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Palmitic acid damages gut epithelium integrity and initiates inflammatory cytokine production
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Introduction

Obesity is the result of an energy imbalance between calories consumed and calories expended, and its increasing incidence is associated with changes in eating habits. Obesity is associated with systemic and tissue low-grade inflammation, which contributes to the development of insulin resistance and increased cardiovascular disease risk [START_REF] Pereira | Low-Grade Inflammation, Obesity, and Diabetes[END_REF][START_REF] Monteiro-Sepulveda | Jejunal T Cell Inflammation in Human Obesity Correlates with Decreased Enterocyte Insulin Signaling[END_REF]. While adipose tissue inflammation has been described as an important actor in maintenance of the inflammatory state once obesity is established [START_REF] Pereira | Low-Grade Inflammation, Obesity, and Diabetes[END_REF], its origin remains undetermined.

The subclinical systemic inflammation observed during obesity has been attributed to the immune response to increased circulating levels of lipopolysaccharides (LPS) from the gram-negative bacterial cell wall, termed metabolic endotoxemia [START_REF] Cani | Metabolic endotoxemia initiates obesity and insulin resistance[END_REF]. The passage of bacterial fragments into the blood through the intestinal mucosa emphasizes the importance of the intestinal epithelial barrier in this process [START_REF] Cani | Metabolic endotoxemia initiates obesity and insulin resistance[END_REF][START_REF] Neves | Metabolic endotoxemia: a molecular link between obesity and cardiovascular risk[END_REF][START_REF] Boutagy | Metabolic endotoxemia with obesity: Is it real and is it relevant?[END_REF]. In a recent study, we showed that obese subjects present subtle impairments of intestinal barrier function, which were exacerbated after lipid challenge; this feature correlated with systemic and intestinal inflammation [START_REF] Genser | Increased jejunal permeability in human obesity is revealed by a lipid challenge and is linked to inflammation and type 2 diabetes[END_REF]. Therefore, the loss of intestinal barrier integrity is probably part of the mechanisms driving subclinical chronic inflammation.

Studies on rodents under long-term high-fat diet (HFD) have also highlighted the role of lipids in endotoxemia, but only a few have analyzed the effect of HFD on intestinal barrier integrity (for recent reviews, [START_REF] Boutagy | Metabolic endotoxemia with obesity: Is it real and is it relevant?[END_REF][START_REF] Araujo | Impact of high-fat diet on the intestinal microbiota and small intestinal physiology before and after the onset of obesity[END_REF]). Decreased mRNA levels of the tight junction proteins ZO-1 and occludin were observed in mouse intestine after 4 weeks of HFD [START_REF] Cani | Changes in gut microbiota control metabolic endotoxemia-induced inflammation in high-fat diet-induced obesity and diabetes in mice[END_REF]. Gulhane et al [START_REF] Gulhane | High Fat Diets Induce Colonic Epithelial Cell Stress and Inflammation that is Reversed by IL-22[END_REF] showed that, in mice, prolonged HFD leads to increased colonic inflammation, which is associated with endotoxemia and decreased expression of the tight junction protein claudin-1 in this tissue. Some have reported that the HFD composition can influence microbiota changes, endotoxemia, and the immune response.

Laugerette et al [START_REF] Laugerette | Oil composition of high-fat diet affects metabolic inflammation differently in connection with endotoxin receptors in mice[END_REF] compared the effects of 8-week diets enriched with different oils in mice, and showed that a palm oil-enriched diet results in the most active transport of LPS to the tissues and the highest plasma level of the proinflammatory interleukin-6 (IL-6). More recently, Lam et al [START_REF] Lam | Effects of dietary fat profile on gut permeability and microbiota and their relationships with metabolic changes in mice[END_REF] showed that mice fed for 8 weeks with HFD enriched with saturated fatty acids or n-6 polyunsaturated fatty acids displayed similar weight gain and adiposity, but only mice fed with saturated HFD exhibited increased paracellular permeability to ions, as evaluated by decreased transepithelial electrical resistance (TEER) and macrophage infiltration in the colon. As one of the main saturated fatty acids in the human diet, palmitic acid might exert an important effect on gut permeability and inflammation, and should therefore be further investigated.

Several studies have suggested that the effects of HFD on intestinal permeability occur before the onset of obesity. Increased albumin in the feces, reflecting higher intestinal permeability, was observed as early as after 1 day of HFD, and passage of fluorescein isothiocyanate (FITC)-dextran molecules through the intestinal epithelium was increased after 7 days [START_REF] Johnson | High fat diet causes depletion of intestinal eosinophils associated with intestinal permeability[END_REF]. Moreover, studies on lean humans or on rodents under chow diet showed that a single lipid meal would lead to a moderate and transient increase in endotoxemia [START_REF] Laugerette | Emulsified lipids increase endotoxemia: possible role in early postprandial low-grade inflammation[END_REF][START_REF] Ghoshal | Chylomicrons promote intestinal absorption of lipopolysaccharides[END_REF][START_REF] Erridge | A high-fat meal induces low-grade endotoxemia: evidence of a novel mechanism of postprandial inflammation[END_REF] and increased plasma IL-6 level [START_REF] Laugerette | Emulsified lipids increase endotoxemia: possible role in early postprandial low-grade inflammation[END_REF]. In these latter studies, neither the importance of fatty acid composition of the meal (especially the effects of palmitic acid) nor the intestinal epithelial barrier integrity was documented. Nevertheless, these results suggest that an acute supply of lipids is sufficient to provoke transient alteration of the intestinal epithelial barrier.

We may hypothesize that repeated lipid supply can amplify or maintain intestinal epithelial barrier defect, which in turn could initiate low-grade inflammation or contribute to its maintenance.

Here, we explored the impact of single or repeated supply of palm oil and palmitic acid on intestinal epithelial barrier integrity and its consequence on the expression of intestinal genes involved in the inflammatory response. Mechanistic investigations were conducted on endoplasmic reticulum (ER) stress and ceramide synthesis.

Materials and methods

Treatments, colitis induction and assessment, and intestinal permeability in mice

Three-month-old male C57BL/6J mice (Janvier Labs, Le Genest-Saint-Isle, France) were fed ad libitum a standard chow diet (A04, SAFE, Augy, France). The mice were kept on an artificial 12-h light-dark cycle with lights on 07:00 h. The mice were gavaged with palm oil (Sigma-Aldrich, Saint Quentin-Fallavier, France) whose fatty acid composition is rich in saturated palmitic acid (about 45%) and unsaturated oleic acid (about 35%). The mice were gavaged with 0.2 ml palm oil for one or five consecutive days at 18:00 h, i.e., just before the feeding period. Mice that received the lipid loads had 20% reduced food consumption, but the calorie intake was preserved (control mice and palm oil treated-mice, 9 kcal/mouse/24 h and 8.8 kcal/mouse/24 h, respectively). On the last day of the experiment, the mice were successively gavaged at 9:00 h with 0.2 ml palm oil and 0.2 ml 4 kDa FITC-dextran (Sigma-Aldrich) solution (in water, 0.5 mg/g per mouse). The mice were anesthetized and then euthanized 1 h after the last gavage. Blood, the small intestine, and colon were then collected.

The duodenum was removed and the rest of the small intestine was divided into two equal parts referred to here as the jejunum and ileum. For in vivo measurement of intestinal permeability, plasma FITC-dextran concentrations were determined by fluorometry (FLUOstar Omega; BMG Labtech, Champigny-sur-Marne, France). Colitis was induced in mice by 5 days of 3.5% dextran sodium sulfate (DSS, MP Biomedicals, Illkirch-Graffenstaden, France) in drinking water, followed by a 3-day DSSfree recovery period. All experiments involving mice were approved by the French Minister of Education and Research and by Animal Care and Use Committee N°5 (agreement number: APAFIS#2710-201510301447819).

Fecal bacterial species analysis

Mice received one gavage of 0.2 ml palm oil or water each day for four consecutive days. Fresh feces were collected 16 h after the last gavage and immediately stored at -80°C until analyzed. DNA was extracted from 100 mg feces, obtained from fecal pellets pooled from 1-3 mice, as previously described [START_REF] Sokol | Low counts of Faecalibacterium prausnitzii in colitis microbiota[END_REF]. Table 1 describes the primers used for the group-and species-specific 16S rRNA targeting. PCR was performed using the Applied Biosystems StepOnePlus Real-Time PCR System (Thermo Fisher Scientific, Illkirch-Graffenstaden, France). Bacterial count in the fecal samples was determined using DNA extracted from cultured bacterial strains (Table 1) and analyzed as described previously [START_REF] Sokol | Low counts of Faecalibacterium prausnitzii in colitis microbiota[END_REF]. The abundance of segmented filamentous bacteria and Akkermansia muciniphila was determined by relative quantification to DNA extracted from the feces of untreated mice

Cell culture and cell treatments

The Caco-2/TC7 cell line is a clonal population of human colon carcinoma-derived Caco-2 cells, which reproduce, to a high degree, most of the morphological and functional characteristics of enterocytes [START_REF] Chantret | Differential expression of sucrase-isomaltase in clones isolated from early and late passages of the cell line Caco-2: evidence for glucose-dependent negative regulation[END_REF]. The cells were checked for the absence of mycoplasma contamination. In all experiments, the cells were cultured on 6-well Transwell® filters (Thermo Fisher Scientific) for 3 weeks to obtain fully differentiated enterocyte-like cells as previously described [START_REF] Morel | Cholesterol trafficking and raft-like membrane domain composition mediate scavenger receptor class B type 1-dependent lipid sensing in intestinal epithelial cells[END_REF][START_REF] Beaslas | Sensing of dietary lipids by enterocytes: a new role for SR-BI/CLA-1[END_REF].

Palmitic acid or oleic acid (Sigma-Aldrich) was supplied as complex micelles to mimic their physiological form in the intestinal lumen in vivo. Complex micelles (2 mM sodium taurocholate, 0.6 mM oleic acid or 0.6 mM palmitic acid, 0.2 mM lysophosphatidylcholine, 0.05 mM cholesterol, 0.2 mM monoacylglycerol) were prepared in serum-free medium as previously described [START_REF] Beaslas | Sensing of dietary lipids by enterocytes: a new role for SR-BI/CLA-1[END_REF][START_REF] Chateau | Lipid micelles stimulate the secretion of triglyceride-enriched apolipoprotein B48-containing lipoproteins by Caco-2 cells[END_REF] and added to the upper compartment. In some experiments, 0.3 mM or 0.1 mM palmitic acid was used instead. During epithelium integrity analysis, the micelles were removed and replaced with fresh apical medium. The release of the cytoplasmic enzyme lactate dehydrogenase (LDH) in the medium, used as a toxicity test, remained at <1% of total LDH activity of the cell lysate when palmitic or oleic acid was added to the cultured cells. In some experiments, the cells were treated with 4.5 mM EGTA (Sigma-Aldrich), which was added to the upper compartment, or with 2 mM dithiothreitol (DTT, Sigma-Aldrich), 20 mM L-cycloserine (Sigma-Aldrich), or 100 M C 2 -ceramide (Cayman Chemical, Montigny-le-Bretonneux, France) added to both the upper and lower compartments. C 2 -ceramide was dissolved in 0.5% ethanol as previously described [START_REF] Tran | Short Term Palmitate Supply Impairs Intestinal Insulin Signaling via Ceramide Production[END_REF]. The duration of treatments is indicated in the figure legends.

Permeability measurements in Caco-2/TC7 cells

To assess paracellular permeability, 1mg/ml of 4 kDa FITC-dextran (TdB Consultancy AB, Uppsala, Sweden) was added to the apical medium on the last day of treatment. Samples of basal medium were collected after 4h, and fluorescence was determined with a microplate fluorometer (FLUOstar Omega; BMG Labtech). Transepithelial electrical resistance, which is inversely proportional to the permeability to small ions, was measured before and after treatment using a volt-ohm meter (Millipore, Guyancourt, France).

Total RNA extraction and reverse transcription (RT)-PCR

Total RNA from Caco-2/TC7 cells and from the intestinal segments was extracted with TRI Reagent (Molecular Research Center, Cincinnati, OH, USA) according to the manufacturer's instructions. RT was performed with 1 μg RNA using a high-capacity complementary DNA (cDNA) reverse transcriptase kit (Applied Biosystem, Thermo Fisher Scientific). Semi-quantitative real-time PCR was performed with the Mx3000P Stratagene system using SYBR Green (Agilent, Les Ulis, France) according to the manufacturer's procedures. Table 2 lists the human and mouse primer sequences used.

The primer sequences for the specific quantification of the spliced XBP1 mRNA have been described previously [START_REF] Van Schadewijk | A quantitative method for detection of spliced X-box binding protein-1 (XBP1) mRNA as a measure of endoplasmic reticulum (ER) stress[END_REF].

Cytokine content and secretion

IL-8 and IL-1 protein levels were quantified by enzyme-linked immunosorbent assay (ELISA) using R&D System kits (Lille, France). For cytokine quantification in mouse intestine, whole intestinal segments were homogenized in phosphate-buffered saline (PBS) buffer using a FastPrep instrument (MP Biomedicals), sonicated (Bioruptor, Diagenode, Liège, Belgium), and centrifuged at 10,000 g for 10 min at 4°C. The supernatant (100 g protein) was used for ELISA. For Caco-2/TC7 cell experiments, 0.2 ml basal medium was used for the ELISA.

Immunofluorescence analysis of junctional proteins

Immunofluorescence analyses were performed as previously described [START_REF] Petit | Requirement of cellular prion protein for intestinal barrier function and mislocalization in patients with inflammatory bowel disease[END_REF]. Briefly, Caco-2/TC7 cells were fixed and permeabilized by 5-min incubation in methanol at -20°C. Jejunum cryosections were fixed for 30 min in 4% paraformaldehyde at 4°C, and permeabilized for 30 min in 0.1% Triton X-100 at 4°C. For immunostaining of mouse jejunum cryosections, we used primary antibodies against tricellulin (1:10; Tric2469; kindly provided by Dr. Furuse [START_REF] Ikenouchi | Loss of occludin affects tricellular localization of tricellulin[END_REF][START_REF] Ikenouchi | Tricellulin constitutes a novel barrier at tricellular contacts of epithelial cells[END_REF]), ZO-1 (1:200; 617300; Thermo Fisher Scientific), occludin (1:10; Moc-37; kindly provided by Dr Furuse [START_REF] Saitou | Mammalian occludin in epithelial cells: its expression and subcellular distribution[END_REF]) and for E-cadherin (1:500; ECCD2 M108; Takara Bio Europe, Saint-Germain-en-Laye, France). For Caco-2/TC7 cell immunostaining, we used primary antibodies against tricellulin (1:200; MARVELD2 700191; Thermo Fisher Scientific), ZO-1 (1:200; ZO1-1A12; 33-9100 Thermo Fisher Scientific), occludin (1:200; 71-1500; Thermo Fisher Scientific), and E-cadherin (1:500; ECCD2 M108; Takara Bio Europe). Alexa 488-and Alexa 546-conjugated anti-immunoglobulin G were used as secondary antibodies (1:400; Molecular Probes, Life Technologies, Saint-Aubin, France). The nuclei were stained with 4′-6diamidino-2-phenylindole (DAPI) to assess the monolayer integrity. The cells were examined by microscopy using an Axio Imager 2 microscope equipped with Apotome.2, allowing optical sectioning (Zeiss, Oberkochen, Germany). Images were acquired by ZEN 2011® software (Zeiss) and analyzed in ImageJ 1.46c (https://imagej.nih.gov/ij/index.html).

Western blotting

Caco-2/TC7 cells were lysed as previously described [START_REF] Beaslas | Sensing of dietary lipids by enterocytes: a new role for SR-BI/CLA-1[END_REF]. Protein levels were detected in cell lysates using a Wes™ capillary electrophoresis system (ProteinSimple, San José, CA, USA) according to the manufacturer's instructions. Reconstituted images and quantification were performed using Compass software for Simple Western (ProteinSimple). The primary antibodies were rabbit anti-tricellulin (1:2000; MARVELD2 700191; Thermo Fisher Scientific), rabbit anti-ZO-1 (1:200; ZO1-1A12; 33-9100; Thermo Fisher Scientific), rabbit anti-occludin (1:25; 71-1500; Thermo Fisher Scientific), and rabbit anti-E-cadherin (1:1000; clone 36, 610181; BD Biosciences, Rungis, France). The secondary antibodies and reagents were provided in the separation and detection module kits (ProteinSimple).

Junctional protein levels were normalized to Hsc70 (1:100; sc7298 Santa Cruz, CliniSciences Nanterre, France) or actin (1:1000; NB600-532SS Novus Biologicals, Bio-techne Ltd. Lille, France).

Statistical analysis

Results are expressed as the mean ± SEM. Statistical analyses were performed using GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA). Student's t-test was used for two-group comparisons.

Multiple groups were compared using one-way analysis of variance (ANOVA). A p-value < 0.05 was considered significant.

Results

Palm oil gavage increased intestinal permeability, disrupted cell-cell junctions, and modified the expression of genes involved in inflammation in mice

We analyzed the effects of palm oil on intestinal barrier integrity in mice by measuring the intestinal permeability to 4 kDa FITC-dextran. We compared the effects of a single gavage of palm oil to daily gavages for five consecutive days. We calculated that a lipid gavage of 180 mg represents, in one intake, the daily lipid consumption (210 mg) of a mouse fed control diet containing 8% w/w fat. DSStreated mice were used as a model of chemically induced barrier defect (for review, [START_REF] Eichele | Dextran sodium sulfate colitis murine model: An indispensable tool for advancing our understanding of inflammatory bowel diseases pathogenesis[END_REF]). As previously described [START_REF] Yan | Temporal and spatial analysis of clinical and molecular parameters in dextran sodium sulfate induced colitis[END_REF], DSS induced a 2-fold increase in intestinal permeability as compared to the control group (p = 0.0008) (Fig. 1A). The permeability to 4-kDa molecules after palm oil gavage was increased in the same range as in the positive control (DSS). Mice that received one palm oil gavage had higher intestinal permeability (p < 0.0001) than the control group. Surprisingly, no further increase was observed following multiple gavages.

As an efficient epithelial barrier is dependent on cell-cell junction integrity, we performed immunofluorescence analysis of the jejunum to determine the localization of the tight junction proteins (ZO-1, occludin, tricellulin) and the adherens junction protein E-cadherin. One palm oil gavage resulted in reduced occludin and tricellulin labeling at the apico-lateral membranes. ZO-1 labeling was more diffuse, while E-cadherin was not affected (Fig. 1B). Five consecutive palm oil gavages disrupted the distribution of all these proteins. In addition to the reduced occludin and tricellulin labeling, we observed a shift of E-cadherin and ZO-1 labeling toward the basal region of the lateral membrane (Fig. 1B, red arrows). Decreased occludin mRNA levels were observed after one and five palm oil gavages (Fig. 1C) while the mRNA levels of the other junction proteins remained unchanged (data not shown).

We analyzed the expression of several genes linked to inflammation in the intestine (Fig. 2).

The protein level of the proinflammatory IL-1 tended to increase (p = 0.053) in the colon of mice that received one palm oil gavage; a 2.4-fold increase (p = 0.0027) was observed after five gavages (Fig. 2A). Gata3 is known as a master gene controlling the functions of T cells and innate lymphoid cells [START_REF] Zhu | GATA3 Regulates the Development and Functions of Innate Lymphoid Cell Subsets at Multiple Stages[END_REF][START_REF] Wan | GATA3: a master of many trades in immune regulation[END_REF]. When compared to control mice, Gata3 mRNA levels in the jejunum were decreased in the DSS-treated mice (p = 0.0003) or after five palm oil gavages (p = 0.0024), but not after one palm oil gavage (Fig. 2B). This suggests that the repeated palm oil gavages altered the immune response in the intestine. Reg3g encodes a major antimicrobial peptide involved in host defense against bacterial invasion [START_REF] Wang | Intestinal REG3 Lectins Protect against Alcoholic Steatohepatitis by Reducing Mucosa-Associated Microbiota and Preventing Bacterial Translocation[END_REF][START_REF] Loonen | REG3gamma-deficient mice have altered mucus distribution and increased mucosal inflammatory responses to the microbiota and enteric pathogens in the ileum[END_REF]. One palm oil gavage increased Reg3g mRNA levels (p = 0.0118) in the ileum as compared to the control group (Fig. 2C). However, Reg3g mRNA levels were unchanged in the ileum of mice that received repeated gavages and in DSS-treated mice. This suggests that one palm oil gavage engaged the antimicrobial host defense, which would be lost or less effective after repeated palm oil gavages. We may hypothesize that repeated palm oil treatment impairs the antimicrobial host defense and could participate in intestinal barrier defects. This result also suggests that changes in microbiota composition could occur after palm oil treatment.

Altogether, we show in vivo in mice that short-term treatment with palm oil is sufficient to provoke the mislocalization of key junctional proteins to increase intestinal permeability and to modify the expression of several genes involved in the immune response in the intestine.

Palm oil gavages modified fecal bacterial species in mice

There are major changes in the relative abundance of bacterial species during high-fat feeding (for review, [START_REF] Murphy | Influence of high-fat diet on gut microbiota: a driving force for chronic disease risk[END_REF]). Palm oil might affect bacterial abundance via bacterial growth or modification of the genes involved in the antimicrobial response (e.g., Reg3g) as previously observed after long-term HFD [START_REF] Everard | Microbiome of prebiotic-treated mice reveals novel targets involved in host response during obesity[END_REF]. We measured the abundance of selected fecal bacteria after four palm oil gavages. We found significantly decreased Clostridium leptum (Fig. 3A, p=0.0273), Akkermansia muciniphila (Fig. 3B, p=0.0274) and segmented filamentous bacteria (Fig. 3C,p=0.0133) abundance after four palm oil gavages, while Bacteroides sp. abundance was increased (Fig. 3D, p=0.0230). The abundance of Lactobacillus sp. (Fig. 3E) and Clostridium coccoides (Fig. 3F), and total bacteria count (Fig. 3G), were unaffected. These results indicate that four palm oil gavages can modify gut bacterial species composition.

Palmitic acid disrupts permeability and cytokine expression in human intestinal epithelial cells

To characterize the impact of lipids on the intestinal epithelial compartment, we investigated the effects of palmitic and oleic acid, two major fatty acids present in palm oil. We analyzed the effects of the two fatty acids, delivered as complex micelles, on the paracellular permeability of a human Caco-2/TC7 cell monolayer. The cells were incubated for 24 h or daily for four consecutive days with either palmitic or oleic acid micelles. The positive control was 24-h treatment with 4.5 mM EGTA, a calcium chelator known to increase epithelial permeability [START_REF] Boulenc | Importance of the paracellular pathway for the transport of a new bisphosphonate using the human CACO-2 monolayers model[END_REF][START_REF] Artursson | Epithelial transport of drugs in cell culture. I: A model for studying the passive diffusion of drugs over intestinal absorptive (Caco-2) cells[END_REF]. As expected, EGTA increased the permeability of the Caco-2/TC7 cell monolayer to 4 kDa FITC-dextran (p < 0.0001) (Fig. 4A) and to ions (decreased TEER, p < 0.0001) (Fig. 4C). Interestingly, 1-day treatment with palmitic acid provoked significantly increased 4 kDa FITC-dextran flux (Fig. 4A) without significant changes in permeability as assessed by TEER (Fig. 4D). A repeated supply of palmitic acid for 4 days markedly enhanced the permeability of the monolayer to 4 kDa FITC-dextran (p = 0.0152). TEER was decreased as early as the first 48 h of treatment (p = 0.038). These effects were not observed when oleic acid was used. A dose-response effect of palmitic acid concentration was observed for 4 kDa FITC-dextran flux (Fig. 4B) and TEER (Fig. 4E).

We performed immunofluorescence analysis of the localization of ZO-1, occludin, tricellulin, and E-cadherin in cells treated with palmitic acid or oleic acid micelles (Fig. 5A). In cells incubated for 24 h with palmitic acid, all junctional proteins had decreased fluorescence intensity, without modification of their localization at cell-cell contacts. However, repeated supply of palmitic acid micelles over 4 days provoked the internalization of E-cadherin, ZO-1, and occludin, and the loss of tricellulin at the tricellular junctions. In accordance with the absence of effects on paracellular permeability, the oleic acid micelles did not alter the junctional protein distribution. The total cell lysates showed decreased E-cadherin, occludin, and tricellulin protein levels, but not ZO-1, in cells treated for 4 days with palmitic acid (Fig. 5B-F). No modification of junctional protein levels was observed in total cell lysates from cells treated for 24 h with palmitic or oleic acid (data not shown).

Occludin mRNA levels were decreased after 4-day palmitic acid treatment (Fig. 5G) but the mRNA levels of the other junctional proteins were unchanged (data not shown). Altogether, these results showed that 4-day palmitic acid treatment impairs both the expression of junctional proteins and their localization at cell-cell contacts.

Intestinal epithelial cells can produce several cytokines [START_REF] Stadnyk | Intestinal epithelial cells as a source of inflammatory cytokines and chemokines[END_REF][START_REF] Miron | Enterocytes: active cells in tolerance to food and microbial antigens in the gut[END_REF] among which the CXCL8 (IL-8), TGFB1 (transforming growth factor β1), and IL1B genes are particularly well expressed in Caco-2/TC7 cells. We determined whether palmitic acid could induce the production of these cytokines.

Cells were treated for 24 h or 4 days with palmitic acid or oleic acid micelles (Fig. 6). Palmitic acid increased IL-8 expression as early as after 24-h treatment (p = 0.0214; Fig. 6A) and increased its secretion in basal medium after 4-day treatment (Fig. 6B), while oleic acid did not exert any effect. A dose-dependent increase in IL8 mRNA expression (Fig. 6E) and a trend for increased IL-8 secretion (Fig. 6G) were observed upon palmitic acid treatment. TGFB1 mRNA levels (p = 0.0022) were slightly decreased after repeated supply of palmitic acid (Fig. 6C), whereas oleic acid did not alter TGFB1 expression. A lower concentration of palmitic acid (0.1 or 0.3 mM instead of 0.6 mM) was not sufficient to modulate TGFB1 expression (Fig. 6F). Neither oleic acid nor palmitic acid modified IL1B mRNA levels, regardless of treatment duration (Fig. 6D). Interestingly, EGTA increased IL8 (p < 0.0001) and IL1B mRNA levels (p < 0.0001) and IL-8 secretion (p = 0.0042), indicating that the destabilization of cell-cell junctions was sufficient for inducing cytokine production We next determined whether the effects of palmitic acid were reversible after its removal from the culture medium (Fig. 7). Cells were treated daily for 4 days with palmitic acid micelles, and then cultured in control medium for one or two more days. We observed a time-dependent decrease of 4 kDa FITC-dextran passage through the monolayer after the removal of palmitic acid. However, 2 days after micelle removal, the paracellular permeability of the monolayer remained 3.5-fold higher than that of untreated cells (Fig. 7A, p = 0.0008). Removing palmitic acid did not restore the basal level of TEER either, which remained 10-15% lower than that of the control cells (Fig. 7B, p = 0.007).

Immunofluorescence analyses of the junctional proteins were performed after 4-day palmitic acid treatment and at 1 and 2 days after its removal (Fig. 7C). Gradually improved occludin and tricellulin distribution over time was observed after palmitic acid removal. E-cadherin and ZO-1 distribution remained largely altered even 2 days after the cells had been returned to the control medium. Western blotting showed that tricellulin (Fig. 7D), and E-cadherin and ZO-1 (data not shown) protein amounts recovered 2 days after palmitic acid removal. While occludin mRNA levels returned to control values 2 days after palmitic acid removal (Fig. 7E), the occludin protein amount remained lower than that in the control cells (Fig. 7D). Moreover, the effects of palmitic acid on IL8 (Fig. 7F) and TGFB1 (Fig. 7G) mRNA levels were abolished at 2 days and 1 day, respectively, after its removal from the culture medium. Altogether, these results show that the effects of palmitic acid are attenuated slowly after the arrest of treatment.

Palmitic acid induced moderate ER stress

We analyzed the molecular mechanisms involved in the effects of palmitic acid on barrier integrity and cytokine production in Caco-2/TC7 cells. Palmitic acid is known as a more potent ER stress inducer than oleic acid [START_REF] Pardo | Role of hepatocyte S6K1 in palmitic acid-induced endoplasmic reticulum stress, lipotoxicity, insulin resistance and in oleic acid-induced protection[END_REF][START_REF] Deguil | Modulation of lipid-induced ER stress by fatty acid shape[END_REF][START_REF] Danino | Exocrine pancreas ER stress is differentially induced by different fatty acids[END_REF][START_REF] Caviglia | Different fatty acids inhibit apoB100 secretion by different pathways: unique roles for ER stress, ceramide, and autophagy[END_REF]. Moreover, the induction of ER stress by various stimuli, including fatty acids, can increase cytokine expression in several cell types [START_REF] Willy | CHOP links endoplasmic reticulum stress to NF-kappaB activation in the pathogenesis of nonalcoholic steatohepatitis[END_REF][START_REF] Tang | Endoplasmic Reticulum Stress and Chemokine Production in Cystic Fibrosis Airway Cells: Regulation by STAT3 Modulation[END_REF] and may trigger epithelial barrier dysfunction (for review, [START_REF] Ma | Intestinal Epithelial Cell Endoplasmic Reticulum Stress and Inflammatory Bowel Disease Pathogenesis: An Update Review[END_REF]). We therefore wanted to determine whether the observed effects of palmitic acid were due to the induction of ER stress. Accordingly, Caco-2/TC7 cells were treated for 24 h or daily on four consecutive days with palmitic acid or oleic acid micelles.

The cells were then treated with 2 mM DTT, a known inducer of ER stress [START_REF] Oslowski | Measuring ER stress and the unfolded protein response using mammalian tissue culture system[END_REF][START_REF] Beriault | Detection and quantification of endoplasmic reticulum stress in living cells using the fluorescent compound, Thioflavin T[END_REF]. As expected, DTT increased paracellular permeability (Fig. 8A) and IL8 mRNA levels (Fig. 8B). DTT induction of ER stress was assessed through the increased expression of GRP78/HSPA5, GADD153/DDIT3, and the spliced form of XBP1 (Fig. 8C-E), three gene markers of unfolded protein response. Oleic acid provoked moderate induction of GRP78/HSPA5 expression, which was detected only after 24-h treatment (p = 0.0085) but not after 4 days (Fig. 8C), while GADD153/DDIT3 and spliced XBP1 mRNA levels were unchanged (Fig. 8D-E). Palmitic acid increased the expression of these three gene markers of ER stress, but to a limited extent as compared to DTT. This effect was mainly observed after 24-h treatment (Fig. 8C-E). As both palmitic and oleic acid induce moderate ER stress, while only palmitic acid alters epithelial barrier integrity and increases IL-8 expression, we concluded that ER stress cannot explain the specific effects of palmitic acid. We speculate that other molecular mechanisms may be involved in the deleterious effects of palmitic acid.

Ceramides mediated the deleterious effects of palmitic acid on epithelial barrier function and immune response

Palmitic acid, but not oleic acid, is a precursor of de novo ceramide synthesis (for review, [START_REF] Castro | Ceramide: a simple sphingolipid with unique biophysical properties[END_REF]), which contributes not only to membrane structure but also to signaling and metabolic dysfunctions in various cell types, including Caco-2/TC7 cells [START_REF] Tran | Short Term Palmitate Supply Impairs Intestinal Insulin Signaling via Ceramide Production[END_REF][START_REF] Chavez | A ceramide-centric view of insulin resistance[END_REF]. Accordingly, we wanted to determine whether ceramides could provoke epithelial barrier damage and induce cytokine production. Caco-2/TC7 cells were treated with C 2 -ceramide, a short chain, cell-permeating, biologically active ceramide analogue. The 24-h C 2 -ceramide treatment markedly increased paracellular permeability (p < 0.0001) (Fig. 9A) and decreased TEER (p < 0.0001) (Fig. 9B). These effects were associated with decreased expression of all junctional proteins (Fig. 9C). Immunofluorescence analysis showed altered ZO-1, occludin, tricellulin, and E-cadherin localization at the cell-cell contacts (Fig. 9D). C 2 -ceramide increased IL-8 expression and secretion (p = 0.0201, Fig. 9E,F), decreased TGFB1 mRNA levels (p = 0.038, Fig. 9G), and had no effect on IL1B mRNA levels (Fig. 9H). For all these parameters, no effect was observed for ethanol, used as the vehicle for C 2 -ceramide. Altogether, these results show that C 2ceramide induces effects similar to that of palmitic acid on intestinal epithelial barrier integrity and cytokine production.

We determined whether inhibiting de novo ceramide synthesis could attenuate the deleterious effects of palmitic acid. Caco-2/TC7 cells were treated with L-cycloserine, an irreversible inhibitor of serine palmitoyl transferase, the first enzyme of de novo ceramide synthesis [START_REF] Lowther | Inhibition of the PLP-dependent enzyme serine palmitoyltransferase by cycloserine: evidence for a novel decarboxylative mechanism of inactivation[END_REF][START_REF] Kang | Hypoxia-induced neuronal apoptosis is mediated by de novo synthesis of ceramide through activation of serine palmitoyltransferase[END_REF]. L-cycloserine did not modify the paracellular permeability of the Caco-2/TC7 cell monolayer at the basal state or in the presence of palmitic acid micelles (Fig. 10A). However, it abolished the palmitic acid-dependent increase in IL-8 mRNA levels (Fig. 10B). These results suggest that, in human enterocytes i.e., Caco-2/TC7 cells; the effects of palmitic acid on cytokine expression are dependent on de novo ceramide synthesis.

Discussion

Multiple studies on rodents with obesity induced by long-term HFD have linked increased gut permeability to inflammation and metabolic alterations [START_REF] Araujo | Impact of high-fat diet on the intestinal microbiota and small intestinal physiology before and after the onset of obesity[END_REF][START_REF] Cani | Changes in gut microbiota control metabolic endotoxemia-induced inflammation in high-fat diet-induced obesity and diabetes in mice[END_REF]. It has been proposed that endotoxemia, i.e., the passage of bacterial LPS into the systemic circulation, is a consequence of an altered intestinal barrier and is the main contributor of the low-grade inflammation triggered by diet-induced obesity [START_REF] Cani | Metabolic endotoxemia initiates obesity and insulin resistance[END_REF].

However, in such animal models of diet-induced obesity, and in established obesity in humans, the initiating events remain unknown. Moreover in such situations, it is difficult to establish the sequence of events linking hyperpermeability to inflammation as the two processes are highly interconnected.

Here, we show that short-term feeding with palm oil is sufficient to disrupt the intestinal barrier integrity in mice. We observed that, in normal mice, a single intake of palm oil provoked increased intestinal permeability, accompanied by the loss of several tight junction proteins at the cell-cell contacts. This indicates that intestinal hyperpermeability is an immediate response to palm oil (Fig. 11). This rapid intestinal barrier defect is in accordance with the increased albumin fecal content, a marker of intestinal permeability, previously reported in mice 1 day after beginning a HFD [START_REF] Johnson | High fat diet causes depletion of intestinal eosinophils associated with intestinal permeability[END_REF].

Increased expression of the gene encoding the antimicrobial peptide REG3 i.e., Reg3g, as early as after one palm oil gavage suggests that the intestine has already engaged the mucosal defense (Fig. 11).

No modulation of genes involved in the intestinal immune response was detected after a single bolus. Importantly, our results, obtained from a human enterocyte model, demonstrate that palmitic acid can exert its deleterious effects directly on the epithelial compartment independently of immune cells and microbiota. Palmitic acid disrupted cell-cell junctions in Caco-2/TC7 cells, resulting in increased paracellular permeability. In association with these effects on the epithelial barrier, palmitic acid increased the expression and secretion of the proinflammatory cytokine IL-8, suggesting that the initiation of an inflammatory response may occur in the epithelial compartment (Fig. 11).

Our results identify the intestinal epithelial compartment as an early target of the deleterious effects exerted by dietary lipids. In mice, markedly increased permeability is detected before the modulation of genes involved in the intestinal immune response, suggesting that the disruption of the intestinal barrier is the primary event. However, in human Caco-2/TC7 enterocytes, both increased permeability and IL-8 expression were observed after 24-h palmitic acid treatment, suggesting that, in human epithelial cells, hyperpermeability and the initiation of the immune response occur concomitantly. IL-8 is produced by many cell types, including intestinal epithelial cells, and participates in the acute-phase response of inflammation [START_REF] Gruys | Acute phase reaction and acute phase proteins[END_REF]. In the intestine, IL-8 is involved in recruiting neutrophils in the mucosa, where they participate in the host defense against bacterial invasion. Interestingly, contrary to humans, mice do not express IL-8 [START_REF] Nomiyama | The evolution of mammalian chemokine genes[END_REF]. It remains to determine whether the hierarchy of events linking hyperpermeability and inflammation differs between humans and mice When the palm oil gavages were repeated, additional gut alterations were observed together with the increased epithelial permeability (Fig. 11). Indeed, IL-1 was increased in the colon, and Gata3 mRNA levels were decreased in the proximal intestine. Gata3 is a key transcription factor involved in the differentiation and maturation of the innate lymphoid cells controlling the expression of both proinflammatory and anti-inflammatory cytokines [START_REF] Wan | GATA3: a master of many trades in immune regulation[END_REF]. A link between Gata3 activity and visceral fat inflammation during obesity was recently reported [START_REF] Qiang | The obesity-induced transcriptional regulator TRIP-Br2 mediates visceral fat endoplasmic reticulum stressinduced inflammation[END_REF]. However, its exact role in intestinal inflammation remains to be characterized. Interestingly, the increased Reg3g mRNA levels observed after one palm oil gavage were not observed after repeated gavages. As Reg3g is involved in the host defense against bacteria, this suggests that saturated fat overload results in a decreased efficiency of the intestinal defense response. The observation that the effects of palmitic acid in Caco-2/TC7 cells were not reversed as rapidly as they occurred is consistent with our original hypothesis that repetition of lipid intake could maintain an intestinal epithelial barrier defect and initiate lowgrade inflammation. Cytokines produced by both the epithelial and immune cells could further contribute to amplifying hyperpermeability. Indeed, both IL-1 and IL-8 disrupt the tight junction proteins [START_REF] Al-Sadi | Mechanism of IL-1beta modulation of intestinal epithelial barrier involves p38 kinase and activating transcription factor-2 activation[END_REF][START_REF] Yu | Interleukin-8 regulates endothelial permeability by down-regulation of tight junction but not dependent on integrins induced focal adhesions[END_REF]. Increased IL-1 expression in the intestine is frequently reported in HFD models and in human obesity (for review, [START_REF] Winer | The Intestinal Immune System in Obesity and Insulin Resistance[END_REF]). It is not known whether these cytokines participated in the alteration of tight junctions in our models (Fig. 11). Altogether, these results show that palm oil or palmitic acid initiates an imbalanced immune response favoring a proinflammatory profile. We hypothesize that cytokines produced by epithelial cells in response to palm oil or palmitic acid may also activate the intestinal immune cells, thereby creating a vicious cycle maintaining intestinal inflammation. It has not been determined whether this initiation of intestinal inflammation by lipids can eventually lead to systemic inflammation.

In association with changes in immune-related gene expression and intestinal barrier defects, we observed that repeated palm oil gavages provoked changes in microbiota composition (Fig. 11).

We studied some bacteria species previously reported as modified by HFD or obesity, and observed decreased fecal abundance of C. leptum, A. muciniphila, and segmented filamentous bacteria in palm oil-treated mice as compared to the control. These bacteria species exert a protective role against pathogen proliferation and contribute to host defense by promoting immune cell maturation [START_REF] Thursby | Introduction to the human gut microbiota[END_REF].

Their decreased abundances were related to the inflammatory status of the tissue. The antiinflammatory properties of A. muciniphila have gained attention and highlight its importance as a therapeutic target for treating intestinal inflammation [START_REF] Ottman | Action and function of Akkermansia muciniphila in microbiome ecology, health and disease[END_REF]. In particular, gut A. muciniphila abundance is reduced in human obesity [START_REF] Karlsson | The microbiota of the gut in preschool children with normal and excessive body weight[END_REF][START_REF] Dao | Akkermansia muciniphila and improved metabolic health during a dietary intervention in obesity: relationship with gut microbiome richness and ecology[END_REF] and in HFD-induced obesity in mice [START_REF] Everard | Cross-talk between Akkermansia muciniphila and intestinal epithelium controls diet-induced obesity[END_REF]. The decreased abundance of segmented filamentous bacteria observed after palm oil gavages is in accordance with their reduction in mice on long-term HFD [START_REF] Garidou | The Gut Microbiota Regulates Intestinal CD4 T Cells Expressing RORgammat and Controls Metabolic Disease[END_REF], but its role in inflammation remains uncertain [START_REF] Ericsson | Segmented filamentous bacteria: commensal microbes with potential effects on research[END_REF].

We observed increased Bacteroides sp. in palm oil-treated mice, congruent with several reports showing increased abundance of this species associated with the consumption of HFD rich in saturated fatty acids [START_REF] Yan | Dietary fat content and fiber type modulate hind gut microbial community and metabolic markers in the pig[END_REF][START_REF] Heinritz | Impact of a High-Fat or High-Fiber Diet on Intestinal Microbiota and Metabolic Markers in a Pig Model[END_REF][START_REF] Caesar | Crosstalk between Gut Microbiota and Dietary Lipids Aggravates WAT Inflammation through TLR Signaling[END_REF][START_REF] Wu | Linking long-term dietary patterns with gut microbial enterotypes[END_REF]. We may conclude that four gavages with palm oil are sufficient for promoting changes in microbiota composition corresponding to the changes reported in obesity induced by HFD and relevant to gut inflammation.

Studies of the molecular mechanisms involved in the deleterious effects of palmitic acid on intestinal epithelial cells have revealed the contribution of de novo synthesis of ceramides. In established obesity, increased circulating saturated fatty acids and inflammatory signals promote ceramide synthesis [START_REF] Fucho | Ceramides and mitochondrial fatty acid oxidation in obesity[END_REF]. Here, we observed that C2-ceramide acted on three parameters: increase in intestinal epithelial permeability, mislocalization of junctional proteins and modification of cytokine expression. Interestingly, intestinal barrier defect was recently shown to be associated with elevated C16-ceramide levels [START_REF] Kim | Ablation of ceramide synthase 2 exacerbates dextran sodium sulphate-induced colitis in mice due to increased intestinal permeability[END_REF] and with increased ceramide content induced by the addition of sphingomyelinase [START_REF] Bock | Exogenous sphingomyelinase causes impaired intestinal epithelial barrier function[END_REF]. Ceramides can increase permeability through their property of disrupting membrane raft domains [START_REF] Zhang | Ceramide-enriched membrane domains--structure and function[END_REF][START_REF] Van Blitterswijk | Ceramide: second messenger or modulator of membrane structure and dynamics?[END_REF][START_REF] Bieberich | Sphingolipids and lipid rafts: Novel concepts and methods of analysis[END_REF], where several junctional proteins are localized [START_REF] Nusrat | Tight junctions are membrane microdomains[END_REF][START_REF] Dodelet-Devillers | Functions of lipid raft membrane microdomains at the blood-brain barrier[END_REF]. Ceramides may also alter membrane integrity by their channel-formation capacity [START_REF] Perera | Ceramide channels: influence of molecular structure on channel formation in membranes[END_REF]. Nevertheless, we observed that inhibiting de novo ceramide synthesis reduced pro-inflammatory cytokine expression but failed to restore cell monolayer permeability, suggesting a role of de novo ceramide synthesis limited to the inflammatory process. Very few studies have analyzed the direct effect of ceramides on cytokine expression; however, C 2 -ceramide induction of IL-6 has been reported in human fibroblasts [START_REF] Laulederkind | Ceramide induces interleukin 6 gene expression in human fibroblasts[END_REF] and human astrocytoma cells [START_REF] Fiebich | Stimulation of the sphingomyelin pathway induces interleukin-6 gene expression in human astrocytoma cells[END_REF]. We show that inhibiting de novo ceramide synthesis prevented increased IL-8 secretion in palmitic acid-treated cells. Therefore, palmitic acid engages multiple mechanisms, including ceramide pathways, to exert its deleterious effects on intestinal permeability and inflammation.

Recent advances have suggested that fatty acids may act by binding to membrane receptors (e.g., TLRs and G protein-coupled receptors) or nuclear receptors (e.g., PPARs, LXR, or FXR) and the subsequent rapid activation of signaling cascades (for review, [START_REF] Suzuki | Regulation of intestinal epithelial permeability by tight junctions[END_REF]). Here, our study demonstrates the specific effect of palmitic acid, as oleic acid had no effect on intestinal barrier integrity and cytokine expression. However, several fatty acids, such as short-and medium-chain fatty acids, modulate intestinal barrier integrity (for review, [START_REF] Suzuki | Regulation of intestinal epithelial permeability by tight junctions[END_REF]). Interestingly, we observed in the Caco-2/TC7 cells that very short treatment (4 h) with oleic acid in the form of mixed micelles might disrupt tricellulin distribution and increase intestinal permeability [START_REF] Genser | Increased jejunal permeability in human obesity is revealed by a lipid challenge and is linked to inflammation and type 2 diabetes[END_REF]. Altogether, these data underline the differential effects of fatty acids according to their nature and length of exposure on intestinal barrier integrity. Altogether, these data underlie the differential effects of fatty acids, based on their nature and duration of exposure, on intestinal barrier integrity. Fritsche [START_REF] Fritsche | The science of fatty acids and inflammation[END_REF] reviewed the beneficial or deleterious effects of fatty acids on the intestinal barrier and inflammation. Interestingly, the presence of oleic acid can counteract or diminish the deleterious effect of palmitic acid on cellular functions [START_REF] Palomer | Palmitic and Oleic Acid: The Yin and Yang of Fatty Acids in Type 2 Diabetes Mellitus[END_REF]. Other lipids or nutrients contribute to barrier dysfunctions [START_REF] Santis | Nutritional Keys for Intestinal Barrier Modulation[END_REF].

In healthy humans, meals are constituted of mixed nutrients, intestinal barrier integrity is maintained, and post-prandial inflammation is limited. Nevertheless, in pathological conditions, there might be chronicization of the alteration of barrier functions. Indeed, we have previously observed that obese subjects present only subtle intestinal barrier defects that can be revealed after lipid load [START_REF] Genser | Increased jejunal permeability in human obesity is revealed by a lipid challenge and is linked to inflammation and type 2 diabetes[END_REF], and hyperglycemia was recently described as disrupting the gut barrier [START_REF] Thaiss | Hyperglycemia drives intestinal barrier dysfunction and risk for enteric infection[END_REF]. Therefore, excess nutrients in the pathological context might further aggravate barrier dysfunctions, probably by exceeding the regulatory capacities of the gut. Further studies are needed to identify the other contributors of metabolic-associated gut barrier defects.

In conclusion, our results show that limited repeated supply of saturated fatty acids, and particularly palmitic acid, are sufficient for inducing intestinal barrier defect, initiating the intestinal inflammatory response, and altering microbiota composition. These gut alterations, occurring before the onset of diet-induced obesity, may therefore represent the initiating events of the low-grade inflammation observed once the disease is established. 
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Figure 1 :

 1 Figure 1: Palm oil gavage increases intestinal permeability in vivo. Mice received one (1×) or five gavages (5×) with 200 l palm oil or water. The control group was constituted of mice treated with DSS in drinking water to induce barrier damage. (A) Intestinal permeability after oil or water gavage was assessed by measuring plasma concentrations of FITC-dextran 1 h after oral 4 kDa FITC-dextran load. Results are expressed in g/ml (mean ± SEM, n = 5-10). **p < 0.01, ****p < 0.0001 as compared to water. (B) Immunofluorescence analysis of E-cadherin, ZO-1, occludin, and tricellulin distribution in jejunum sections. Nuclei were stained with DAPI. An enlargement is shown for each condition. White arrows indicate junctional protein localization. Red arrows indicate E-cadherin and ZO-1 mislocalization. Scale bar = 20 m. (C) RT-PCR determination of occludin expression in the jejunum. Cyclophilin (cyclo) was used as the reference gene. Results are expressed in arbitrary units (a.u.) as the ratio of the target gene to cyclophilin mRNA level (mean ± SEM, n = 10). *p < 0.05, ***p < 0.001 as compared to water condition.

Figure 2 :

 2 Figure 2: Repeated gavages with palm oil modify the expression of genes involved in the immune response. Mice received one (1×) or five (5×) gavages with 200 l palm oil or water. The control group was constituted of DSS-treated mice. The intestine was collected 1 h after the last gavage. (A) ELISA quantification of IL-1 protein in the colon. Results are expressed in pg/mg protein (mean ± SEM, n = 5-9). *p < 0.05, **p < 0.01 as compared to water condition. (B, C) RT-PCR determination of Gata3 expression in the jejunum (B) and Reg3g expression in the ileum (C). Cyclophilin (cyclo) was used as the reference gene. Results are expressed in arbitrary units (a.u.) as the ratio of the target gene to cyclophilin mRNA level (mean ± SEM, n = 5-10).

Figure 3 :

 3 Figure 3: Repeated palm oil gavages modify gut bacterial species. Mice received daily gavages with water or palm oil for four consecutive days. Total fecal DNA was extracted and used for qPCR quantification of bacterial species content. Results are expressed as the mean ± SEM (n = 4-6), *p < 0.05 as compared to water; ns: not statistically significant; a.u.: arbitrary unit. Fecal quantification of (A) Clostridium leptum, (B) Akkermansia muciniphila, (C) segmented filamentous bacteria, (D) Bacteroides sp., (E) Lactobacillus sp., and (F) Clostridium coccoides. (G) Total fecal bacterial counts.

Figure 4 :

 4 Figure 4: Saturated palmitic acid but not unsaturated oleic acid increases the paracellular permeability of the intestinal epithelial monolayer. Caco-2/TC7 cells were incubated with control medium (Ctrl) or were treated with palmitic acid (PA) or oleic acid (OA) micelles for 24h or daily for four consecutive days (4d). The positive control was 24-h treatment with 4.5 mM EGTA. (A) Paracellular permeability across the Caco-2/TC7 cell monolayer was evaluated by measuring the accumulation during 4-h exposure to 4 kDa FITC-dextran in the basal compartment. Results are

Figure 5 :

 5 Figure 5: Repeated supply of palmitic acid, but not oleic acid, alters the expression of junctional proteins and their localization at cell-cell contacts. Cells were incubated with or without micelles containing palmitic acid (PA) (for 24 h or 4 days [4d]) or oleic acid (OA) (for 4 days [4d]). (A) Immunofluorescence analysis was performed to study E-cadherin, ZO-1, occludin, and tricellulin localization. Nuclei were stained with DAPI. Bar = 20 m. (B) Western blot determination of protein levels in cell lysates. Reconstituted images are shown. Hsc70 protein levels were used as loading controls. (C-F) Quantification of junctional protein levels normalized to Hsc70 protein levels. Results are expressed in arbitrary units (a.u.) (mean ± SEM, n = 4), *p < 0.05, **p < 0.001 as compared to control (Ctrl). (G) RT-PCR quantification of occludin mRNA levels. Cyclophilin (cyclo) was used as the reference gene. Results are expressed in arbitrary units (a.u.) as the ratio of the target gene to cyclophilin mRNA level (mean ± SEM, n = 6-15).

Figure 6 :

 6 Figure 6: Palmitic acid modifies cytokine expression in Caco-2/TC7 cells. Caco-2/TC7 cells were cultured in the same conditions as in Figure 4. The mRNA levels of IL8 (A), TGFB1 (C), and IL1B (D), were quantified by RT-PCR. Cyclophilin (cyclo) was used as the reference gene. Results are expressed in arbitrary units (a.u.) as the ratio of the target gene to cyclophilin mRNA level (mean ± SEM, n = 6-15). (B) ELISA quantification of the concentration of IL-8 protein in the basal compartment. Results are expressed in pg/ml (mean ± SEM, n = 6). Fold increase as compared to control condition is indicated at the top of histograms. (E, F) Dose-response to palmitic acid on mRNA levels of IL8 (E) and TGFB1 (F). Cells were incubated for 4 days with micelles containing 0.1

Figure 7 :

 7 Figure 7: Removing of palmitic acid partially restores its deleterious effects on intestinal epithelial cell monolayer integrity and on the expression of genes involved in immune response. Caco-2/TC7 cells were cultured in control medium (Ctrl) or with palmitic acid micelles (PA) for 4 days followed with or without one or two more days in control medium without PA (w/o PA). (A) Paracellular permeability was evaluated by measuring 4 kDa FITC-dextran flux across the Caco-2/TC7 monolayer after 4-day palmitic acid treatment and each day after cells were shifted to control medium. The 4 kDa FITC-dextran was added in the apical compartment and fluorescence values were determined in the basal compartment 4 h later. Results are expressed as the percentage of 4 kDa FITCdextran input in the apical compartment (mean ± SEM, n = 6-18). Fold increase, as compared to control condition, is indicated at the top of histograms. *p < 0.05, **p < 0.01, ***p < 0.001 as compared to control cells on the same day of culture, unless otherwise indicated. (B) TEER was measured in control (white circles) and palmitic acid-treated cells (black circles). The measurement was performed before treatment (day 0), at day 1 and 4 of palmitic acid treatment, and after removing the palmitic acid micelles (grey circles). Dashed line indicates the day PA-treated cells were shifted to control medium. Results are expressed in ohm.cm 2 (mean ± SEM, n = 6-18). The percentage of decrease in PA-treated cells as compared to control cells is indicated. **p < 0.01, ***p < 0.001 as compared to control cells. (C) Immunofluorescence analysis was performed to study E-cadherin, ZO-1, occludin, and tricellulin localization. Nuclei were stained with DAPI. Bar = 20 m. (D) Western blot measurement of occludin and tricellulin protein levels. Reconstituted images are shown. Actin was used as the loading control. (E-G) RT-PCR quantification of the mRNA levels of OCLN (E), IL8 (F), and TGFB1 (G). Cyclophilin (cyclo) was used as the reference gene. Results are expressed in arbitrary units (a.u.) as the ratio of the target gene to cyclophilin mRNA level (mean ± SEM, n = 6-18). *p < 0.05, **p < 0.01 as compared to control, unless otherwise indicated; ns: not statistically significant.

Figure 8 :

 8 Figure 8: Palmitic acid provokes moderate ER stress in Caco-2/TC7 cells. Caco-2/TC7 cells were incubated with control medium (Ctrl) or were treated for 24 h or daily for four consecutive days (4 d) with palmitic acid (PA) or oleic acid (OA) micelles. The positive control was 4-h treatment with 2 mM DTT. (A) Paracellular permeability was evaluated by measuring 4 kDa FITC-dextran flux across the Caco-2/TC7 cell monolayer. The 4 kDa FITC-dextran was added in the apical compartment on the last day of the experiment, and fluorescence values were determined in the basal compartment 4 h later. Results are expressed in percentage of 4 kDa FITC-dextran added in the apical compartment

Figure 9 :

 9 Figure 9: C 2 -ceramide addition provokes barrier defects and modulates cytokine expression. Caco-2/TC7 cells were cultured for 24 h in the absence (Ctrl) or presence of vehicle 0.5% ethanol (EtOH) or 100 M C 2 -ceramide (C 2 -Cer). (A) Paracellular permeability was evaluated by measuring 4 kDa FITC-dextran flux across the Caco-2/TC7 cell monolayer as in Figure 4. Results are expressed as percentage of 4 kDa FITC-dextran input in the apical compartment (mean ± SEM, n = 6). (B) TEER was measured after the 24-h treatment. Results are expressed in % of value obtained in untreated cells (mean ± SEM, n = 6). (C) Representative western blots of junction protein levels determined in cell lysates. Reconstituted images are shown. Hsc70 was used as the loading control. (D) Immunofluorescence analysis of Caco-2/TC7 cells for ZO-1, occludin, tricellulin, and E-cadherin. Nuclei were stained with DAPI. Bar = 20 m. (E, G, H) RT-PCR quantification of the mRNA levels of IL8 (E), TGFB1 (G), and IL1B (H). Cyclophilin (cyclo) was used as the reference gene. Results are expressed in arbitrary units (a.u.) as the ratio of the target gene to cyclophilin mRNA level (mean ± SEM, n = 6-15). (F) ELISA quantification of the concentration of IL-8 protein in the basal compartment. Results are expressed in pg/ml (mean ± SEM, n = 6). *p < 0.05, **p < 0.01, ***p < 0.01, ****p < 0.0001 as compared to untreated cells.

Figure 10 :

 10 Figure 10: Inhibition of de novo ceramide synthesis abolishes inflammatory effects of palmitic acid. Caco-2/TC7 cells were cultured for 24 h in the absence (Ctrl) or presence of palmitic acid (PA) micelles or 20 mM L-cycloserine (Lcyclo). In one condition, cells were pre-treated with L-cycloserine for 1 h before 24-h incubation with PA micelles (PA+Lcyclo). (A) Paracellular permeability was evaluated by measuring 4 kDa FITC-dextran flux across the Caco-2/TC7 cell monolayer. Results are expressed in percentage of 4 kDa FITC-dextran input in the apical compartment (mean ± SEM, n = 3-6). (B) RT-PCR quantification of IL8 mRNA levels. Cyclophilin (cyclo) was used as the reference gene. Results are expressed in arbitrary units (a.u.) as the ratio of IL8 mRNA level to cyclophilin mRNA level (mean ± SEM, n = 3-6). **p < 0.01, ***p < 0.001 as compared to control cells unless indicated; ns: not statistically significant.

Figure 11 :

 11 Figure 11: Schematic representation of palmitic acid and palm oil effects in intestinal cells.Left: In mice, one palm oil bolus is sufficient to alter cell junctions and to increase intestinal permeability to macromolecules. The increased expression of Reg3g, an antimicrobial peptide,

Table 1 :

 1 Primer sequences and bacteria strains used used for the quantification of bacterai groupEscherichia coliThe determination of Akkermansia muciniphila and Segmented Filamentous Bacteria abundance was determined by relative quantification to a control sample.

Table 2 :

 2 List of primer sequences used for RT-* PPIB gene is used as reference gene and the same sequences are used for both human and mouse species.
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suggests that the intestine engages the mucosal defense. Additional gut alterations are detected after repeated palm oil gavages: The increased Reg3g expression observed after a single palm oil bolus is no longer observed after repeated supply, suggesting that the antimicrobial host defense is lost or less effective in this condition. Expression of IL-1 is increased in the colon; decreased expression of Gata3 is observed in the jejunum. Moreover, changes in bacterial species composition of the microbiota, i.e., C. leptum, A. muciniphila, segmented filamentous bacteria, and Bacteroides sp., are identified. Altogether, these results show that intestinal epithelial barrier disruption is an early event triggered by palm oil and that short-term supply of dietary lipids initiates the intestinal inflammatory response and provoke changes in microbiota composition.

Right: In human epithelial cells, palmitic acid, supplied as micelles, disrupts cell junctions, increases paracellular permeability, and induces IL-8 expression and secretion. Ceramide production from palmitic acid controls IL-8 expression and participates in epithelial barrier disruption. Altogether, these results show that palmitic acid exerts direct effects on the epithelial compartment, where it initiates the inflammatory response.

We hypothesize that, in response to palm oil or palmitic acid, IL-1 and IL-8 contribute to tight junction defects and amplify intestinal hyperpermeability. It is not known whether the initiation of intestinal inflammation by dietary lipids before the onset of diet-induced obesity can lead to low-grade systemic inflammation.
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