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Co-culture model of Caco-2/HT29-MTX cells: a promising tool for investigation of phycotoxins toxicity on the intestinal barrier
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Most lipophilic phycotoxins have been involved in human intoxications but some of these toxins have never been proven to induce human gastro-intestinal symptoms, although intestinal damage in rodents has been documented. For investigating the in vitro toxicological profile of lipophilic phycotoxins on intestine, the epithelial Caco-2 cell line has been the most commonly used model.

Nevertheless, considering the complexity of the intestinal epithelium, in vitro co-cultures integrating enterocyte-like and mucus-secreting cell types are expected to provide more relevant data. In this study, the toxic effects (viability, inflammation, cellular monolayer integrity, modulation of cell type proportion and production of mucus) of four lipophilic phycotoxins (PTX2, YTX, AZA1 and OA) were evaluated in Caco-2/HT29-MTX co-cultured cells. The four toxins induced a reduction of viability from 20% to 50% and affected the monolayer integrity. Our results showed that the HT29-MTX cells population were more sensitive to OA and PTX2 than Caco-2 cells. Among the four phycotoxins, OA induced inflammation (28-fold increase of IL-8 release) and also a slight increase of both mucus production (up-regulation of mucins mRNA expression) and mucus secretion (mucus area and density). For PTX2 we observed an increase of IL-8 release but weaker than OA. Intestinal cell models integrating several cell types can contribute to improve hazard characterization and to describe more accurately the modes of action of phycotoxins.

Introduction

Phycotoxins, natural metabolites produced by unicellular micro-algae, can accumulate along the marine food web, especially in filter-feeding bivalves [START_REF] Reguera | Dinophysis toxins: causative organisms, distribution and fate in shellfish[END_REF]. The consumption of contaminated seafood can provoke intoxications in humans depicted by various symptoms [START_REF] Valdiglesias | Okadaic acid: more than a diarrheic toxin[END_REF][START_REF] Khora | Occurrence of natural toxins in seafood[END_REF]. Among the lipophilic phycotoxins, azaspiracid-1 (AZA1) and okadaic acid (OA) are known to induce general weakness, nausea, diarrhea, abdominal pains and vomiting [START_REF] Twiner | Azaspiracid shellfish poisoning: a review on the chemistry, ecology, and toxicology with an emphasis on human health impacts[END_REF][START_REF] Valdiglesias | Okadaic acid: more than a diarrheic toxin[END_REF][START_REF] Vilarino | Human Poisoning from Marine Toxins: Unknowns for Optimal Consumer Protection[END_REF]. In contrast, no human intoxications have been proven with pectenotoxin 2 (PTX2) and yessotoxin (YTX) [START_REF] Efsa | Marine biotoxins in shellfish -Yessotoxin group The[END_REF][START_REF] Efsa | Marine biotoxins in shellfish -Pectenotoxin group[END_REF][START_REF] Dominguez | Dinoflagellate polyether within the yessotoxin, pectenotoxin and okadaic acid toxin groups: characterization, analysis and human health implications[END_REF], despite acute toxic effects described in rodents [START_REF] Ishige | Pathological studies on mice administered with the causative agent of diarrhetic shellfish poisoning (okadaic acid and pectenotoxin-2)[END_REF][START_REF] Ogino | Toxicologic evaluation of yessotoxin[END_REF][START_REF] Aune | Comparison of oral and intraperitoneal toxicity of yessotin towards mice[END_REF][START_REF] Callegari | Oral administration of yessotoxin stabilizes E-cadherin in mouse colon[END_REF][START_REF] Ito | Abstract PO 08-01[END_REF][START_REF] Aasen | Combined oral toxicity of azaspiracid-1 and yessotoxin in female NMRI mice[END_REF].

The gastrointestinal epithelium acts as a barrier limiting the crossing of hazardous substances such as phycotoxins, and consequently the potential toxicity to systemic organs. Nevertheless, phycotoxins have been shown to induce some local toxicity in mice with macroscopical intestinal damage such as cell detachment, fluid accumulation, villous erosion and dilatation of intestine tract [START_REF] Ishige | Pathological studies on mice administered with the causative agent of diarrhetic shellfish poisoning (okadaic acid and pectenotoxin-2)[END_REF][START_REF] Ito | Multiple organ damage caused by a new toxin azaspiracid, isolated from mussels produced in Ireland[END_REF][START_REF] Ito | Chronic effects in mice caused by oral administration of sublethal doses of azaspiracid, a new marine toxin isolated from mussels[END_REF][START_REF] Ito | Studies of diarrhetic activity on pectenotoxin-6 in the mouse and rat[END_REF][START_REF] Aasen | Sub-lethal dosing of azaspiracid-1 in female NMRI mice[END_REF][START_REF] Aune | Study of possible combined toxic effects of azaspiracid-1 and okadaic acid in mice via the oral route[END_REF].

Besides, infiltration of immune cells in the lamina propria was reported in previous studies [START_REF] Terao | Histopathological studies on experimental marine toxin poisoning. I. Ultrastructural changes in the small intestine and liver of suckling mice induced by dinophysistoxin-1 and pectenotoxin-1[END_REF][START_REF] Aasen | Combined oral toxicity of azaspiracid-1 and yessotoxin in female NMRI mice[END_REF][START_REF] Aune | Study of possible combined toxic effects of azaspiracid-1 and okadaic acid in mice via the oral route[END_REF][START_REF] Sosa | Repeated oral co-exposure to yessotoxin and okadaic acid: a short term toxicity study in mice[END_REF][START_REF] Kilcoyne | AZASPIRACIDS -Toxicological Evaluation, Test Methods and Identification of the Source Organisms (ASTOX II)[END_REF].

If animal experiments remain crucial for addressing hazard characterization, design of in vivo studies with phycotoxins is hampered due to the cost and the low availability of these substances.

Therefore, the use of human in vitro cell models is a good alternative. Apart from being simple, rapid and reproducible, in vitro models enable using a broad range of conditions and studying the mechanisms involved in the toxic response.

In intestinal Caco-2 epithelial cells, PTX2 inhibited F-actin polymerisation without affecting cell viability, oxidative stress or cytokine IL-8 release [START_REF] Ares | Actin cytoskeleton of rabbit intestinal cells is a target for potent marine phycotoxins[END_REF][START_REF] Alarcan | Combined effects of okadaic acid and pectenotoxin-2, 13-desmethylspirolide C or yessotoxin in human intestinal Caco-2cells[END_REF].

Nevertheless, alteration of the intestinal monolayer integrity was pointed out with PTX2 in Caco-2 cells [START_REF] Hess | Isolation and purification of azaspiracids from naturally contaminated materials, and evaluation of their toxicological effects-final project report ASTOX (ST/02/02)[END_REF]. In contrast, YTX induced a decrease of cell viability in various intestinal cell lines but without any alteration of F-actin [START_REF] Ares | Actin cytoskeleton of rabbit intestinal cells is a target for potent marine phycotoxins[END_REF][START_REF] Botana | The Mechanistic Complexities of Phycotoxins[END_REF]Ferron et al., 2016).

Although no increase of oxidative stress and IL-8 release was oberved in Caco-2 cells [START_REF] Alarcan | Combined effects of okadaic acid and pectenotoxin-2, 13-desmethylspirolide C or yessotoxin in human intestinal Caco-2cells[END_REF], YTX affected the intestinal barrier integrity coupled with a degradation of E-cadherin [START_REF] Ronzitti | Selective disruption of the E-cadherin-catenin system by an algal toxin[END_REF][START_REF] Hess | Isolation and purification of azaspiracids from naturally contaminated materials, and evaluation of their toxicological effects-final project report ASTOX (ST/02/02)[END_REF]. AZA1 triggered disturbance of junction proteins such as occludin and E-cadherin [START_REF] Abal | Absorption and Effect of Azaspiracid-1 Over the Human Intestinal Barrier[END_REF], indicating an alteration of the intestinal barrier integrity [START_REF] Hess | Isolation and purification of azaspiracids from naturally contaminated materials, and evaluation of their toxicological effects-final project report ASTOX (ST/02/02)[END_REF] even if no alteration of cell morphology was reported in Caco-2 cells [START_REF] Ronzitti | Azaspiracid-1 alters the E-cadherin pool in epithelial cells[END_REF][START_REF] Abal | Absorption and Effect of Azaspiracid-1 Over the Human Intestinal Barrier[END_REF]. AZA1 induced also nucleus and mitochondrial damage, caspases activation and autophagosomes formation in intestinal cells [START_REF] Twiner | Induction of apoptosis pathways in several cell lines following exposure to the marine algal toxin azaspiracid[END_REF][START_REF] Abal | Absorption and Effect of Azaspiracid-1 Over the Human Intestinal Barrier[END_REF][START_REF] Bodero | Whole genome mRNA transcriptomics analysis reveals different modes of action of the diarrheic shellfish poisons okadaic acid and dinophysis toxin-1 versus azaspiracid-1 in Caco-2 cells[END_REF]. Concerning OA, studies reported a decrease of cell viability in various intestinal cell lines [START_REF] Blay | Use of cultured permanent lines of intestinal epithelial cells for the assay of okadaic acid in mussel homogenates[END_REF][START_REF] Ray | Protein phosphatase 2A regulates apoptosis in intestinal epithelial cells[END_REF][START_REF] Serandour | Collaborative study for the detection of toxic compounds in shellfish extracts using cell-based assays. Part I: screening strategy and pre-validation study with lipophilic marine toxins[END_REF][START_REF] Ferron | Comparative analysis of the cytotoxic effects of okadaic acid-group toxins on human intestinal cell lines[END_REF][START_REF] Hayashi | Combined Cytotoxicity of the Phycotoxin Okadaic Acid and Mycotoxins on Intestinal and Neuroblastoma Human Cell Models[END_REF] but also activation of caspase-3 and NF-ĸB as well as cell cycle disturbance [START_REF] Ferron | Comparative analysis of the cytotoxic effects of okadaic acid-group toxins on human intestinal cell lines[END_REF]. Besides, OA increased the paracellular permeability of intestinal cell monolayers [START_REF] Tripuraneni | The Toxin of Diarrheic Shellfish Poisoning, Okadaic Acid, Increases Intestinal Epithelial Paracellular Permeability[END_REF][START_REF] Okada | Assessment of the Marine Toxins by Monitoring the Integrity of Human Intestinal Caco-2 Cell Monolayers[END_REF][START_REF] Ehlers | Analysis of the passage of the marine biotoxin okadaic acid through an in vitro human gut barrier[END_REF][START_REF] Dietrich | The marine biotoxin okadaic acid affects intestinal tight junction proteins in human intestinal cells[END_REF]. Surprinsingly, the impact of phycotoxins on mucus secretion has never been investigated in vitro. In fact, most of the in vitro studies have used only one cell line while the human intestinal epithelium is composed of enterocytes (80-85 %) [START_REF] Dutton | Primary Cell-Derived Intestinal Models: Recapitulating Physiology[END_REF], as well as various other cell types such as endocrine cells, Paneth cells, stem cells, M cells and goblet cells [START_REF] Berger | Oleic Acid Uptake Reveals the Rescued Enterocyte Phenotype of Colon Cancer Caco-2 by HT29-MTX Cells in Co-Culture Mode[END_REF]. Several in vitro human intestinal co-culture models combining enterocytes and mucus cells have been developed to mimic the in vivo situation. Among them, the co-culture of intestinal Caco-2 enterocytes with HT29-MTX goblet cells has shown a strong polarity with tight and adherens junctions, the presence of a thick mucus layer and permeability values close to human intestine [START_REF] Beduneau | 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] Ferraretto | Morphofunctional properties of a differentiated Caco2/HT-29 co-culture as an in vitro model of human intestinal epithelium[END_REF][START_REF] Mahler | Characterization of Caco-2 and HT29-MTX cocultures in an in vitro digestion/cell culture model used to predict iron bioavailability[END_REF][START_REF] Pan | Optimization of Caco-2 and HT29 co-culture in vitro cell models for permeability studies[END_REF]. Nevertheless, such co-culture model has never been used for investigating phycotoxins effects on the intestinal barrier. In this context, we evaluated the toxicity of PTX2, YTX, AZA1 and OA on Caco-2/HT29-MTX co-cultures. After 21 days of culture, the Caco-2 cell line differentiates into enterocyte-like cells [START_REF] Natoli | Good Caco-2 cell culture practices[END_REF], and the mucus secreting cell line HT29-MTX can mimic goblet cells [START_REF] Martinez-Maqueda | The Impact of Food Bioactives on Health: in vitro and ex vivo models[END_REF]. Cell viability, cellular monolayer integrity, modulation of cell type proportion, production of mucus and inflammation were investigated with various methodologies such as transepithelial electrical resistance (TEER), lucifer yellow (LY) crossing, ELISA, RT-qPCR, periodic acid Schiff and alcian blue (PAS/AB) staining and High Content Analysis (HCA).

Materials and Methods

Chemicals

Cell culture products were purchased from Gibco (Cergy-Pontoise, France). Bovine serum albumin (BSA), Tween 20, Triton, neutral red, LY and HEPES were supplied by Sigma-Aldrich (Saint Quentin Fallavier, France). Monoclonal IL-8, biotinyled monoclonal IL-8 antibodies, SuperBlock blocking buffer, streptavidin peroxidase, TNFα, TMB and paraformaldehyde were purchased from ThermoFisher Scientific (Waltham, MA). For histology, ethanol, toluene, paraffin, Alcian Blue 8GX, Schiff's reagent and Mayer Hematoxylin solution were purchased from VWR (Radnor, PA). Bluing reagent was purschased from Microm (Brignais, France). Pectenotoxin-2, yessotoxin, azaspiracid-1 and okadaic acid, dissolved in methanol (MeOH), were purchased from the National Research Council Canada (NRCC, Halifax, Nova Scotia, Canada).

Cell culture and toxins exposure

Caco-2 cells (HTB-37) were obtained from the American Type Culture Collection (ATCC) (Manasas, VA), and Caco-2-GFP cells (transfected with EGFP-encoding lentivirus and stably expressing GFP) were kindly provided by Dr. F. Barreau ( INSERM IRSD U1220, Toulouse, France). Caco-2 and Caco-2-GFP were maintained in Minimum Essential Medium containing 5.5 mM D-glucose, Earle's salts and 2 mM L-alanyl-glutamine (MEM GlutaMAX) supplemented with 10% fetal bovine serum (FBS), 1% non-essential amino acids, 50 IU/mL penicillin and 50 µg/mL streptomycin at 37°C and 5% CO2. HT29-MTX were kindly provided by Dr T. Lesuffleur (INSERM U843, Paris, France) and cultured in Dulbecco's Modified Eagle's Medium with high glucose (DMEM) supplemented with 10% inactivated FBS, 50 IU/mL penicillin and 50 µg/mL streptomycin (complete DMEM) at 37°C and 5% CO2. For subculture, cells were seeded in 75 cm 2 culture flasks and passaged once (for HT29-MTX cells) or twice a week (for Caco-2 cells). For co-culture experiments, Caco-2 and HT29-MTX cells (3:1) were seeded at 157,000 cells/cm² in complete DMEM. The ratio (3:1) was selected as it is commonly used for mimicking the proportions found in human tissue [START_REF] Kleiveland | Chapter 13 : Co-cultivation of Caco-2 and HT29MTX, The impact of food bioactives on Health -In vitro and Ex vivo models Lago[END_REF]. 96-well plates were used for cytotoxicity, inflammation (IL-8 release) and immunofluorescence assays, while 12-well and 24-well inserts (polyester membrane, 0.4 µm pore size; Corning, USA) were used for respectively qPCR assays, and for monolayer integrity and histology assays respectively. For identification of the Caco-2 cells in the co-culture, Caco-2-GFP and HT29-MTX cells (3:1) were seeded at 157,000 cells/cm² in complete DMEM in 96-well plates. Culture medium was changed three times each week up to 21 days post-seeding. Differentiated co-cultured cells were exposed to toxins in FBS free complete DMEM. A vehicle control (5% MeOH) was included in each experiment.

Neutral red upatke assay

After 24 hrs of treatment, cytotoxicity was assessed by the neutral red uptake (NRU) assay as previously described [START_REF] Reale | Novel Insights on the Toxicity of Phycotoxins on the Gut through the Targeting of Enteric Glial Cells[END_REF]. Absorbance was measured at 540 nm with a microplate reading spectrofluorometer (Fluostar OPTIMA, BMG Labtech, Champigny sur Marne, France).

Three independent experiments were performed, and for each experiment, the median of three technical replicates was expressed relative to that of the vehicle control. The IC50 was determined using GraphPad Prism Software (version 5.0, GraphPad Software Inc., La Jolla, CA).

Measurement of IL-8 release

After 24 hrs of treatment, the medium of the 96-well plates used for the cytotoxicity assays was collected for Il-8 measurement. The levels of interleukin-8 (IL-8) released in cell medium were determined as previously described [START_REF] Tarantini | Toxicity, genotoxicity and proinflammatory effects of amorphous nanosilica in the human intestinal Caco-2 cell line[END_REF]. TNFα (10 nM) was used as positive control. Three independent experiments with three technical replicates per experiment were performed.

ZO-1 immunofluorescence

After 24 hrs of treatment, the detection of ZO-1 was performed by immunofluorescence as previously described [START_REF] Ferron | Comparative analysis of the cytotoxic effects of okadaic acid-group toxins on human intestinal cell lines[END_REF] with the following modifications. Antibodies used were anti-rabbit ZO-1 (1/200, ThermoFisher Scientific) and goat anti-rabbit IgG (H+L) Alexa Fluor®647

(1/1000, ab150079, Abcam, Cambridge, UK). Cell identification was performed using DAPI (Sigma-Aldrich) labelling. TNFα (50 nM) was used as positive control for a decrease of ZO-1 protein.. Two independent experiments with three technical replicates per experiment were performed.

Monolayer integrity assays

TEER measurement

The trans-epithelial electrical resistance (TEER) of the Caco-2/HT29-MTX co-cultured cells was measured to evaluate the monolayer integrity before and after a 24 hrs-treatment with toxins loaded in the apical compartment. For the TEER measurement, assessed with a Millicell Electrical Resistance System supplied by Millipore (Merck, Burlington, MA), the Caco-2/HT29-MTX co-cultured cells were incubated for 30 min at 37°C with 300 and 700 µL transport buffer (HBSS, HEPES 5 mM, pH 7.4) respectively in the apical and basolateral compartments. For each experimental condition, cell-free inserts were included. The TEER value was expressed as ohm.cm² and calculated according to the following equation: TEER = (RS -RB) x A with RS the resistance value of the Caco-2/HT29-MTX cells monolayer on inserts, RB the resistance value of the cell-free inserts, and A the insert area (0.33 cm²). Based on our lab historical data, only Caco-2/HT29-MTX cells monolayer with a TEER > 130 ohm.cm² were considered suitable corresponding to a permeability coefficient Papp below 1%/h. Two independent experiments were performed.

LY crossing

The impact of toxins on the Caco-2/HT29-MTX cells monolayer integrity was also evaluated by the ability of LY, a paracellular marker, to cross the Caco-2/HT29-MTX cells monolayer. Following the second TEER measurement, 100 µL of 1 mM LY in transport buffer was loaded in the apical compartment, and the basolateral compartment was filled with 500 µL of transport buffer. The plates were incubated at 37 °C and shaken at 100 rpm on a microplate shaker (Thermo Scientific) for 3 hrs. The basolateral compartment was harvested and fluorescence was measured (excitation at 405 nm, emission at 520 nm) with a microplate reading spectrofluorometer (Fluostar OPTIMA). The amount of LY crossed into the basolateral compartment was expressed relative to that of the initial amount loaded into the apical compartment, and then expressed per hour. Two independent experiments were performed. A standard curve of LY from 1 µM to 0.01 µM was included.

Mucus analysis

Following 24 hrs treatment, inserts with Caco-2/HT29-MTX co-cultured cells were washed twice with PBS before removing the membranes from the inserts. After placement in embedding cassettes, membranes were fixed with paraformaldehyde 4% in distilled water for 60 min at room temperature. Dehydration and paraffin embedding of the membranes were performed using an automate (Shandon Cidadelle 100, GMI, Ramsey, MN) as follow: three washes in PBS, ethanol (70% 1 hr, 96% 3 x 2 hrs, and 100% 3 x 2 hrs), toluene (2 x 2 hrs), paraffin (2 x 2 hrs). Histological sections of 4 µm thickness were cut using a Shandon Finesse E+ microtome (ThermoScientific). Slides were dewaxed and soaked in xylene (Sigma-Aldrich, Saint Quentin Fallavier, France) for 15 min and then in ethanol 100° for 10 min with an automate LEICA ST 5020 (Leica, Wetzlar, Germany). After staining, images were acquired with a scanner NanooZommer (50× magnification) and analysed with NIS-Element AR Analysis 4.11.00 software. Two independent experiments were performed and, for each independent experiment, the median of three sections was calculated. Slides were coded for blind scoring.

AB staining

Alcian blue (AB) staining was used to visualize acidic mucins. Acidic mucins were stained with 0.1% AB 8GX in 3% glacial acetic acid pH 2.6 for 20 min. After wash with distilled water, nuclei were stained with 0.1% nuclear fast red solution in distilled water for 5 min. Slides were dehydrated in ethanol 100° for 6 min and then in xylene for 4 min.

PAS staining

Periodic Acid Schiff's (PAS) staining was used to visualize neutral mucins. Slides were stained with 1% PAS in distilled water for 5 min, in Schiff's reagent for 12 min and then stained with 10% Mayer Hematoxylin solution and with Bluing reagent for 1.5 min. Slides were dehydrated in ethanol 100° for 6 min and then in xylene for 4 min.

RT-qPCR

For each toxin, maximal applied concentrations were chosen as IC15 according to the NRU assay results. After 24 hrs of treatment with PTX2 (100, 150, and 200 nM), YTX (25, 50, and 100 nM), AZA1 (7.5,15,and 30 nM) and OA (75,125,and 175 nM), experiments were performed as previously described [START_REF] Reale | Novel Insights on the Toxicity of Phycotoxins on the Gut through the Targeting of Enteric Glial Cells[END_REF] with the following modifications. Reverse transcription was performed with 2.5 µg of total RNA, and quantitative PCR reactions were carried out with 6.25, 1.56 or 0.39 ng cDNA, depending of the target gene. All primers were purchased from Sigma-Aldrich, and additionnal informations on target genes and oligonucleotide primers are listed in Table S1.

Calibration curves were established for each gene from a serial two-fold dilution of a reference sample (pool of cDNA samples). According to these calibration curves, for each sample, mean relative amounts of mRNA of the targeted genes were calculated and then normalized to that of the reference gene. Using NormFinder software, the gene RPLP0 was chosen as a reference gene since it did not exhibit any significant variation of expression among the samples. The normalized means were used for statistical analyses and values were presented as arbitrary units. Three independent experiments were performed.

Identification of the Caco-2 cells population in the Caco-2/HT29-MTX co-culture

As PTX2 and OA showed interesting results, we evaluated which cell subpopulation (Caco-2 or HT29-MTX) was affected. After 24 hrs of toxin treatment, Caco-2-GFP/HT29-MTX cells (3:1) were co-incubated at 37 °C for 15 min with 3 µg/mL Hoescht 33342 (Sigma-Aldrich) in complete DMEM.

Fluorescence was monitored with an Arrayscan VTI HCS Reader (Thermo Scientific) associated with a live cell chamber. The Target Activation module of the BioApplication software was used to identify Caco-2-GFP cells. Total cell count was performed using Hoescht labelling. Wells with only Caco-2-GFP cells was used as positive control. Three independent experiments were performed, and for each experimental condition, the number of Caco-2-GFP cells was expressed relative to the total cell number.

Statistics

GraphPad Prism software was used for statistical analyses. An analysis of variance (ANOVA) was performed, and, when the effect of concentration was significant (P < 0.05), the values were compared to the control using the Dunnett's test. Differences were declared significant at P < 0.05.

The values presented are means ± SEM.

Results

Cytotoxic and morphological effects of phycotoxins

After a 24 hrs treatment, an IC50 could only be established for OA (IC50 = 550 ± 104 nM) (Figure 1). A slight decrease of cell viability (around 20%) was observed with the highest concentrations for the other toxins (260 nM PTX2, 200 nM YTX and 77 nM AZA1). Red line: 80% of viability; green line: 50% of viability. Values are presented as means ± SEM, and expressed as percentages relative to the vehicle control. Three independent experiments with three technical replicates per experiment were performed. Cellular morphology was observed after 24 hrs of treatment (Figure 2). While YTX and AZA1 did not induce any morphological changes, treatment with PTX2 and OA showed large areas without cells (above 65 nM PTX2) as well as severe cell rounding (above 130 nM OA). 

Cellular monolayer integrity

TEER and LY permeability

The TEER value for the vehicle control was on average 162 ± 7.5 ohm.cm² (Figure 3). The integrity of the Caco-2/HT29-MTX cells monolayer was affected after 24 hrs treatment with PTX2 and OA. TEER values decreased significantly reaching -38% with 260 nM PTX2, and -87% with 320 nM OA. A slight but not significant decrease was noticed after exposure to YTX and AZA1. For the vehicle control, the relative amount of LY that crossed into the basolateral compartment was on average 0.400 ± 0.005 %/h (Figure 4). The relative amount of LY crossing the Caco-2/HT29-MTX cells monolayer was significantly increased reaching 9.4, 1.5 and 1.3 %/h at the highest concentration for OA, PTX2 and AZA1 respectively. For YTX, it was difficult to clearly state to an increase of LY crossing due the variability observed at the highest concentration. 

ZO-1 immunofluorescence

In the vehicle control, ZO-1 was distributed mainly at the cell border (Figure 5). Irrespective of the toxin, ZO-1 localization was perturbed and redistributed, showing irregular cell borders labelling due to ZO-1 transfer from tight junctions to the cytoplasm. However, these effects were less pronounced with YTX and AZA1. As observed with light microscopy, 260 nM PTX2 and 320 nM OA showed areas without cells. 

Inflammatory response

In the vehicle control, the concentration of IL-8 released in the cell medium was on average 73.2 ± 3.3 pg/mL (Figure 6). A concentration dependent increase of IL-8 release was observed after 24 hrs exposure to PTX2 and OA. Compared to the vehicle control, the IL-8 concentration increased significantly up to 3-fold with 260 nM PTX2 and 28-fold with 520 nM OA. No significant modification was pointed out following treatment with YTX up to 220 nM. AZA1 induced a slight but non significant increase of IL-8 release at 40 nM that was no longer observed at the highest concentration (80 nM). 

Neutral mucins

Modulation of gene expression

Additional investigation was done by analyzing some key genes involved in inflammation, adherens and tight junctions, mucus production and channels (Table 1). IC15 of each toxin was chosen as maximal concentration. For inflammation, IL-8 was up regulated for AZA1 (2.9-fold at 15 nM) although not statistically significant. A concentration-dependent up regulation of IL-8 was observed with OA reaching 7.9-fold at 175 nM. Concerning claudin genes related to adhesion, a concentration-dependent up regulation was observed with 200 nM PTX2 for CLDN3 (1.6-fold), and also for CLDN4 (2.8-fold) but not statistically significant. CLDN4 was also up regulated, but not significantly, with 30 nM AZA1 (2.9-fold) and 175 nM OA (2.5-fold). For mucus, gene expressions of MUC12 and MUC13 were significantly up regulated respectively by 200 nM PTX2 (1.7-fold) and 175 nM OA (2.1-fold). A gene implicated in lipid droplet structure (PLIN2) was up regulated with OA

(1.8-fold at 125 nM) and AZA1 (1.7-fold at 30 nM). This up regulation was concentration-dependent.

Except for PTX2, all the toxins induced a significant down regulation of TFF3 expression ranging from 0.3-fold to 0.5-fold inhibition, the encoded protein being involved in mucosal protection and stabilization of the mucus layer. Regarding channels expression, AQP3 was significantly down regulated ranging from 0.4-fold to 0.6-fold inhibition in a concentration dependent-manner with all the toxins. 
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Discussion

The Caco-2 and HT29-MTX cell lines represent the two major cell types (absorptive and goblet cells respectively) found in the small intestinal epithelium. In our study, the Caco-2/HT29-MTX cellular monolayer presented a TEER value (around 160 ohm.cm²) much lower than the Caco-2 cells monolayer (400-800 ohm.cm² depending on the cell culture method) [START_REF] Tor | Caco-2 Cell Line[END_REF], but closer to the value measured in human intestine (approximately 40 ohm.cm²) [START_REF] Ferrec | In VitroModels of the Intestinal Barrier The Report and Recommendations of[END_REF][START_REF] Takenaka | Human Small Intestinal Epithelial Cells Differentiated from Adult Intestinal Stem Cells as a Novel System for Predicting Oral Drug Absorption in Humans[END_REF].

Contrary to PTX2 and OA, no significant morphological changes were observed with YTX and AZA1. Nevertheless, a slight decrease of viability (around 20%) was observed with PTX2, YTX and AZA1 at the highest concentrations, reaching even up to 50% for OA. Concerning PTX2, our results on cells proportion showed that HT29-MTX cells are probably more sensitive than Caco-2 cells. This indicated that the slight decrease of viability observed for the Caco-2/HT29-MTX co-cultured cells with PTX2 might be mostly due to an effect on the HT29-MTX cell population. In fact, it has been documented that phase I enzymes play a role in PTX2 detoxification [START_REF] Alarcan | Metabolism of the Marine Phycotoxin PTX-2 and Its Effects on Hepatic Xenobiotic Metabolism: Activation of Nuclear Receptors and Modulation of the Phase I Cytochrome P450[END_REF], Ferron et al., 2016b). As HT29-MTX cells do not express CYP [START_REF] Carrière | Expression of cytochrome P-450 3A in HT29-MTX cells and Caco-2 clone TC7[END_REF][START_REF] Gervot | CYP3A5 is the major cytochrome P450 3A expressed in human colon and colonic cell lines[END_REF][START_REF] Mahler | Characterization of Caco-2 and HT29-MTX cocultures in an in vitro digestion/cell culture model used to predict iron bioavailability[END_REF][START_REF] Barlovatz-Meimon | Culture de cellules animales-3[END_REF], this may explain the greater sensitivity of HT29-MTX cells to PTX2 compared to Caco-2 cells. In contrast, a decrease of viability (around 20%) was reported in differentiated Caco-2 cells exposed to 200 nM PTX2 [START_REF] Alarcan | Combined effects of okadaic acid and pectenotoxin-2, 13-desmethylspirolide C or yessotoxin in human intestinal Caco-2cells[END_REF], indicating that Caco-2 cells alone seem to be more sensitive to PTX2 than in co-culture with HT29-MTX cells. Although we do not have a clear explanation for that, the mucus layer may be involved in protecting the cells.

Additional studies will be necessary to verify this hypothesis. Surprisingly, YTX exposure showed a different toxicity profile with a slight decrease of the Caco-2/HT29-MTX co-cultured cells viability while no effect was observed on differentiated Caco-2 cells alone up to 200 nM YTX [START_REF] Alarcan | Combined effects of okadaic acid and pectenotoxin-2, 13-desmethylspirolide C or yessotoxin in human intestinal Caco-2cells[END_REF]. This discrepancy could be related to the viability test performed: as YTX is known to disrupt lysosomes [START_REF] Malagoli | Lysosomes as the target of yessotoxin in invertebrate and vertebrate cell lines[END_REF], the NRU assay (detecting lysosome activity), used in our study, is certainly more sensitive than cell counting to depict YTX toxicity. While no cytotoxicity in

Positive control

Caco-2-GFP differentiated Caco-2 cells was reported up to 72 hrs with 500 nM AZA1 [START_REF] Ryan | Development of a functional in vitro bioassay for azaspiracids (AZA) using human colonic epithelial cells[END_REF]Hess et al., 2007;[START_REF] Vilarino | Azaspiracid substituent at C1 is relevant to in vitro toxicity[END_REF][START_REF] Abal | Absorption and Effect of Azaspiracid-1 Over the Human Intestinal Barrier[END_REF], we observed a slight decrease of viability in Caco-2/HT29-MTX co-cultured cells. Compared to the three phycotoxins mentioned above, OA cytotoxicity and kinetics data on intestinal cells have been extensively published. IC50 ranged from 200 to 400 nM after 24 hrs of exposure on differentiated Caco-2 cells [START_REF] Ehlers | Analysis of the passage of the marine biotoxin okadaic acid through an in vitro human gut barrier[END_REF][START_REF] Alarcan | Combined effects of okadaic acid and pectenotoxin-2, 13-desmethylspirolide C or yessotoxin in human intestinal Caco-2cells[END_REF][START_REF] Dietrich | The marine biotoxin okadaic acid affects intestinal tight junction proteins in human intestinal cells[END_REF], suggesting a higher sensitivity of the Caco-2 cells cultured alone than in co-culture with HT29-MTX cells (IC50 = 550 nM). Once again, the presence of the mucus layer may protect Caco-2 cells against OA. Similarly to PTX2, HT29-MTX cells seem to be more sensitive to OA than Caco-2 cells (as suggested by the decrease of HT29-MTX cells percentage in the co-culture).

Indeed, the higher sensitivity of non-differentiated HT29-MTX cells compared to non-differentiated Caco-2 cells to OA was shown by [START_REF] Ferron | Comparative analysis of the cytotoxic effects of okadaic acid-group toxins on human intestinal cell lines[END_REF]. Again, a higher detoxification of OA by Caco-2 cells through P-gP and CYP activity [START_REF] Ehlers | Active elimination of the marine biotoxin okadaic acid by P-glycoprotein through an in vitro gastrointestinal barrier[END_REF][START_REF] Kittler | CYP3A4 activity reduces the cytotoxic effects of okadaic acid in HepaRG cells[END_REF]Ferron et al., 2016b) cannot be excluded. Therefore, the two cell types showed an obvious difference in sensitivity to toxins that may be driven by their own detoxification capacities.

For Caco-2/HT29-MTX co-cultured cells, two toxins induced a concentration-dependent alteration of the two markers of monolayer integrity (a decrease of TEER values correlated with an increase of LY crossing). For PTX2, concomitantly to a decrease of TEER, a decrease of CLD1 expression and a cytoplasmic redistribution of ZO-1 were observed at the highest concentration. This is consistent with PTX2 targeting F-actin [START_REF] Espina | Cytoskeletal toxicity of pectenotoxins in hepatic cells[END_REF]. Our results of TEER and LY crossing indicated that OA up to 150 nM did not affect the Caco-2/HT29-MTX monolayer integrity, in accordance with other studies performed on Caco-2 cells monolayer [START_REF] Ehlers | Analysis of the passage of the marine biotoxin okadaic acid through an in vitro human gut barrier[END_REF][START_REF] Fernandez | Experimental basis for the high oral toxicity of dinophysistoxin 1: a comparative study of DSP[END_REF]. For OA concentrations above 150 nM, alteration of the monolayer integrity was linked to morphological changes (rapid swelling and cell rounding and the formation of areas without cells (figures 2 and 5).

We also observed a cytoplasmic redistribution of ZO-1, a tight-junction protein commonly used for investigating the effect of compounds on intestinal barrier integrity. A slight down-regulation of the tight junction CLD1 gene was also induced by OA. Similarly, a decrease of both gene expression and proteins levels of tight junction proteins has been already described in differentiated Caco-2 cells exposed to 150 nM OA [START_REF] Dietrich | The marine biotoxin okadaic acid affects intestinal tight junction proteins in human intestinal cells[END_REF]. A cytoplasmic redistribution of ZO-1 has been also reported in mouse mammary epithelia 31EG4 cells exposed to OA (Singer et al., 1994). AZA1

induced some alteration of permeability observed by a slight increase of LY crossing while YTX did not significantly affect monolayer permeability. In contrast, moderate [START_REF] Abal | Absorption and Effect of Azaspiracid-1 Over the Human Intestinal Barrier[END_REF] to strong [START_REF] Hess | Isolation and purification of azaspiracids from naturally contaminated materials, and evaluation of their toxicological effects-final project report ASTOX (ST/02/02)[END_REF] decrease of TEER was reported for Caco-2 cells exposed up to 100 nM AZA1.

Although we did not observe much cytoplasmic redistribution of ZO-1 in Caco-2/HT29-MTX co-cultured cells treated with AZA1, modification of the distribution of other tight junction components, such as occludin and E-cadherin, has been reported in differentiated Caco-2 cells [START_REF] Bellocci | Azaspiracid-1 inhibits endocytosis of plasma membrane proteins in epithelial cells[END_REF][START_REF] Abal | Absorption and Effect of Azaspiracid-1 Over the Human Intestinal Barrier[END_REF]. Even if a decrease of AQP3 expression has been shown to be correlated with a decrease of TEER, occludin and claudin-1 expressions [START_REF] Zhang | Knockdown of aquaporin 3 is involved in intestinal barrier integrity impairment[END_REF][START_REF] Ikarashi | Aquaporins in the Colon as a New Therapeutic Target in Diarrhea and Constipation[END_REF][START_REF] Ikarashi | Changes in the expression of Aquaporin-3 in the gastrointestinal tract affect drug absorption[END_REF], in our study, YTX strongly decreased the AQP3 expression without modification of the TEER values. In contrast, the down-regulation of AQP3 was weaker for OA, although an increase of permeability was observed. Thereby, we did not find that AQP3 expression and TEER were strongly correlated, and the discrepancy with the literature data requires further investigation.

Other parameters such as inflammation mediators can be involved in the alteration of the Caco-2/HT29-MTX monolayer integrity [START_REF] Sedgwick | Effects of inflammatory cytokines on thepermeability of human lung microvascular endothelial cell monolayers and differential eosinophil transmigration[END_REF]. Indeed, inflammation has been shown to be involved in the alteration of intestinal cells monolayer integrity, particularly through the release of IL-8, IL-1β (Al-Sadi et al., 2008), TNFα [START_REF] Ma | TNF-a-induced increase in intestinal epithelial tight junction permeability requires NF-B activation[END_REF][START_REF] Al-Sadi | TNF-α Modulation of Intestinal Tight Junction Permeability Is Mediated by NIK/IKK-α Axis Activation of the Canonical NF-κB Pathway[END_REF] and IFNγ [START_REF] Beaurepaire | Interferon-γ Regulation of Intestinal Epithelial Permeability[END_REF]. Therefore, we have evaluated if the decrease of Caco-2/HT29-MTX monolayer integrity could be linked to IL-8 release, a marker of inflammation commonly used for investigating phycotoxins toxicity on intestinal cell lines [START_REF] Alarcan | Combined effects of okadaic acid and pectenotoxin-2, 13-desmethylspirolide C or yessotoxin in human intestinal Caco-2cells[END_REF], Ferron et al., 2016c). In this co-culture model in 96-well plates, the basal level of IL-8 release was very close to that of Caco-2 cells alone [START_REF] Alarcan | Combined effects of okadaic acid and pectenotoxin-2, 13-desmethylspirolide C or yessotoxin in human intestinal Caco-2cells[END_REF]. We observed that OA exposure induced a large increase of IL-8 expression and protein release. Similarly, an increase of IL-8 release (around 30-fold) has been reported in differentiated Caco-2 cells exposed to OA but at a lower concentration (38 nM) [START_REF] Alarcan | Combined effects of okadaic acid and pectenotoxin-2, 13-desmethylspirolide C or yessotoxin in human intestinal Caco-2cells[END_REF]. As already suggested for viability results, the mucus layer produced in co-cultures may protect Caco-2 cells against OA toxicity, leading to IL-8 release with higher OA concentrations compared to Caco-2 cells alone [START_REF] Alarcan | Combined effects of okadaic acid and pectenotoxin-2, 13-desmethylspirolide C or yessotoxin in human intestinal Caco-2cells[END_REF]. The inflammatory response (IL-8 release) was in accordance with NF-κB translocation observed following OA treatment in intestinal epithelial and glial cells [START_REF] Ferron | Comparative analysis of the cytotoxic effects of okadaic acid-group toxins on human intestinal cell lines[END_REF][START_REF] Reale | Novel Insights on the Toxicity of Phycotoxins on the Gut through the Targeting of Enteric Glial Cells[END_REF]. NF-κB is involved in inflammation as precursor of cytokines release as well as in gut homeostasis [START_REF] Gupta | Inhibiting NF-kappaB activation by small molecules as a therapeutic strategy[END_REF].

With PTX2, we observed a slight increase in IL-8 release only at the highest concentration tested (260 nM) (Figure 6). This response was not supported by an increase of IL-8 gene expression that, in contrast, was slightly -but non-significantly-down-regulated. In agreement with our observations, no IL-8 release was reported previously in differentiated Caco-2 cells treated with 200 nM PTX2 [START_REF] Alarcan | Combined effects of okadaic acid and pectenotoxin-2, 13-desmethylspirolide C or yessotoxin in human intestinal Caco-2cells[END_REF]. Finally, the absence of effect on IL-8 release and gene expression after exposure of Caco-2/HT29-MTX co-cultured cells to YTX is consistent with the results reported in differentiated Caco-2 cells [START_REF] Alarcan | Combined effects of okadaic acid and pectenotoxin-2, 13-desmethylspirolide C or yessotoxin in human intestinal Caco-2cells[END_REF]. Still, no study has investigated the effect of AZA1 on inflammation in intestinal cells. However, in vivo studies on rodents exposed to YTX or AZA1 pointed out the presence of infiltrated lymphocytes, reflecting an inflammatory area in the gut submucosa [START_REF] Franchini | Targets and Effects of Yessotoxin, Okadaic Acid and Palytoxin: A Differential Review[END_REF], the presence of neutrophils in the lamina propria [START_REF] Aune | Study of possible combined toxic effects of azaspiracid-1 and okadaic acid in mice via the oral route[END_REF][START_REF] Kilcoyne | AZASPIRACIDS -Toxicological Evaluation, Test Methods and Identification of the Source Organisms (ASTOX II)[END_REF] as well as the infiltration of inflammatory cells in lung and liver [START_REF] Ito | Chronic effects in mice caused by oral administration of sublethal doses of azaspiracid, a new marine toxin isolated from mussels[END_REF].

Therefore, it could be suggested that the inflammatory response observed in rodents was driven by another pathway than IL-8 or by another cell type than enterocytes or goblet cells.

Both acute stress and cytokines release, such as IL-8, can stimulate mucus secretion [START_REF] Hansvall | Interleukin-8 stimulates CFTR-mediated mucus secretion by submucosal glands in swine[END_REF]Ianowski, 2014, Hart and[START_REF] Hart | Review article: mechanisms of initiation and perpetuation of gut inflammation by stress[END_REF]. Surprisingly, the impact of phycotoxins on the intestinal mucus production in vitro has never been evaluated. In Caco-2/HT29-MTX co-cultured cells, OA slightly increased the expression of MUC13, a transmembrane mucin, as well as PLIN2, a gene involved in lipid droplet structure for mucins. Lipid droplets transport mucins from the intracellular compartment to the apical side of goblet cells. Evaluation of mucus staining showed a slight increase of acidic mucins area at 150 nM OA, although not significant. In fact, the mucus increase is expected to reflect mainly the response of HT29-MTX cells to toxins. Therefore, although the percentage of co-culture could explain why the response on mucus was not significant. In co-cultures, it is not excluded that the secretion of cytokines/chemokines by Caco-2 cells stimulates HT29-MTX cells resulting in an inflammatory response and perhaps mucus secretion. For PTX2, although the AB and PAS stainings did not reveal any significant modification of mucus area, a slight increase of MUC12 was observed at the highest concentration, concomitantly with a decrease of HT29-MTX cell population. In contrast, YTX and AZA1 did not affect mucins expression but a slight increase of the acidic and neutral mucins area was observed at 80 nM AZA1 and 220 nM YTX respectively.

Therefore, it could be worth measuring mucus production of HT29-MTX cells alone in response to phycotoxins exposure. Moreover, post-transcriptional O-glycosylation and N-glycosylation of the mucins could be also a pathway to investigate as the aberrant glycan structure of mucins induces perturbation of the gut functions and gut homeostasis [START_REF] Bergstrom | Mucin-type O-glycans and their roles in intestinal homeostasis[END_REF][START_REF] Hanson | Functional Consequences of Differential O-glycosylation of MUC1, MUC4, and MUC16 (Downstream Effects on Signaling)[END_REF][START_REF] Arike | Intestinal Muc2 mucin O-glycosylation is affected by microbiota and regulated by differential expression of glycosyltranferases[END_REF].

Conclusions

In conclusion, our study investigated the mode of action of 4 phycotoxins using a co-culture intestinal model composed of enterocytes-like (Caco-2) and mucus producing cells (HT29-MTX). We explored how the responses of such model fit with the observations in humans and rodents. Our results indicated that the mucus layer could protect Caco-2 cells from OA toxicity. The HT29-MTX cell population appeared more sensitive to OA and PTX2 than Caco-2 cells. In contrast, YTX and AZA1 induced a slight cytotoxicity, expressed mainly by a slight decrease of monolayer integrity.

Our study highlighted that intestinal cell models integrating different cell types may contribute to improve hazard assessment and to describe how phycotoxins can affect human intestinal tract.

Therefore, the Caco-2/HT29-MTX is a suitable cell model combining the two major epithelial cells for the evaluation of phycotoxins toxicity on the intestinal barrier. Nevertheless, it does not contain cell types from immune and nervous systems that are also known as key players in the toxic response of food contaminants. Although more complex cell models are developed to integrate such cell types, they are still not validated to replace in vivo studies.

Figure 1 .

 1 Figure 1. Cytotoxicity on Caco-2/HT29-MTX co-cultured cells after a 24 hrs exposure to PTX2, YTX, AZA1 and OA in 96-well plates. Cytotoxicity was measured by the neutral red uptake (NRU) assay.

Figure 2 .

 2 Figure 2. Morphological changes of Caco-2/HT29-MTX co-cultured cells after 24 hrs exposure to PTX2, YTX, AZA1 and OA in 96-well plates. Evaluation of cell morphology was carried out by phase contrast microscopy. Each image is representative of three independent experiments. (A): vehicle control (5% MeOH), (B): 260 nM PTX2, (C): 220 nM YTX, (D): 80 nM AZA1, and (E): 520 nM OA. Scale bar = 100 µm.

Figure 3 .

 3 Figure 3. TEER measurement on Caco-2/HT29-MTX co-cultured cells after 24 hrs exposure to PTX2, YTX, AZA1 and OA in 24-well inserts. Red line: 130 ohm.cm². Values are presented as means

Figure 4 .

 4 Figure 4. LY crossing through Caco-2/HT29-MTX co-cultured cells after 24 hrs exposure to PTX2, YTX, AZA1 and OA in 24-well inserts. Values are presented as means ± SEM, and expressed as percentage of LY that had crossed into the basolateral compartment per hour. Two independent experiments with two technical replicates per experiment were performed. *, **: value significantly different from the vehicle control (respectively P < 0.01 and P < 0.001).

Figure 5 .

 5 Figure 5. Immunofluorescence localization of zonula occludens (ZO-1) in Caco-2/HT29-MTX co-cultured cells after 24 hrs exposure to PTX2, YTX, AZA1 and OA in 96-well plates. 50 nMTNFα was used as positive control. ZO-1 (red) and DAPI (blue) nucleus staining were carried out by HCA. Each image is representative of two independent experiments. Scale bar = 60 µm (white bar) and 3 µm (yellow bar).

FigureFigure 7 .

 7 Figure 6. IL-8 release in Caco-2/HT29-MTX co-cultured cells after 24 hrs exposure to PTX2, YTX, AZA1 and OA in 96-well plates. Red line: IL-8 release concentration in the vehicle control (73 pg/mL). Values are presented as means ± SEM. Three independent experiments with three technical replicates per experiment were performed. *, **: value significantly different from the vehicle control (respectively P < 0.05 and P < 0.001). IL-8 release of the TNFα positive control was 742 ± 7.5 pg/mL (blue line).

FigureFigure 8 .

 8 Figure8Apresents the observations by light microscopy of transversal sections of Caco-2/HT29-MTX co-cultures following PAS staining. Figure8Bpresents the percentage area of PAS staining, and the mean intensity of all analyzed purple pixels. PTX2 did not show any significant modification of both neutral mucus area and intensity compared to the vehicle control. YTX exposure resulted in an increase of PAS staining area although not statistically significant and without any change of the intensity. A slight, but non-significant, increase of PAS mucus area was observed for OA and AZA1.

Figure 9 .

 9 Figure 9. Percentage of Caco-2-GFP and HT29-MTX cells co-cultured after 24 hrs exposure to PTX2 and OA in 96-well plates. Caco-2-GFP cells were identified as green fluorescent cells, and total cell count was determined using Hoescht 33342 labelling. Percentages of each cell line are expressed relative to the total cell number and presented as means ± SEM. Positive control of the full fluorescence represents only Caco-2-GFP. Three independent experiments were performed. *, **: value significantly different from the vehicle control (respectively P < 0.01 and P < 0.001). Scale bar = 60 µm.

  

  

Table 1 . Relative gene expression in Caco2/HT29-MTX co-cultured cells after 24 hrs exposure to PTX2, YTX, AZA1 and OA in 12-well inserts.

 1 The analysis of gene expression was carried out byRT-qPCR. Values are normalized to the reference gene RPLP0 and presented as fold changes of the vehicle control (red for up-regulated, blue for down-regulated). Three independent experiments with one technical replicates per experiment were performed. *, **, ***: significantly different from the vehicle control (respectively P < 0.05, P < 0.01 and P < 0.001).
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