotes in Vitro Intestinal Epithelial Cell Apoptosis and Inflammation via the NOX4/ROS/JAK/STAT3 Signaling Pathway[END_REF][START_REF] Masur | Diabetogenic Glucose and Insulin Concentrations Modulate Transcriptome and Protein Levels Involved in Tumour Cell Migration, Adhesion and Proliferation[END_REF][START_REF] Qing | High Glucose-Induced Intestinal Epithelial Barrier Damage Is Aggravated by Syndecan-1 Destruction and Heparanase Overexpression[END_REF] or from different organs, such as the breast [START_REF] Masur | Diabetogenic Glucose and Insulin Concentrations Modulate Transcriptome and Protein Levels Involved in Tumour Cell Migration, Adhesion and Proliferation[END_REF], retina [START_REF] Villarroel | Effects of High Glucose Concentration on the Barrier Function and the Expression of Tight Junction Proteins in Human Retinal Pigment Epithelial Cells[END_REF], pancreas [START_REF] Han | Indometacin Ameliorates High Glucose-Induced Proliferation and Invasion via Modulation of e-Cadherin in Pancreatic Cancer Cells[END_REF] or endometrium [START_REF] Han | Glucose Promotes Cell Proliferation, Glucose Uptake and Invasion in Endometrial Cancer Cells via AMPK/MTOR/S6 and MAPK Signaling[END_REF]. These studies have found either decreased expression for ZO1 [START_REF] Villarroel | Effects of High Glucose Concentration on the Barrier Function and the Expression of Tight Junction Proteins in Human Retinal Pigment Epithelial Cells[END_REF][START_REF] Thaiss | Hyperglycemia Drives Intestinal Barrier Dysfunction and Risk for Enteric Infection[END_REF][START_REF] Sharma | Flavonoids Modulate Tight Junction Barrier Functions in Hyperglycemic Human Intestinal Caco-2 Cells[END_REF][START_REF] Min | Abnormal Differentiation of Intestinal Epithelium and Intestinal Barrier Dysfunction in Diabetic Mice Associated with Depressed Notch/NICD Transduction in Notch/Hes1 Signal Pathway[END_REF][START_REF] Qing | High Glucose-Induced Intestinal Epithelial Barrier Damage Is Aggravated by Syndecan-1 Destruction and Heparanase Overexpression[END_REF], OCLN [START_REF] Min | Abnormal Differentiation of Intestinal Epithelium and Intestinal Barrier Dysfunction in Diabetic Mice Associated with Depressed Notch/NICD Transduction in Notch/Hes1 Signal Pathway[END_REF][START_REF] Qing | High Glucose-Induced Intestinal Epithelial Barrier Damage Is Aggravated by Syndecan-1 Destruction and Heparanase Overexpression[END_REF], E-cad [START_REF] Masur | Diabetogenic Glucose and Insulin Concentrations Modulate Transcriptome and Protein Levels Involved in Tumour Cell Migration, Adhesion and Proliferation[END_REF][START_REF] Thaiss | Hyperglycemia Drives Intestinal Barrier Dysfunction and Risk for Enteric Infection[END_REF][START_REF] Wu | High Glucose Induces Epithelial-Mesenchymal Transition and Results in the Migration and Invasion of Colorectal Cancer Cells[END_REF][START_REF] Sharma | Flavonoids Modulate Tight Junction Barrier Functions in Hyperglycemic Human Intestinal Caco-2 Cells[END_REF][START_REF] Han | Indometacin Ameliorates High Glucose-Induced Proliferation and Invasion via Modulation of e-Cadherin in Pancreatic Cancer Cells[END_REF] or no change for ZO1 [START_REF] Pereira | Effect of Dietary Additives on Intestinal Permeability in Both Drosophila and a Human Cell Co-Culture[END_REF][START_REF] Alfuraih | Effect of High Glucose on Ocular Surface Epithelial Cell Barrier and Tight Junction Proteins[END_REF] and OCLN [START_REF] Pereira | Effect of Dietary Additives on Intestinal Permeability in Both Drosophila and a Human Cell Co-Culture[END_REF][START_REF] Villarroel | Effects of High Glucose Concentration on the Barrier Function and the Expression of Tight Junction Proteins in Human Retinal Pigment Epithelial Cells[END_REF][START_REF] Sharma | Flavonoids Modulate Tight Junction Barrier Functions in Hyperglycemic Human Intestinal Caco-2 Cells[END_REF].

Recently, Boztepe and Gulec evaluated the effect of HG on monolayer structure formation and TJ permeability of Caco-2 cells. They also showed that the TEER levels of NG and HGtreated 21-day post-confluent Caco-2 cell groups were not significantly different and that OCLN and ZO1 mRNA levels were also not significantly affected by HG treatment [START_REF] Boztepe | Investigation of the Influence of High Glucose on Molecular and Genetic Responses: An in Vitro Study Using a Human Intestine Model[END_REF].

They concluded that HG did not interfere with barrier formation by monolayer Caco-2 cells. 
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