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HNF4g invalidation prevents diet-induced obesity via intestinal lipid malabsorption
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Introduction

HNF-4 belongs to the nuclear receptor superfamily and in mammals, two paralog genes encode the HNF-4 and HNF-4γ forms. HNF-4 is expressed in liver, kidney, pancreas and intestine [START_REF] Benoit | International Union of Pharmacology. LXVI. Orphan nuclear receptors[END_REF]. Numerous studies in vivo and in vitro have shown that HNF-4 plays pleiotropic roles in liver functions and is a central transcription factor at the crossroads between epithelial morphogenesis and functions [START_REF] Battle | Hepatocyte nuclear factor 4alpha orchestrates expression of cell adhesion proteins during the epithelial transformation of the developing liver[END_REF]Hwang-Verslues and Sladek, 2010;[START_REF] Ribeiro | Hepatic Nuclear Factor-4, a key transcription factor at the crossroads between architecture and function of epithelia[END_REF]. Intestinal mice Hnf4a gene invalidation induces impairment of intestinal epithelium homeostasis, regeneration, cell architecture and fatty acid uptake [START_REF] Cattin | Hepatocyte nuclear factor 4alpha, a key factor for homeostasis, cell architecture, and barrier function of the adult intestinal epithelium[END_REF][START_REF] Frochot | The transcription factor HNF-4alpha: a key factor of the intestinal uptake of fatty acids in mouse[END_REF][START_REF] Montenegro-Miranda | A Novel Organoid Model of Damage and Repair Identifies HNF4alpha as a Critical Regulator of Intestinal Epithelial Regeneration[END_REF][START_REF] Saandi | Regulation of the tumor suppressor homeogene Cdx2 by HNF4alpha in intestinal cancer[END_REF]. HNF-4γ is expressed mainly in intestine and colon, in kidney and to a lesser extent in pancreas [START_REF] Bookout | Anatomical profiling of nuclear receptor expression reveals a hierarchical transcriptional network[END_REF], being almost absent from liver [START_REF] Plengvidhya | Hepatocyte nuclear factor-4gamma: cDNA sequence, gene organization, and mutation screening in early-onset autosomaldominant type 2 diabetes[END_REF][START_REF] Taraviras | Primary structure, chromosomal mapping, expression and transcriptional activity of murine hepatocyte nuclear factor 4gamma[END_REF]. HNF-4γ is highly expressed during intestine specification [START_REF] Li | Dynamic patterning at the pylorus: formation of an epithelial intestine-stomach boundary in late fetal life[END_REF]. Recently, a novel variant of HNF-4γ, designated HNF-4γ2 was found to promote transactivation capacity and hepatic function of dedifferentiated hepatoma cells better than HNF-4 [START_REF] Sasaki | Induction of Hepatic Metabolic Functions by a Novel Variant of Hepatocyte Nuclear Factor 4gamma[END_REF]. Furthermore, an integrative multi-omics analysis in intestinal organoids highlighted HNF-4γ as a major driver of enterocyte differentiation [START_REF] Lindeboom | Integrative multi-omics analysis of intestinal organoid differentiation[END_REF]. It is noteworthy that the physiological role of HNF-4γ was much less studied than that of HNF-4α and there is a lack of information on HNF-4γ. Using constitutive Hnf4g gene invalidation model fed control diet, we demonstrated that loss of HNF-4 leads to an overproduction of GLP-1, leading to an exaggerated glucose-induced insulin secretion that improves glucose tolerance of Hnf4g -/-mice through an increase in GLP-1 incretin effect and a trophic impact on pancreatic -cell mass [START_REF] Baraille | Glucose Tolerance Is Improved in Mice Invalidated for the Nuclear Receptor HNF-4gamma: A Critical Role for Enteroendocrine Cell Lineage[END_REF]. HNF-4 loss impacts the abundance of -cells but not on their insulin secretory capacity and led to a resistance to streptozotocin, a β-cell cytotoxic drug [START_REF] Baraille | Glucose Tolerance Is Improved in Mice Invalidated for the Nuclear Receptor HNF-4gamma: A Critical Role for Enteroendocrine Cell Lineage[END_REF]. The role of HNF-4 deserves thus further attention in the susceptibility to type 2 diabetes (T2D) using appropriate mouse model.
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T2D is one of numerous co-morbidities associated with obesity as well as cardiovascular diseases [START_REF] Stahel | Role of the Gut in Diabetic Dyslipidemia[END_REF]. The duration and the amplitude of the post-prandial peak of circulating triglyceride rich lipoproteins (TRL) from intestinal origin are risk of cardiovascular diseases [START_REF] Bansal | Fasting compared with nonfasting triglycerides and risk of cardiovascular events in women[END_REF][START_REF] Duez | Mechanism of intestinal lipoprotein overproduction in insulin resistant humans[END_REF][START_REF] Hsieh | Postprandial dyslipidemia in insulin resistance: mechanisms and role of intestinal insulin sensitivity[END_REF][START_REF] Nordestgaard | Nonfasting triglycerides and risk of myocardial infarction, ischemic heart disease, and death in men and women[END_REF].

Furthermore, changes of intestinal TRL secretion have been reported in the context of insulin resistance or diabetes, in animal models [START_REF] Haidari | Fasting and postprandial overproduction of intestinally derived lipoproteins in an animal model of insulin resistance. Evidence that chronic fructose feeding in the hamster is accompanied by enhanced intestinal de novo lipogenesis and ApoB48-containing lipoprotein overproduction[END_REF][START_REF] Vine | Impaired postprandial apolipoprotein-B48 metabolism in the obese, insulin-resistant JCR:LA-cp rat: increased atherogenicity for the metabolic syndrome[END_REF] and in humans [START_REF] Duez | Hyperinsulinemia is associated with increased production rate of intestinal apolipoprotein B-48-containing lipoproteins in humans[END_REF]. There is evidence for an increased basal rate of intestine-specific apolipoprotein (apo)B-48-containing lipoprotein secretion in insulin resistance and T2D [START_REF] Adeli | Intestinal lipoprotein overproduction in insulin-resistant states[END_REF]. Inversely, insulin reduces TRL and apoB-48 secretion [START_REF] Levy | Insulin modulation of newly synthesized apolipoproteins B-100 and B-48 in human fetal intestine: gene expression and mRNA editing are not involved[END_REF]. In insulin resistant fructose-fed hamsters, de novo lipogenesis is enhanced [START_REF] Haidari | Fasting and postprandial overproduction of intestinally derived lipoproteins in an animal model of insulin resistance. Evidence that chronic fructose feeding in the hamster is accompanied by enhanced intestinal de novo lipogenesis and ApoB48-containing lipoprotein overproduction[END_REF][START_REF] Lewis | Intestinal lipoprotein overproduction, a newly recognized component of insulin resistance, is ameliorated by the insulin sensitizer rosiglitazone: studies in the fructose-fed Syrian golden hamster[END_REF]. Hyperinsulinemic insulin-resistant human subjects display increased production rates of intestinal apoB48-containing lipoproteins [START_REF] Duez | Hyperinsulinemia is associated with increased production rate of intestinal apolipoprotein B-48-containing lipoproteins in humans[END_REF], and in individuals with type 2 diabetes, intestinal chylomicron production is resistant to insulin's acute suppressive effects [START_REF] Nogueira | Absence of acute inhibitory effect of insulin on chylomicron production in type 2 diabetes[END_REF]. The relationships between T2D and lipid metabolism in the context of hnf4g invalidation deserve further investigation.

Changes in dietary habits, including increments in calorie and saturated fatty acid intakes, have occurred concomitantly with a rise of T2D and obesity [START_REF] Shikany | Dietary guidelines for chronic disease prevention[END_REF]. Intestine has to adapt its metabolism to accommodate the increased lipid intake.

The intestine ensures the transport of alimentary fat, which is the most calorie-dense nutrient.

Enterocytes ensure the transfer of dietary lipids to the organism through complex processes [START_REF] Williams | Molecular processes that handle --and mishandle --dietary lipids[END_REF]. Triglycerides (TG) are hydrolyzed mainly by pancreatic enzymes into fatty acids and monoglycerides. The uptake of fatty acids occurs by passive diffusion and by a saturable/ protein-mediated mechanism comprising the fatty acid translocase (CD36), the fatty acid-binding protein from the plasma membrane (FABPpm), as well as the fatty acid transport protein (FATP) family [START_REF] Gimeno | Targeted deletion of fatty acid transport protein-4 results in early embryonic lethality[END_REF][START_REF] Nordestgaard | Nonfasting triglycerides and risk of myocardial infarction, ischemic heart disease, and death in men and women[END_REF][START_REF] Stahl | Identification of the major intestinal fatty acid transport protein[END_REF]. After resynthesis within the endoplasmic reticulum membrane, TG are used to form chylomicrons, the intestine-specific postprandial form of TRL, which will be secreted into the lymph and then directed toward circulation. The assembly of one TRL results from the fusion between one apoB molecule, which is necessary for their formation, and one independently formed TG droplet [START_REF] Davidson | APOLIPOPROTEIN B: mRNA editing, lipoprotein assembly, and presecretory degradation[END_REF]. The microsomal TG transfer protein (MTP) has a prominent role in chylomicron assembly, ensuring the lipidation-dependent stabilization of apoB and the transfer of lipids to the TG droplet in the endoplasmic reticulum lumen [START_REF] Iqbal | Intestinal lipid absorption[END_REF]. During the postprandial period, TG are also transiently stored in enterocytes, as cytosolic lipid droplets surrounded by proteins such as ADRP, which can be subsequently hydrolyzed to reenter the secretory pathway [START_REF] Robertson | Mobilisation of enterocyte fat stores by oral glucose in humans[END_REF]. Thus perturbations of their basal level of expression and/or their nutrient-dependent modulation should interfere with the enterocyte function of dietary lipid absorption and would reveal functional role of HNF-4 in intestinal absorption of lipids.

To test the hypothesis of a role of HNF-4 in metabolic disorders related to intestine, we submitted the constitutive Hnf4g gene invalidation model to a high-fat/high-fructose (HF-HF) diet for 6 weeks, in order to induce obesity and T2D.

Materials and methods

Animals and treatments

Total and constitutive Hnf4g gene invalidation was as previously described [START_REF] Baraille | Glucose Tolerance Is Improved in Mice Invalidated for the Nuclear Receptor HNF-4gamma: A Critical Role for Enteroendocrine Cell Lineage[END_REF][START_REF] Gerdin | Phenotypic screening of hepatocyte nuclear factor (HNF) 4-gamma receptor knockout mice[END_REF]. Heterozygote Hnf4g knockout mice (Hnf4g +/-) were obtained from Deltagen (San Carlos CA, USA). Briefly, Hnf4g knockout mice were generated by homologous recombination using ES cells derived from 129/OlaHsd mouse substrain. F1 mice were generated by breeding chimeras carrying a disrupted Hnf4g gene with C57BL/6 females resulting in F1 heterozygote offspring. Hnf4g +/-mice on a C57BL/6J genetic background, were mated to obtain Hnf4g-/-mice on the same genetic background. Hnf4g -/-male mice were compared with C57Bl/6J wild-type male WT mice, matched in age and housed in the same room.

Mice were housed in groups and maintained on a 12-hour light-dark cycle with ad libitum access to water and diet: chow diet (CD: 5% Kcal fat -reference A03/R03, Safe-Diets) or high fat diet (60% Kcal fat -D12492, Research Diets) with 30% fructose (Sigma) in drinking water (HF-HF). Diets detail composition are described in Table 1. Mice were 2 month-old when HF-HF diet started for 6 weeks. Mice were euthanized by cervical dislocation. Experimental procedures agreed with the French ethical guidelines for animal studies and were approved by the Regional Animal Care and Use Ethic Committee Charles Darwin C2EA -05, agreement number (#4132 -2016021710083817 v3).

Glucose tolerance test

Glucose tolerance tests were performed after 6 weeks of HF-HF or control diets. After overnight fasting, mice received a 3.6g/kg glucose load for oral glucose tolerance tests (OGTT). Blood glucose concentrations were measured with a glucometer (Accu-checkGo, Roche). Blood samples (70μl at t0 and 10 min after glucose challenge) were collected from the tail into EDTA pre-coated microvette (Sarstedt). Plasma insulin (Alpco) and total glucagon-like peptide-1 (GLP-1) (Millipore) were measured by ELISA.

Plasma triglyceride levels after an olive oil bolus

The plasma triglyceride levels after an olive oil bolus were measured after 6 weeks of HF-HF or control diets. After overnight fasting, mice received a 200 microL olive oil load. Blood samples were collected as described in paragraph 2.2 at 0, 30, 60, 90 and 120 min after the olive oil challenge. Plasma triglyceride concentrations were measured with the kit Triglycerides FS (DiaSys).

Metabolic parameters, body composition and stool analysis

After 4 weeks of HF-HF or control diets, mice were housed individually in metabolic cages (Phenomaster, TSE Systems) 1 week for habituation and 1 week for measurement and were fed ad libitum with control or HF-HF diet. Food and water intake as well as O2 consumption, CO2 production, respiratory quotient, whole energy expenditure were automated measured. The tridimensional locomotor activity is measured by the spontaneous (voluntary) activity on the cage surface (XY axes) and in height (XZ axes). A count is register every time an infrared beam is broken in the horizontal plane or in the vertical plane. The locomotor activity was recorded for 5 consecutive days during nights and days and the mean of records was calculated. The tridimensional locomotor activity is expressed as the sum of the XY activity mean (day and night) and of the XZ activity mean (day and night) as counts in 24h / mouse. The whole body composition was analyzed with the Bruker's minispec Whole Body Composition Analyzer. This analyzer for measurement of lean tissue, fat and fluid in living mice is based on Time Domain (TD)-Nuclear magnetic resonance (NMR). Stools were daily collected and stored at -20°C.

After homogenization, total and, lipid and nitrogen energy contents were as determined as previously described in [START_REF] Layec | Increased intestinal absorption by segmental reversal of the small bowel in adult patients with short-bowel syndrome: a case-control study[END_REF].

Intestinal GLP-1 protein content

Proximal jejunum, distal ileum, and whole colon were sliced into small pieces, homogenized in ethanol/acid (100% ethanol/sterile water/12N HCl 74:25:1 v/v/v) solution (5 ml/g tissue) and incubated overnight at 4°C. Homogenates were centrifuged and supernatants were collected for total GLP-1 content measurement using ELISA kit (Millipore).

Intestinal epithelial cell isolation and protein concentration measurement

After flushing with PBS, jejunum was cut into small pieces and incubated 4h (4°C) in Cell recovery solution (BD Biosciences) containing 2% protease inhibitors (Sigma). Epithelial cells were filtered, centrifuged, and washed with PBS, to obtain epithelial cell suspension [START_REF] Archer | Intestinal apolipoprotein A-IV gene transcription is controlled by two hormone-responsive elements: a role for hepatic nuclear factor-4 isoforms[END_REF]. Proteins were extracted from an aliquot of epithelial cells with a lysis buffer (Tris HCl 20 mM pH 7.4, NaCl 150 mM, EDTA 5 mM, Triton 1%, DOC 0.5 %, protease and phosphatase inhibitors). Protein concentration was determined with the BCA protein assay kit (Pierce).

Triglyceride levels in epithelial cells

Lipids were extracted from an aliquot of epithelial cells with five volumes of chloroformmethanol (2:1 vol/vol), with vigorous shaking for 5 min. After centrifugation for 20 min at 1,000 g, the lower organic phase was collected and dried at 45°C overnight. The triglyceride levels were measured with the TG PAP 150 kit (Biomérieux).

RNA extraction and gene expression analysis

Total RNA were isolated from jejunum epithelial cells with Trizol reagent (MRC). Reverse transcription (RT) was performed with 5µg of RNA. Semi quantitative real-time PCR was performed with SYBR green (Applied) in a Stratagene system. Primer sequences are reported in Table 2.

Statistical Tests

Results are expressed as means ± SEM. Statistical analyses were performed using GraphPad Prism (GraphPad Software, La Jolla, CA). Identified outliers with the method « ROUT Q=1% » (Graphpad prism software) were removed. The significance was evaluated by 1-way ANOVA or 2-way ANOVA and followed by four Tukey's multiple comparisons tests: WT vs Hnf4g -/- on CD, WT vs Hnf4g -/-on HF-HF, WT CD vs WT HF-HF, Hnf4g -/-CD vs Hnf4g -/-HFHF. A P value <0.05 was considered statistically significant.

Results

Impact of Hnf4g gene invalidation on weight gain induced by a high-fat/high-fructose.

Metabolic characteristics of Hnf4g -/-mice were compared with those of WT mice, both groups being fed ad libitum either with control diet or high-fat/high fructose (HF-HF) diet. The body weight gain curves were comparable between WT and Hnf4g -/-mice fed control diet. There was no weight gain after 6 weeks (99% for WT vs 94% for Hnf4g -/-) (Fig. 1A). As expected, 6 weeks of HF-HF diet promoted weight gain by 35% in WT mice but surprisingly, by only 10% in Hnf4g -/-mice (Fig. 1A). We then performed a body composition analysis by NMR. On control diet, Hnf4g -/-mice showed a non-significant 1.5-fold higher fat mass than WT mice (Fig. 1B).

As expected, on HF-HF diet WT mice showed a 2.4-fold increase in fat mass whereas Hnf4g -/- mice only 1.5-fold (Fig. 1B). However, on HF-HF diet, the increase in fat mass was 1.6-fold lower in Hnf4g -/-mice than in WT mice (Fig. 1B). In parallel, lean mass of Hnf4g -/-mice was similar to that of WT mice regardless the diet (data not shown). Thus Hnf4g gene invalidation led to a partial protection against diet-induced weight gain characterized by less fat-mass gain.

In order to explain such a resistance to weight gain, we analyzed food intake, locomotor activity and energy expenditure.

Impact of high-fat/high-fructose diet on Hnf4g -/-mouse energy homeostasis

We next analyzed the energy homeostasis of WT and Hnf4g -/-mice fed control or HF-HF diets in metabolic cages after 5 weeks of diet. We showed that total calorie intake (high-fat pellets and fructose in the drinking water) normalized by mouse body weight was not affected by Hnf4g gene invalidation regardless the diet (Fig. 1C). The XY and XZ axis locomotor activity was next recorded. There was no significant difference between WT and Hnf4g -/-mice for their XYZ axis locomotor activity regardless the diet but HF-HF diet induced a 1.4-fold decrease in the locomotor activity regardless the mouse genotype (Fig. 1D). The calculated energy expenditure (normalized to mouse body weight) of Hnf4g -/-mice was similar to that of WT 10 mice fed control diet (Fig. 1E). As expected, the energy expenditure of WT fed HF-HF diet is 10% decreased compared to WT mice fed control diet (Fig. 1E). However, the energy expenditure of Hnf4g -/-mice fed control diet is similar to that of fed HF-HF diet (Fig. 1E).

Thus, the WT mice weight gain, induced by HF-HF diet, is explained by an increase in fat mass, a decrease in locomotor activity and in energy expenditure. However, the partial protection to diet-induced weight gain of Hnf4g -/-mice was not due to a decrease in calorie intake, an increase in locomotor activity nor an energy expenditure. Then, we made the hypothesis that Hnf4g gene invalidation leads to nutrient malabsorption revealed by HF-HF diet.

Impact of Hnf-4 gene invalidation on nutrient absorption

For assessment of intestinal absorption total calories were measured in feces. We showed a 25% increase in fecal calorie loss in Hnf4g -/-mice fed HF-HF diet compared to WT mice (Fig. 2A).

More strikingly, this calorie loss is mainly due to a 4-fold increase of lipids in feces (Fig. 2B) whereas the protein and carbohydrate amounts were similar regardless genotypes and diets (data not shown). The higher calorie loss in Hnf4g -/-mice could be responsible of for the protection against weight gain induced by HF-HF diet. We made the hypothesis that the Hnf4g gene invalidation leads to a lipid malabsorption.

We measured the triglyceride level in jejunal epithelial cells and showed that in Hnf4g -/-mice fed control diet, intra-epithelial triglyceride amount is increased 2-fold (not significant) compared to WT mice. More strikingly, in WT mice fed HF-HF, the intra-epithelial triglycerides are increased 10-fold compared to that of control diet, whereas in Hnf4g -/-mice, the 2.6-fold increase is not-significant (Fig. 2C).

We then analyzed the kinetic of plasma triglyceride concentrations after an olive oil bolus, as reflect of enterocyte triglyceride secretion. The plasma triglyceride concentrations after an olive oil bolus are similar in WT and Hnf4g -/-mice fed control diet. As expected under HF-HF, the concentration of plasma triglycerides in WT mice is increased 3-fold at 90min compared to that of mice on control diet whereas the concentration of plasma triglycerides in Hnf4g -/-mice remains similar to that of on control diet (Fig. 2D).

The partial protection to diet-induced weight gain of Hnf4g -/-mice could be due to an intestinal lipid malabsorption at uptake step (showed by increased lipids in feces and decreased in jejunal epithelial cells) and at secretion step (showed by plasma concentrations).

Impact of high-fat/high-fructose diet on gene expression involved in lipid absorption in

Hnf4g -/-mice gut epithelium

We next analyzed gene expression of lipid membrane transporters in jejunum from Hnf4g -/-and WT mice fed control or HF-HF diet (Fig. 3A). The HF-HF diet increased the fatty acid transporter gene expression Fabpm and Cd36, regardless the mouse genotype, Hnf4g -/-or WT (Fig. 3A, upper panels). The gene expression of the fatty acid transporter Fatp4 was reduced by 1.8-fold in Hnf4g -/-mice compared to WT mice, fed control diet and by 1.3-fold on mice fed HF-HF diet (Fig. 3A, lower left panel). The gene expression of the cholesterol transporter Scarb1 (encoding SR-B1) was reduced in Hnf4g -/-mice compared to WT mice, regardless the diet, CD or HF-HF. However the HF-HF diet increased the Scarb1 gene expression whatever the mouse genotype, Hnf4g -/-or WT (Fig. 3A, lower right panel).

Then, we analyzed expression of genes involved in lipid storage (Plin2, encoding Perilipin 2 or ADRP) and secretion (Mttp and ApoB) (Fig. 3B). The HF-HF diet induced an increased gene expression of Plin2 (2.4-fold) and of Mttp (1.8-fold) in WT mice but not in Hnf4g -/-mice.

However, the expression of Plin2, Mttp and apoB is lowered in Hnf4g -/-mice fed HF-HF diet by 1.5-, 3.9-and 1.8-fold, respectively compared to WT mice fed HF-HF diet (Fig. 3B). This decrease in gene expression of lipid transporters, lipid storage and secretion proteins could explain in part the lipids fecal calorie loss suggesting a lipid malabsorption due to lipid transfer failing toward blood circulation.

Note that gene expression of Hnf4a was 1.6-and 2.4-fold increase in Hnf4g -/-mice than in WT mice on control and HF-HF diets, respectively (Fig. 3C).

Impact of high-fat/high-fructose diet on Hnf4g -/-mice glucose homeostasis

The lipid malabsorption that could protect Hnf4g -/-mice against weight gain induced by an HF-HF diet, could also allow a preferential use of glucose and thus protects from a deregulation of glucose homeostasis. We challenged glucose tolerance by an OGTT and as expected, WT mice fed HF-HF present a glucose intolerance compared to WT mice fed control diet (Fig. 4A). The area under the curve (AUC) was 1.8-fold higher in WT mice fed HF-HF diet than in WT mice fed control diet (Fig. 4B). We also confirmed as previously described in Baraille & al, that Hnf4g gene invalidation led to improvement of glucose tolerance in mice fed control diet (Fig. 4A) [START_REF] Baraille | Glucose Tolerance Is Improved in Mice Invalidated for the Nuclear Receptor HNF-4gamma: A Critical Role for Enteroendocrine Cell Lineage[END_REF]. Indeed, the AUC was 1.4-fold lower in Hnf4g -/-mice fed control diet than in WT mice (Fig. 4B). This feature was further exacerbated in Hnf4g -/-mice fed HF-HF diet compared to WT mice (Fig. 4A) since AUC was 1.8-fold lower in Hnf4g -/-HF-HF fed mice than in WT mice (Fig. 4A). Importantly, AUC of oral glucose tolerance test of Hnf4g -/- HF-HF fed mice was similar to that of WT control diet fed mice (Fig. 4B). As expected, fasting blood glucose and insulin were increased 1.18-and 2.74-fold respectively, in WT mice fed HF-HF compared to control diet (Fig. 4C,D) whereas fasting blood glucose and insulin remained unaffected in Hnf4g -/-mice fed HF-HF compared to control diet (Fig. 4C andD). Furthermore, the HF-HF diet induced a 3.3-fold increase of HOMA-IR in WT mice without significant effect on HOMA-IR in Hnf4g -/-mice (Fig. 4E). These results indicate that Hnf4g gene invalidation protects mice against glucose intolerance induced by the HF-HF diet.

Impact of high-fat/high-fructose diet on Hnf4g -/-mice GLP-1 intestinal homeostasis

We then measured the total plasma GLP-1 concentration 10 min after a glucose challenge. As previously described in Baraille & al, we confirmed that plasma total GLP-1 concentration was 3.3-fold increase in Hnf4g -/-than in WT mice fed control diet, (Fig. 5A) [START_REF] Baraille | Glucose Tolerance Is Improved in Mice Invalidated for the Nuclear Receptor HNF-4gamma: A Critical Role for Enteroendocrine Cell Lineage[END_REF].

Although the HF-HF diet induced a 3-fold increase in plasma total GLP-1 concentration in WT mice and a 1.4-fold non-significant increase in Hnf4g -/-mice, the plasma total GLP-1 concentration in Hnf4g -/-mice fed HF-HF remained 1.53 fold higher than in WT mice fed HF-HF (Fig. 5A). We next measured GLP-1 content in mouse jejunum and we showed that GLP-1 content in jejunum of Hnf4g -/-mice is 2-and 1.7-fold increase in control and HF-HF diet, respectively (Fig. 5B). In jejunum, the level of Gcg mRNA, encoding proglucagon, is increased by HF-HF diet 1.95-and 1.6-fold in WT and Hnf4g -/-mice, respectively (Fig. 5C). These results showed that the Hnf4g gene invalidation leads to an increase in GLP-1 jejunum content that could explain the increase in plasma GLP-1 in response to glucose challenge in mice fed control and HF-HF diet.

Discussion

Our results demonstrate that the gene invalidation of the nuclear receptor HNF-4 induces a protection against the weight gain induced by a high-fat/high-fructose diet. The weight gain protection is mainly due to intestinal lipid malabsorption leading to a calorie loss in feces.

Hnf4g -/-mice were also protected against glucose intolerance induced by the HF-HF diet. An increase in jejunal GLP-1 content could participate to this protection via a possible incretin effect.

Mice invalidated for Hnf4g gene were reported to present a lower food intake, associated with lower night energy expenditure, than wild type mice [START_REF] Gerdin | Phenotypic screening of hepatocyte nuclear factor (HNF) 4-gamma receptor knockout mice[END_REF]. Our previous results

did not show difference in food intake in Hnf4g -/-and WT mice fed control diet but a strong improvement of glucose tolerance of Hnf4g -/-mice ( [START_REF] Baraille | Glucose Tolerance Is Improved in Mice Invalidated for the Nuclear Receptor HNF-4gamma: A Critical Role for Enteroendocrine Cell Lineage[END_REF], suggesting that HNF-4 could be involved in susceptibility to type 2 diabetes. In order to generate rapid glucose intolerance and insulin resistance, we challenged mice with a high fat and high fructose diet.

This long term diet (16 weeks) is widely used to induce NASH but a glucose intolerance along with insulin resistance appear earlier after 4 weeks of diet along with weight gain [START_REF] Charlton | Fast food diet mouse: novel small animal model of NASH with ballooning, progressive fibrosis, and high physiological fidelity to the human condition[END_REF][START_REF] Dissard | Long term metabolic syndrome induced by a high fat high fructose diet leads to minimal renal injury in C57BL/6 mice[END_REF][START_REF] Tsuchiya | High-fat, high-fructose diet induces hepatic iron overload via a hepcidin-independent mechanism prior to the onset of liver steatosis and insulin resistance in mice[END_REF]. As expected we observed in WT mice fed HF-HF a weight gain from one week and a glucose intolerance at 6 weeks that are mainly due to an increase in fat mass and a decrease in locomotor activity and in energy expenditure. One of the most striking effect of Hnf4g gene invalidation is a weight gain and a glucose intolerance protection against HF-HF diet. We could expect an increase in energy expenditure or in locomotor activity to explain this protection. However, energy homeostasis analysis in metabolic cages does not show differences between WT and Hnf4g -/-mice fed HF-HF. We hypothesized that Hnf4g gene invalidation induces a loss of ingested calories and we showed increased calories in feces. We made the hypothesis of a lipid failing absorption revealed by the HF-HF diet challenge.

Enterocytes ensure the absorption of dietary lipids to the organism through complex processes that can be summarized into three major steps: uptake, storage and/or secretion [START_REF] Williams | Molecular processes that handle --and mishandle --dietary lipids[END_REF]. The increase lipid content in feces, the decrease in intra-epithelium triglyceride content and the decrease of plasma triglyceride concentration after an olive oil bolus indicate that Hnf4g gene invalidation in HF-HF diet fed mice leads to a lipid malabsorption at the three major steps We could hypothesize that gene expression of lipid transporters Cd36 and Fabpm is upregulated to compensate a lipid malabsorption in Hnf4g -/-mice fed HF-HF. Although there is a gene overexpression of these transporters, we cannot exclude a translational down regulation of these transporters or a membrane mislocalization, both could participate in lipid malabsorption.

Although the role of FATP4 as a transporter for fatty acid uptake remains unclear, it has been shown that intestinal FATP4 is exclusively found intracellular instead of on the plasma membrane. FATP4 plays a role in fatty acid uptake through its intrinsic intracellular enzymatic activity, through a process known as "vectorial acylation", i.e., the obligatory step of acyl-CoA formation for fatty acid transport across the plasma membrane, from intestinal lumen toward enterocytes [START_REF] Digel | FATP4 contributes as an enzyme to the basal and insulin-mediated fatty acid uptake of C(2)C(1)(2) muscle cells[END_REF][START_REF] Milger | Cellular uptake of fatty acids driven by the ERlocalized acyl-CoA synthetase FATP4[END_REF]. Thereby, a 25% decrease in Fatp4 expression could participate to lipid malabsorption in Hnf4g -/-mice fed HF-HF.

The scavenger receptor is known for its function as a cholesterol transporter SR-B1, however its role in cholesterol and lipid metabolism remains unclear in intestine. It has been shown in vitro that addition of lipid micelles triggers SR-B1 lipid sensing and a signaling cascade leading to ApoB translocation from the apical membrane to the secretory basolateral domains [START_REF] Beaslas | Sensing of dietary lipids by enterocytes: a new role for SR-BI/CLA-1[END_REF][START_REF] Saddar | Scavenger receptor class B type I is a plasma membrane cholesterol sensor[END_REF]. Some reports show that SR-B1 plays an important role in intestinal chylomicron production [START_REF] Bura | Intestinal SR-BI does not impact cholesterol absorption or transintestinal cholesterol efflux in mice[END_REF][START_REF] Hayashi | Intestinal SR-BI is upregulated in insulin-resistant states and is associated with overproduction of intestinal apoB48-containing lipoproteins[END_REF]. Thus, through an indirect effect, the decrease in Scarb1 gene expression prevents the lipid transfer in Hnf4g -/- mice fed HF-HF.

The chylomicron production loss is amplified by the decrease in gene expression of Mttp and

ApoB that are necessary to the production of the lipoprotein particle.

A defect in biliary acid metabolism could also account for lipid malabsorption. When the entero-hepatic biliary acid cycle leading to micelle formation is deficient, dietary lipids are not properly embedded with micelles, precluding adequate absorption by enterocytes [START_REF] Nordskog | An examination of the factors affecting intestinal lymphatic transport of dietary lipids[END_REF]. A down regulation of pancreatic lipase expression, enzyme responsible of dietary lipid hydrolysis before micelle embedding, could also be questioned [START_REF] Alkaade | A primer on exocrine pancreatic insufficiency, fat malabsorption, and fatty acid abnormalities[END_REF].

In our previous work, we demonstrated that HNF-4 plays a critical role in glucose homeostasis and that HNF-4 loss leads to an improvement of glucose tolerance through a rise of GLP-1 incretin effect [START_REF] Baraille | Glucose Tolerance Is Improved in Mice Invalidated for the Nuclear Receptor HNF-4gamma: A Critical Role for Enteroendocrine Cell Lineage[END_REF]. Here we show that the glucose tolerance improvement is maintained in Hnf4g -/-mice despite HF-HF feeding, in such a way that Hnf4g gene invalidation leads to a protection against the dietary glucose intolerance. The HOMA-IR was significantly increased only in WT mice fed HF-HF diet, indicating a possible protection of Hnf4g invalidation against insulin resistance too. Accordingly, the jejunum GLP-1 content is increased in Hnf4g -/-mice fed HF-HF. The expression of Gcg gene, encoding GLP-1 in intestine, are increased in Hnf4g -/-mice fed control diet and are maintained in Hnf4g -/-mice fed HF-HF. The loss of HNF-4 improves the GLP-1 producing cell homeostasis, leading to a protection against a diet-induced deregulated glucose homeostasis.

The effects of Hnf4g gene invalidation are of two types. The first is an invalidation effect seen regardless of diet, CD or HF-HF. This is the case with glucose tolerance and plasma and intraepithelial concentrations of GLP-1 as well as expression of Hnf4a. The second is an effect of invalidation revealed by the HF-HF diet. This is the case with the amount of calories and lipids found in the feces as well as plasma triglyceride concentrations, thus revealing lipid malabsorption. In addition, the expression of genes involved in the uptake, storage and secretion of lipids such as Fatp4, Scarb1, Plin2, Mttp, and ApoB is also impacted by the invalidation of Hnf4g with the HF-HF diet. It should be noted that the expression of the Fatp4 transporter is also impacted under the CD diet.

In absence of HNF-4, there is an overexpression of HNF-4 regardless the diet. It is difficult to assert that the observed effects were the direct consequence of HNF-4 loss or resulted indirectly from HNF-4 increment in Hnf4g -/-mouse intestine. However, we could hypothesized that HNF-4 is able to compensate the loss of HNF-4 for intestinal lipid absorption under control diet but that is overtaken under HF-HF diet. HNF-4 and HNF-4 are encoded by two different genes but share high homology in their DNA and ligand binding domains [START_REF] Drewes | Human hepatocyte nuclear factor 4 isoforms are encoded by distinct and differentially expressed genes[END_REF][START_REF] Taraviras | Primary structure, chromosomal mapping, expression and transcriptional activity of murine hepatocyte nuclear factor 4gamma[END_REF]. Indeed, it has been recently shown that HNF-4 and HNF-4 share almost all their binding sites on chromatin [START_REF] Chen | A reinforcing HNF4-SMAD4 feed-forward module stabilizes enterocyte identity[END_REF] and regulate the expression of genes involved in fatty-acid oxydation [START_REF] Chen | HNF4 Regulates Fatty Acid Oxidation and Is Required for Renewal of Intestinal Stem Cells in Mice[END_REF]. However, these two transcription factors have a different spatial distribution along the crypt-villus axis, HNF-4 being expressed along the crypt to villus axis and HNF-4 being restricted to the villus [START_REF] Sauvaget | Restriction of apolipoprotein A-IV gene expression to the intestine villus depends on a hormone-responsive element and parallels differential expression of the hepatic nuclear factor 4alpha and gamma isoforms[END_REF]. Furthermore, 9 isoforms of HNF-4 raised from differential splicing and from 2 different promoters have been described [START_REF] Torres-Padilla | Expression of HNF4alpha isoforms in mouse liver development is regulated by sequential promoter usage and constitutive 3' end splicing[END_REF]. These isoforms can have opposite roles in colitis and colitis associated colon cancer [START_REF] Chellappa | Opposing roles of nuclear receptor HNF4alpha isoforms in colitis and colitis-associated colon cancer[END_REF]. These observations show that the two forms of HNF-4, HNF-4 and HNF-4 play some specific roles but we cannot exclude redundancy for others roles, the balance between the expression of HNF-4 and HNF-4 being finely regulated to maintain gut homeostasis.

In recent report, it has been shown that Hnf4a and Hnf4g are redundantly required to drive intestinal differentiation [START_REF] Chen | A reinforcing HNF4-SMAD4 feed-forward module stabilizes enterocyte identity[END_REF]. Genes that exhibit a direct binding of HNF-4 or  are involved in lipid metabolim [START_REF] Chen | A reinforcing HNF4-SMAD4 feed-forward module stabilizes enterocyte identity[END_REF]. However, an indirect regulation is also possible since it HNF-4  and  function maintain also active enhancer chromatin [START_REF] Chen | A reinforcing HNF4-SMAD4 feed-forward module stabilizes enterocyte identity[END_REF]. However, the transcriptome analysis reveals that Hnf4g invalidation alters specifically the expression of 89 genes in intestine. Thus we cannot exclude a direct binding of HNF-4g on genes involved in lipid metabolism such as Fatp4 and Scarb1, the Hnf4a expression being repressed by the antisense transcript of Hnf4a previously described [START_REF] Lindeboom | Integrative multi-omics analysis of intestinal organoid differentiation[END_REF].

In our previous article, we showed that proglucagon (Gcg) gene transcription was not directly activated or repressed by HNF-4a or HNF-4g but rather the expression of Foxa1, Foxa2, and Isl1 was enhanced, suggesting that modifications of the transcription factor network favored the GLP-1-secreting cell lineage [START_REF] Baraille | Glucose Tolerance Is Improved in Mice Invalidated for the Nuclear Receptor HNF-4gamma: A Critical Role for Enteroendocrine Cell Lineage[END_REF].

In conclusion, we demonstrated that loss of HNF-4 in mice prevents obesity and glucose intolerance induced by HF-HF diet. The protection against metabolic deleterious effects of HF-HF diet could be due to intestinal lipid malabsorption and glucose homeostasis improvement.

Interestingly in human, HNF4G was identified as an obesity-associated locus in a meta-analysis of GWAS study [START_REF] Berndt | Genome-wide meta-analysis identifies 11 new loci for anthropometric traits and provides insights into genetic architecture[END_REF] and could also be associated with pediatric obesity [START_REF] Selvanayagam | Genome-wide copy number variation analysis identifies novel candidate loci associated with pediatric obesity[END_REF].

the study and takes responsibility for the integrity of the data and the accuracy of the data analysis. 
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