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Neuropeptide 26RFa (QRFP) is a key regulator of glucose homeostasis and its activity is markedly altered in obese/hyperglycemic mice
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Firstly, we demonstrate that administration of the GPR103 antagonist reduces the global glucose-induced incretin effect and insulin sensitivity whereas, conversely, administration of exogenous 26RFa attenuates glucose-induced hyperglycemia. Using a mouse model of highfat diet-induced obesity and hyperglycemia, we found a loss of the anti-hyperglcemic effect and insulinotropic activity of 26RFa, accompanied with a marked reduction of its insulinsensitive effect. Interestingly, this resistance to 26RFa is associated with a down-regulation of the 26RFa receptor in the pancreatic islets, and insulin target tissues. Finally, we observed that the production and release kinetics of 26RFa after an oral glucose challenge is profoundly altered in the high-fat mice. Altogether, the present findings support the view that 26RFa is a key regulator of glucose homeostasis whose activity is markedly altered under obese/hyperglycemic conditions.

INTRODUCTION

The neuropeptide 26RFa, also referred to as QRFP (for pyroglutamilated RFamide peptide), is the latest member of the RFamide peptide family discovered [START_REF] Chartrel | Identification of 26RFa, a hypothalamic neuropeptide of the RFamide peptide family with orexigenic activity[END_REF][START_REF] Fukusumi | A new peptidic ligand and its receptor regulating adrenal function in rats[END_REF][START_REF] Jiang | Identification and characterization of a novel RF-amide peptide ligand for orphan G-protein-coupled receptor SP9155[END_REF]. 26RFa and its N-extended form 43RFa were identified as the cognate ligands of the human orphan Gprotein-coupled receptor, GPR103 [START_REF] Chartrel | The RFamide neuropeptide 26RFa and its role in the control of neuroendrine functions[END_REF][START_REF] Fukusumi | A new peptidic ligand and its receptor regulating adrenal function in rats[END_REF][START_REF] Jiang | Identification and characterization of a novel RF-amide peptide ligand for orphan G-protein-coupled receptor SP9155[END_REF][START_REF] Takayasu S 1 | A neuropeptide ligand of the G protein-coupled receptor GPR103 regulates feeding, behavioral arousal, and blood pressure in mice[END_REF]. This peptidergic system is abundantly expressed in the hypothalamus and is involved in the control of feeding behaviour [START_REF] Bruzzone | Anatomical distribution and biochemical characterization of the novel RFamide peptide, 26RFa, in the human hypothalamus and spinal cord[END_REF][START_REF] Bruzzone | Distribution of 26RFa binding sites and GPR103 mRNA in the central nervous system of the rat[END_REF][START_REF] Chartrel | Identification of 26RFa, a hypothalamic neuropeptide of the RFamide peptide family with orexigenic activity[END_REF][START_REF] Takayasu S 1 | A neuropeptide ligand of the G protein-coupled receptor GPR103 regulates feeding, behavioral arousal, and blood pressure in mice[END_REF]. Indeed, 26RFa (or 43RFa) stimulates food intake [START_REF] Chartrel | Identification of 26RFa, a hypothalamic neuropeptide of the RFamide peptide family with orexigenic activity[END_REF][START_REF] Lectez | The orexigenic activity of the hypothalamic neuropeptide 26RFa is mediated by the neuropeptide Y and proopiomelanocortin neurons of the arcuate nucleus[END_REF][START_REF] Moriya | RFamide peptide QRFP43 causes obesity with hyperphagia and reduced thermogenesis in mice[END_REF][START_REF] Takayasu S 1 | A neuropeptide ligand of the G protein-coupled receptor GPR103 regulates feeding, behavioral arousal, and blood pressure in mice[END_REF], and the neuropeptide exerts its orexigenic activity via a modulation of the NPY/POMC network in the arcuate nucleus [START_REF] Lectez | The orexigenic activity of the hypothalamic neuropeptide 26RFa is mediated by the neuropeptide Y and proopiomelanocortin neurons of the arcuate nucleus[END_REF].

These observations have been recently confirmed by data obtained from 26RFa-deficient mice showing that the knockout (KO) mice are lean and hypophagic, and that, under a high-fat (HF) diet, the 26RFa KO mice show a lower weight gain than the wild-type animals [START_REF] Okamoto | Downloaded from www.physiology[END_REF]. In line with this, a more sustained orexigenic activity of 26RFa/43RFa has been reported in wild type mice submitted to a HF diet [START_REF] Moriya | RFamide peptide QRFP43 causes obesity with hyperphagia and reduced thermogenesis in mice[END_REF][START_REF] Primeaux | Central administration of the RFamide peptides, QRFP-26 and QRFP-43, increases high fat food intake in rats[END_REF]. Moreover, the expression of prepro26RFa mRNA is up-regulated in the hypothalamus of genetically obese ob/ob and db/db mice, and rodents submitted to a HF diet [START_REF] Primeaux | Central administration of the RFamide peptides, QRFP-26 and QRFP-43, increases high fat food intake in rats[END_REF][START_REF] Takayasu S 1 | A neuropeptide ligand of the G protein-coupled receptor GPR103 regulates feeding, behavioral arousal, and blood pressure in mice[END_REF]. Altogether, these findings support the notion that 26RFa could play a role in the development and maintenance of the obese status [START_REF] Chartrel | The neuropeptide 26RFa (QRFP) and its role in the regulation of energy homeostasis: a mini-review[END_REF].

Accumulating evidence over the last decade supports the role of neuropeptides controlling feeding behavior such as neuropeptide Y (NPY), orexins, ghrelin, corticotropin-releasing factor (CRF) or apelin, in the peripheral regulation of glucose homeostasis [START_REF] Huising | CRFR1 is expressed on pancreatic β cells, promotes β cell proliferation, and potentiates insulin secretion in a glucose-dependent manner[END_REF][START_REF] Imai | Insulin secretion is increased in pancreatic islets of neuropeptide Y-deficient mice[END_REF][START_REF] Ouedraogo | Glucose regulates the release of orexin-A from the endocrine pancreas[END_REF][START_REF] Verhulst | Ghrelin's second life: from appetite stimulator to glucose regulator[END_REF][START_REF] Yue | Apelin is necessary for the maintenance of insulin sensitivity[END_REF]. This has led to the new concept that hypothalamic neuropeptides may serve as a link between energy and glucose homeostasis, and therefore, they represent potential therapeutic targets for the treatment of diabetes and obesity [START_REF] Prodi | The brain as a molecular target for diabetic therapy[END_REF][START_REF] Schwartz | Cooperation between brain and islet in glucose homeostasis and diabetes[END_REF]. In this context, the potential role of 26RFa in the control of glucose homeostasis was investigated. It was found that 26RFa/43RFa and GPR103 are expressed in pancreatic islets, as well as in various insulin-secreting cell lines Comment citer ce document : Prévost, G., Arabo, A., Le Solliec, M.-A., Bons, J., Picot, M., Maucotel, J., Berrahmoune, H., El Mehdi, Chérifi, S., Benani, A., Nédélec, E., Coëffier, M., Leprince, J., Nordqvist, A., Brunel, V., Déchelotte, P., Lefebvre, H., Anouar, Y., Chartrel, N. (2019). The neuropeptide 26RFa (QRFP) is a key regulator of glucose homeostasis and its activity is markedly altered in 4 [START_REF] Granata | RFamide peptides 43RFa and 26RFa both promote survival of pancreatic β-cells and human pancreatic islets but exert opposite effects on insulin secretion[END_REF][START_REF] Prevost | Hypothalamic neuropeptide 26RFa acts as an incretin to regulate glucose homeostasis[END_REF], and that 26RFa and 43RFa prevent cell death and apoptosis of β cell lines and isolated human pancreatic islets [START_REF] Granata | RFamide peptides 43RFa and 26RFa both promote survival of pancreatic β-cells and human pancreatic islets but exert opposite effects on insulin secretion[END_REF]. It has been shown that 26RFa is abundantly expressed by the gut and that i.p. administration of the neuropeptide attenuates glucose-induced hyperglycemia by increasing plasma insulin via a direct insulinotropic effect on the pancreatic β cells, and also by increasing insulin sensitivity [START_REF] Prevost | Hypothalamic neuropeptide 26RFa acts as an incretin to regulate glucose homeostasis[END_REF]. Furthermore, it was reported that an oral glucose challenge induces a massive secretion of 26RFa by the gut into the blood, strongly suggesting that this neuropeptide plays an important role in the regulation of glycemia by acting as an incretin [START_REF] Prevost | Hypothalamic neuropeptide 26RFa acts as an incretin to regulate glucose homeostasis[END_REF].

The incretin effect is known to be markedly reduced in diabetic patients [START_REF] Knop | Reduced incretin effect in type 2 diabetes. Cause or consequence of the diabetic state?[END_REF], although most studies have reported that levels of GLP-1 and gastric inhibitory polypeptide (GIP) in response to oral glucose were similar in diabetic and non-diabetic subjects [START_REF] Chon | An update on the effect of incretin-based therapies on β-cell function and mass[END_REF][START_REF] Holst | Loss of incretin effect is a specific, important, and early characteristic of type 2 diabetes[END_REF][START_REF] Knop | Reduced incretin effect in type 2 diabetes. Cause or consequence of the diabetic state?[END_REF]. This incretin defect is notably characterized by a decreased, albeit partially preserved, insulinotropic potency of GLP-1 and an almost complete loss of insulin secretion to GIP [START_REF] Knop | Reduced incretin effect in type 2 diabetes. Cause or consequence of the diabetic state?[END_REF].

In this context, the objective of the present study was twofold: (1) to further characterize the role of 26RFa/GPR103 peptidergic system in the global regulation of glucose homeostasis (via an oral glucose tolerance test) using a 26RFa receptor antagonist (namely 25e) [START_REF] Georgsson | GPR103 antagonists demonstrating anorexigenic activity in vivo: design and development of pyrrolo[2,3-c]pyridines that mimic the C-terminal Arg-Phe motif of QRFP26[END_REF]; and

(2) to determine whether a dysfunction of the 26RFa/GPR103 system occurs in obese/hyperglycemic conditions. 
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The GPR103 antagonist 25e was synthesized as previously described [START_REF] Georgsson | GPR103 antagonists demonstrating anorexigenic activity in vivo: design and development of pyrrolo[2,3-c]pyridines that mimic the C-terminal Arg-Phe motif of QRFP26[END_REF]. Insulin and exenatide were purchased from Eli Lilly (Neuilly-sur-Seine, France). added or not with 26RFa (10 -6 M) and the GLP-1 analogue exenatide (5 10 -7 M) for 1 h (period P2). Insulin secreted in the culture medium was measured using a commercial ELISA kit (Mercodia Insulin ELISA, Uppsala, Sweden) and was expressed as the ratio between secretion during the P2 period/secretion during the P1 period.

Immunohistochemical procedure. Deparaffinized sections (15-µm thick) of duodenum and pancreas of control or HF mice were used for immunohistochemistry. Tissue sections were incubated for 1 h at room temperature with rabbit polyclonal antibodies against 26RFa (3) diluted 1:400 or GPR103 (#NLS1922; Novus Biologicals, Littletown, CO) diluted 1:100. The sections were incubated with a streptavidin-biotin-peroxydase complex (Dako Corporation, Carpinteria, CA), and the enzymatic activity was revealed with diaminobenzidine. Some slices were then counterstained with hematoxylin. Observations were made under a Nikon E 600 light microscope.

Quantitative PCR. Total RNA from the skeletal muscle, adipose tissue, liver and duodenum of HF and control mice, and from EndoC-βH1 cells was isolated as previously described [START_REF] Prévost | The PACAP-regulated gene selenoprotein T is abundantly expressed in mouse and human β-cells and its targeted inactivation impairs glucose tolerance[END_REF]. Relative expression of the 26RFa, GPR103, GLP-1 receptor, GLUT-1 and GLUT-2 genes was quantified by real-time PCR with appropriate primers (Table 1 26RFa radioimmunoassay. Quantification of 26RFa in plasma and tissue samples was carried out using a specific radioimmunoassay (RIA) set up in the laboratory that has been previously described in detail [START_REF] Bruzzone | Anatomical distribution and biochemical characterization of the novel RFamide peptide, 26RFa, in the human hypothalamus and spinal cord[END_REF]. For the RIA procedure, each plasma sample was diluted

(1:1) in a solution of water/TFA (99.9:0.1; v/v). The duodenum fragments were immersed for 15 min in boiling 0.5 M acetic acid, homogenized at 4°C using a glass potter homogenizer and centrifuged (6,000 g, 4°C, 30 min). Diluted plasma and supernatant fluid of tissue extracts were pumped at a flow rate of 1.5 ml/min through one Sep-Pak C 18 cartridge. Bound material was eluted with acetonitrile/water/TFA (50:49.9:0.1; v/v/v) and acetonitrile was evaporated under reduced pressure. Finally, the dried extracts were resuspended in PBS 0.1 M and assayed for 26RFa.

Statistical analysis. Statistical analysis was performed with Statistica (5 th version). A

student t-test or ANOVA for repeated measures were used for comparisons between two groups. A post-hoc comparison using Tukey HSD was applied according to ANOVA results.

Statistical significance was set up at p < 0.05. Comment citer ce document : Prévost, G., Arabo, A., Le Solliec, M.-A., Bons, J., Picot, M., Maucotel, J., Berrahmoune, H., El Mehdi, Chérifi, S., Benani, A., Nédélec, E., Coëffier, M., Leprince, J., Nordqvist, A., Brunel, V., Déchelotte, P., Lefebvre, H., Anouar, Y., Chartrel, N. (2019). The neuropeptide 26RFa (QRFP) is a key regulator of glucose homeostasis and its activity is markedly altered in 9

RESULTS

Consequence of blocking 26RFa action on glucose and insulin tolerance in control mice.

Administration of the 26RFa receptor antagonist, 25e, 30 min before an oral glucose tolerance test resulted in a significant increase of the glycemia between 30 and 60 min after the oral glucose challenge (Fig. 1A), as assessed by the calculation of the areas under the curve (Fig.

1A insert). Plasma insulin concentrations tended to be slightly higher in animals that received the GPR103 antagonist, but without reaching the statistical significance (Fig. 1B).

Administration of 25e during an insulin tolerance test significantly reduced insulin sensitivity from 15 to 90 min after the i.p. injection of insulin (p<0.05-p<0.001) (Fig. 1C) as assessed with a statistical difference of the areas under the curve of p=0.07 between 25etreated mice and animals that did not receive the GPR103 antagonist (Fig. 1C insert).

Effect of a 26RFa injection on blood glucose and plasma insulin levels following an oral glucose challenge.

We completed the experiments using the 26RFa receptor antagonist, by performing oral glucose tolerance tests with administration of exogenous 26RFa. In these experiments, the hyperglycemic effect induced by the glucose challenge was significantly reduced by the i.p. injection of 26RFa (Fig. 1D), but without any significant alteration of plasma insulin levels (Fig. 1E).

Effect of 26RFa on basal glycemia, glucose-induced hyperglycemia and insulin tolerance.

The high-fat (HF) diet challenge induced a significant (p<0.001) weight gain right from the first month of treatment (Fig. 2A). After three months, the HF mice exhibited a weight of 43.00 ± 0.65 g, whereas mice fed a standard chow weighted 27.00 ± 0.85 g (Fig. 2A).

Similarly, plasma glucose was significantly increased (p<0.01) after one month of HF diet (Fig. 2B). After 3 months, the HF mice exhibited a fasting glycemia of 2.11 ± 0.06 g/l, Comment citer ce document : Prévost, G., Arabo, A., Le Solliec, M.-A., Bons, J., Picot, M., Maucotel, J., Berrahmoune, H., El Mehdi, Chérifi, S., Benani, A., Nédélec, E., Coëffier, M., Leprince, J., Nordqvist, A., Brunel, V., Déchelotte, P., Lefebvre, H., Anouar, Y., Chartrel, N. (2019). The neuropeptide 26RFa (QRFP) is a key regulator of glucose homeostasis and its activity is markedly altered in 10 whereas that of the mice fed a standard chow at the same time was 1.16 ± 0.05 g/l (p<0.001; Fig. 2B).

The impact of 26RFa was investigated on basal glycemia in mice fed a standard chow and in HF mice. As illustrated in figure 2C, D, i.p. administration of 26RFa did not affect significantly basal plasma glucose levels during the 90-min period of the test in the two diet conditions. By contrast, an IPGTT performed in the two groups of mice revealed that 26RFa significantly attenuated (p<0.05) the hyperglycemia induced by an i.p. glucose challenge in mice fed a standard chow during the first 30 min of test, whereas this anti-hyperglycemic effect of the neuropeptide was totally abolished in HF mice (Fig. 2E,F). I.p. injection of 26RFa also significantly potentiated (p<0.05) insulin-induced hypoglycemia during the 90 min following the insulin challenge in mice fed a standard chow as illustrated by the quantification of the areas under the curves (Fig. 3A,C). By contrast, the beneficial effect of 26RFa on insulin sensitivity was strongly attenuated in HF mice (Fig. 3B,C). Quantification of GPR103 mRNA in insulin target tissues revealed a significant decrease (p<0.05) in the expression of the 26RFa receptor in the muscle and the adipose tissue of HF mice (Fig. 3D).

No expression of GPR103 was detected in the liver of the two groups of animals (Fig. 3D).

Consequence of blocking 26RFa action on glucose and insulin tolerance in HF mice.

Administration of the GPR103 antagonist 25e during an oral glucose tolerance test in HF mice had no significant effect on plasma glucose and insulin levels (Fig. 4A,B) in contrast to what was observed in mice fed a standard chow (Fig. 1A,B). i.p. injection of 25e had no significant impact on insulin sensitivity during an insulin tolerance test in HF mice (Fig. 4C) in contrast to the insulin-resistant effect of the GPR103 antagonist observed in mice fed a standard chow (Fig. 1C). In addition, administration of 26RFa had no effect on the hyperglycemia induced by the oral glucose load (Fig. 4D) nor on plasma insulin levels (Fig. 4E). Effect of 26RFa on insulin production. The effect of 26RFa on insulin production was investigated in vivo and in vitro. An acute glucose-stimulated insulin secretion test showed that injection of 26RFa significantly stimulated glucose-induced insulin production in mice fed a standard chow (p<0.05; Fig. 5A), whereas this insulinotropic effect of the neuropeptide was totally abolished in HF mice (Fig. 5B). Concurrently, the impact of 26RFa on insulin secretion by pancreatic β cells was examined using the human insulin-secreting cell line, EndoC-βH1, that were treated with palmitate to mimic conditions of lipotoxicity. As illustrated in figure 5C, addition of 26RFa in the culture medium significantly stimulated insulin secretion by untreated EndoC-βH1 cells incubated in LG (p<0.05) or HG (p<0.01) conditions. The GLP-1 analogue, exenatide, used as a positive control, also significantly stimulated insulin secretion (p<0.01) by the untreated EndoC-βH1 cells (Fig. 5C).

Conversely, when the cells were treated for 96 h with palmitate, the insulinotropic effect of 26RFa was totally abolished whatever the glucose concentration in the culture medium (Fig. 5D). By contrast, exenatide still significantly stimulated insulin secretion by palmitate-treated cells (p<0.01, Fig. 5D). Comparison of insulin secretion between native and palmitate-treated EndoC-βH1 cells revealed that, in non-stimulated conditions, basal insulin release was not affected in palmitate-treated cells (Fig. 5E). By contrast, under stimulatory conditions (26RFa or exenatide), insulin secretion was dramatically altered in palmitate-treated cells as compared to native cells (Fig. 5E). Finally, expression of GLUT-1, GLUT-2, the GLP-1 receptor and GPR103 was evaluated in native and palmitate-treated EndoC-βH1 cells (Fig. 5F). GLUT-1 and the GLP-1 receptor mRNA levels were not altered by the lipotoxic treatment of the cells (Fig. 5F). By contrast, expression of GLUT-2 was significantly decreased (p<0.05) in palmitate-treated cells and that of GPR103 was also lowered (p=0.06; Fig. 5F). Consistent with this latter observation, immunohistochemical observation of pancreas of mice fed a standard chow and HF mice revealed a decrease in the intensity of the GPR103 labeling in the pancreatic islets of HF mice (Fig. 5G,H).

Effect of the high fat diet on gut 26RFa production. We first investigated the expression and distribution of 26RFa in the duodenum of HF mice and mice fed a standard chow using a Q-PCR approach combined with immunohistochemistry (Fig. 6A,B). The expression of 26RFa was significantly lowered (p<0.01) in the duodenum of HF mice as compared to mice fed a standard chow (Fig. 6A). In agreement with this finding, the immunohistochemistry revealed an important decrease in the number of enterocytes immunostained with the 26RFa antibody in the duodenum of HF mice (Fig. 6B).

The impact of a 2 g/kg oral glucose load on plasma glucose, insulin and 26RFa, and on 26RFa content in the duodenum was investigated in HF mice and mice fed a standard chow (Fig. 6C-G). In mice fed a standard chow, the oral glucose challenge induced an important increase of the glycemia at 30 min, followed by a decrease at 120 min (Fig. 6C). The HF mice exhibited a similar glycemic profile although plasma glucose levels were significantly higher all along the test (p<0.05-0.01; Fig. 6C). Measurement of plasma insulin during the OGTT indicated that insulinemia was always higher in HF mice as compared to mice fed a standard chow, as assessed by the point by point statistical analysis (p<0.05-0.001) and the measurement of the area under the curve (p<0.01) (Fig. 6D). Plasma 26RFa profile in mice fed a standard chow was very similar to that observed for glycemia and insulinemia, with an increase of plasma 26RFa levels observed at 30 min followed by a decrease at 120 min (Fig. 6E). In HF mice, plasma 26RFa concentration was similar to that of mice fed a standard chow during the first 30 min of the test, but the obese/hyperglycemic mice exhibited a dramatic rise in plasma 26RFa levels at 120 min (p<0.05) that was not observed in mice fed a standard chow (Fig. 6E), as underlined by the significant difference of the areas under the curves (Fig. 6F). Quantification of 26RFa content in the duodenum showed a significant decrease (p<0.01) Comment citer ce document : Prévost, G., Arabo, A., Le Solliec, M.-A., Bons, J., Picot, M., Maucotel, J., Berrahmoune, H., El Mehdi, Chérifi, S., Benani, A., Nédélec, E., Coëffier, M., Leprince, J., Nordqvist, A., Brunel, V., Déchelotte, P., Lefebvre, H., Anouar, Y., Chartrel, N. (2019). The neuropeptide 26RFa
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of the neuropeptide production in HF mice under basal condition (at T0) (Fig. 6G). During the oral glucose tolerance test, 26RFa content in the duodenum exhibited a profile closely related to that of plasma 26RFa in the two groups of mice with, in particular, a highly significant rise of duodenal 26RFa production (p<0.001) 120 min after the oral glucose challenge in HF mice (Fig. 6G). Comment citer ce document : Prévost, G., Arabo, A., Le Solliec, M.-A., Bons, J., Picot, M., Maucotel, J., Berrahmoune, H., El Mehdi, Chérifi, S., Benani, A., Nédélec, E., Coëffier, M., Leprince, J., Nordqvist, A., Brunel, V., Déchelotte, P., Lefebvre, H., Anouar, Y., Chartrel, N. (2019). The neuropeptide 26RFa
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DISCUSSION

In the first part of the present study, we took advantage of the first disclosed GPR103

antagonist [START_REF] Georgsson | GPR103 antagonists demonstrating anorexigenic activity in vivo: design and development of pyrrolo[2,3-c]pyridines that mimic the C-terminal Arg-Phe motif of QRFP26[END_REF] that can be used as an in vivo tool to decipher the role of 26RFa in glucose homeostasis. We have previously demonstrated that 26RFa could be considered as a novel incretin [START_REF] Prevost | Hypothalamic neuropeptide 26RFa acts as an incretin to regulate glucose homeostasis[END_REF]. This conclusion was based on experiments carried out by our team showing that 26RFa is secreted by the gut in response to an oral glucose load, and that the neuropeptide stimulates insulin secretion from pancreatic β cells, leading to an anti-hyperglycemic effect [START_REF] Prevost | Hypothalamic neuropeptide 26RFa acts as an incretin to regulate glucose homeostasis[END_REF]. However, without a specific antagonist molecule, it is difficult to isolate the proper role of 26RFa on the glycemic status from the well-known effects of the other incretins such as GLP-1 and GIP during an oral glucose challenge, which is recognized as the gold standard test to assess the effects of incretin hormones. Here, we further characterized the role of 26RFa in the global regulation of glucose homeostasis using a GPR103 antagonist with DMPK properties suitable for in vivo experiments, namely 25e [START_REF] Georgsson | GPR103 antagonists demonstrating anorexigenic activity in vivo: design and development of pyrrolo[2,3-c]pyridines that mimic the C-terminal Arg-Phe motif of QRFP26[END_REF]. In our set of experiments, administration of 25e induced a robust hyperglycemic effect during an oral glucose load in mice fed a standard chow. We also found that administration of the 26RFa receptor antagonist significantly reduces insulin sensitivity, confirming that one mechanism of action of the 26RFa/GPR103 system to control glucose homeostasis is to increase insulin sensitivity in addition to its incretin activity [START_REF] Prevost | Hypothalamic neuropeptide 26RFa acts as an incretin to regulate glucose homeostasis[END_REF]. There was a tendency for 25e to increase plasma insulin levels during a glucose challenge. We hypothesize that this may reflect the occurrence of a compensatory mechanism to counteract the insulin-resistant effect of the GPR103 antagonist.

However, this increase of insulin secretion is not sufficient to maintain normoglycemia, suggesting that blockade of 26RFa action also alter the insulin secreting capacity of the pancreatic islets. Conversely, we show that exogenous administration of 26RFa during an oral glucose load significantly reduces the hyperglycemia without any significant alteration of the Comment citer ce document : Prévost, G., Arabo, A., Le Solliec, M.-A., Bons, J., Picot, M., Maucotel, J., Berrahmoune, H., El Mehdi, Chérifi, S., Benani, A., Nédélec, E., Coëffier, M., Leprince, J., Nordqvist, A., Brunel, V., Déchelotte, P., Lefebvre, H., Anouar, Y., Chartrel, N. (2019). The neuropeptide 26RFa (QRFP) is a key regulator of glucose homeostasis and its activity is markedly altered in 15 plasma insulin levels. In this experiment, it is important to note that, in fact, we have analyzed the effects of both exogenous and endogenous 26RFa. Thus, it seems that exogenous administration of 26RFa could potentiate the antihyperglycemic effect already induced by endogenous 26RFa production. We may speculate that the decrease of the glycemia induced by exogenous 26RFa is rather linked to an alteration of the insulin sensitivity than insulin secretion since no modification of plasma insulin levels was observed. Together, these findings confirm our previous data [START_REF] Prevost | Hypothalamic neuropeptide 26RFa acts as an incretin to regulate glucose homeostasis[END_REF] and support the view that the 26RFa/GPR103 system plays a crucial role to sustain normoglycemia in stimulatory conditions.

The second objective of the present study was to investigate whether an obese/chronic hyperglycemic status is associated with a dysfunction of the 26RFa/GPR103 system. For this purpose, we submitted mice to a HF diet for a period of three months. Measurement of weight and glycemia revealed that the HF mice were actually obese and intolerant to glucose. 26RFa did not affect basal plasma glucose levels neither in the HF mice nor in control animals. This observation is consistent with the incretin status of the neuropeptide previously reported [START_REF] Prevost | Hypothalamic neuropeptide 26RFa acts as an incretin to regulate glucose homeostasis[END_REF].

By contrast, we found that the anti-hyperglycemic effect of 26RFa observed during a glucose tolerance test in control mice was lost in HF mice. We previously showed that the antihyperglycemic effect of 26RFa was the result of both increased insulin sensitivity in target tissues and a direct stimulation of insulin production by the pancreatic β cells [START_REF] Prevost | Hypothalamic neuropeptide 26RFa acts as an incretin to regulate glucose homeostasis[END_REF]. Here, we show that during an insulin tolerance test, the beneficial effect of 26RFa on insulin sensitivity is significantly attenuated. This was probably due to the fact that the expression of GPR103 mRNA was down-regulated in muscle and adipose tissues of HF mice compared to controls.

In the in vivo experiments, we found that the stimulatory effect of 26RFa on insulin production was totally lost in the HF mice. We have previously shown that 26RFa exerts a direct insulinotropic effect on pancreatic β cells via activation of GPR103 [START_REF] Prevost | Hypothalamic neuropeptide 26RFa acts as an incretin to regulate glucose homeostasis[END_REF]. In this study, we used a human β pancreatic cell line that expresses GPR103 (i.e., EndoC-βH1cells) to 
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Comment citer ce document : Prévost, G., Arabo, A., Le Solliec, M.-A., Bons, J., Picot, M., Maucotel, J., Berrahmoune, H., El Mehdi, Chérifi, S., Benani, A., Nédélec, E., Coëffier, M., Leprince, J., Nordqvist, A., Brunel, V., Déchelotte, P., Lefebvre, H., Anouar, Y., Chartrel, N. (2019). The neuropeptide 26RFa (QRFP) is a key regulator of glucose homeostasis and its activity is markedly altered in 16 further explore the direct effects of 26RFa on insulin secretion. We show that 26RFa robustly stimulates insulin release by these cells. Treatment of the EndoC-βH1cells with palmitate, that mimics conditions of lipotoxicity observed in diabetes, totally abolished the insulinotropic effect of 26RFa. By contrast, the GLP-1 analogue, exenatide, was still able to stimulate insulin release (albeit with a reduced potency) under the same lipotoxic conditions. This latter observation is in agreement with previous studies showing a reduction of GLP-1-induced insulin secretion under conditions of lipo and glucotoxicity induced by a HF diet [START_REF] Hansen | Impaired incretin-induced amplification of insulin secretion after glucose homeostatic dysregulation in healthy subjects[END_REF].

Finally, we show that the expression of the 26RFa receptor is lowered in the EndoC-βH1cells cultured in lipotoxic conditions as well as in the pancreatic islets of HF mice, suggesting that this decreased expression of GPR103 in β-cells is responsible, at least in part, for the loss of the insulinotropic effect of 26RFa in obese/hyperglycemic conditions. In accordance with these findings, a loss of GIP insulinotropic effect has also been reported in type 2 diabetes [START_REF] Holst | Loss of incretin effect is a specific, important, and early characteristic of type 2 diabetes[END_REF][START_REF] Krarup | Effect of porcine gastric inhibitory polypeptide on beta-cell function in type I and type II diabetes mellitus[END_REF] and down-regulation of the GIP receptor has been proposed as one of the mechanisms underlying the lack of GIP activity in type 2 diabetic patients [START_REF] Ahren | Incretin dysfunction in type 2 diabetes: clinical impact and future perspectives[END_REF][START_REF] Kaneto | Down-regulation of pancreatic transcription factors and incretin receptors in type 2 diabetes[END_REF][START_REF] Piteau | Reversal of islet GIP receptor downreglation and resistance to GIP by reducing hyperglycemia in the Zucker rat[END_REF]. Similarly, a downregulation of the GLP-1 receptor has been described in pancreatic β cells under diabetic conditions that may underlie the reduced incretin effect of GLP-1 in diabetes [START_REF] Kaneto | Down-regulation of pancreatic transcription factors and incretin receptors in type 2 diabetes[END_REF]. However, some studies suggest that the loss or altered incretin effect in type 2 diabetes is a consequence of the diabetic state and not a primary event and that the incretin defect is mainly a consequence of general β cell dysfunction [START_REF] Chon | An update on the effect of incretin-based therapies on β-cell function and mass[END_REF][START_REF] Holst | Loss of incretin effect is a specific, important, and early characteristic of type 2 diabetes[END_REF][START_REF] Kaneto | Down-regulation of pancreatic transcription factors and incretin receptors in type 2 diabetes[END_REF][START_REF] Knop | Reduced incretin effect in type 2 diabetes. Cause or consequence of the diabetic state?[END_REF]. Together, these observations support the idea that the altered insulinotropic activity of the incretins in diabetes is probably the result of a down-regulation of their receptor expression in β-cells associated with a dysfunction of insulin synthesis and production.

We have previously found that the enterocytes of the duodenum are the main source of peripheral 26RFa and that its release to the general circulation is increased after an oral glucose challenge [START_REF] Prevost | Hypothalamic neuropeptide 26RFa acts as an incretin to regulate glucose homeostasis[END_REF]. Here, we show that, after an overnight fasting, the expression and Comment citer ce document : Prévost, G., Arabo, A., Le Solliec, M.-A., Bons, J., Picot, M., Maucotel, J., Berrahmoune, H., El Mehdi, Chérifi, S., Benani, A., Nédélec, E., Coëffier, M., Leprince, J., Nordqvist, A., Brunel, V., Déchelotte, P., Lefebvre, H., Anouar, Y., Chartrel, N. (2019). The neuropeptide 26RFa (QRFP) is a key regulator of glucose homeostasis and its activity is markedly altered in 17 production of 26RFa in the duodenum is significantly decreased in HF mice. This finding, together with the low expression of the 26RFa receptor in insulin target tissues in HF mice, suggests that the 26RFa/GPR103 peptidergic system is markedly altered under obese/chronic hyperglycemic condition. However, we concurrently show that, under stimulatory conditions (an oral glucose load), the duodenum of HF mice keeps its ability to produce and secrete large amounts of 26RFa in the general circulation and is even over-stimulated as compared to control mice. Indeed, in HF mice, plasma 26RFa levels still increase 2 h after the oral glucose load whereas, in mice fed a standard chow, they return to basal values as previously reported [START_REF] Prevost | Hypothalamic neuropeptide 26RFa acts as an incretin to regulate glucose homeostasis[END_REF]. Interestingly, this plasma 26RFa profile during the OGTT in HF animals follows that of duodenal 26RFa production suggesting that the duodenum is the main source of circulating 26RFa. In addition, these high plasma 26RFa levels 2 h after glucose ingestion might reflect the occurrence of a mechanism of action involving 26RFa production by the gut, aiming at decreasing glycemia. In this context, it would be interesting to investigate whether insulin, whose plasma levels also remain high 2 h after the oral glucose challenge in HF mice, could regulate 26RFa production by the gut as the hormone has already been reported to be able to regulate glucose intestinal absorption, in addition to its peripheral effects [START_REF] Tobin | Insulin internalizes GLUT2 in the enterocytes of healthy but not insulin-resistant mice[END_REF]. It is noteworthy that this discrepancy in the plasma 26RFa profile during an oral glucose tolerance test between normal and chronic hyperglycemic conditions is not found for GLP-1 and GIP

(2) and thus seems to be a specificity of 26RFa that deserves further investigation.

Finally, we show that administration of the 26RFa receptor antagonist 25e or 26RFa in obese/hyperglycemic mice has no effect on the glycemic response during an oral glucose tolerance test or an insulin tolerance test, nor an insulin secretion during an acute glucosestimulation insulin secretion test. This observation is in agreement with the blunted 26RFa response we have observed in HF mice and can be linked to the decreased expression of GPR103 in insulin target tissues and in β pancreatic cells of the HF mice. Comment citer ce document : Prévost, G., Arabo, A., Le Solliec, M.-A., Bons, J., Picot, M., Maucotel, J., Berrahmoune, H., El Mehdi, Chérifi, S., Benani, A., Nédélec, E., Coëffier, M., Leprince, J., Nordqvist, A., Brunel, V., Déchelotte, P., Lefebvre, H., Anouar, Y., Chartrel no significant difference between the PBS and the 26RFa groups whatever the type of diet given (inserts). Data represent means ± SEM of 5 independent experiments (n=20/group). ns, non significant; *, p<0.05; **, p<0.01; ***, p<0.001 vs mice fed a standard chow. Comment citer ce document : Prévost, G., Arabo, A., Le Solliec, M.-A., Bons, J., Picot, M., Maucotel, J., Berrahmoune, H., El Mehdi, Chérifi, S., Benani, A., Nédélec, E., Coëffier, M., Leprince, J., Nordqvist, A., Brunel, V., Déchelotte, P., Lefebvre, H., Anouar, Y., Chartrel HF mice exhibit a similar glycemic profile to that of mice fed a standard show, although their plasma glucose levels are significantly higher all along the test (C). Measurement of plasma insulin during the same test reveals that insulinemia is always higher in HF mice as compared to mice fed a standard chow, as assessed by the point by point statistical analysis and the calculation of the areas under the curves (D). In HF mice, plasma 26RFa concentration is similar to that of mice fed a standard chow during the first 30 min of the test, but the obese/diabetic mice exhibit a dramatic rise in plasma 26RFa levels at 120 min that is not observed in mice fed a standard chow (E), as underlined by the significant difference of the areas under the curves (F). Quantification of 26RFa concentration in the duodenum reveals Comment citer ce document : Prévost, G., Arabo, A., Le Solliec, M.-A., Bons, J., Picot, M., Maucotel, J., Berrahmoune, H., El Mehdi, Chérifi, S., Benani, A., Nédélec, E., Coëffier, M., Leprince, J., Nordqvist, A., Brunel, V., Déchelotte, P., Lefebvre, H., Anouar, Y., Chartrel, N. (2019). The neuropeptide 26RFa (QRFP) is a key regulator of glucose homeostasis and its activity is markedly altered in 
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Figure 1 :

 1 Figure 1: Consequence of blocking 26RFa action on glucose and insulin tolerance in control mice. (A, B) i.p. injection of the GPR103 antagonist 25e at a dose of 5 mg/kg significantly increases the blood glucose level during an oral glucose tolerance test (A, insert). During the same test, plasma insulin concentrations tend to be higher all along the test in animals that received the GPR103 antagonist (B), although statistical analysis does not reveal any significant difference between treated and non-treated animals (B insert). (C) Administration of 25e during an insulin tolerance test significantly reduces insulin sensitivity from 15 to 90 min after the i.p. injection of insulin. (D, E) i.p. administration of 26RFa (500 µg/kg) reduces significantly the hyperglycemia induced by a 2-g/kg oral glucose challenge (D), but without affecting plasma insulin levels (E). (Inserts) Calculation of the areas under the curves. Data represent means ± SEM of 3 independent experiments (n=10-15/group). *, p<0.05; **, p<0.01; *** p<0.001 vs non-treated animals.

Figure 2 :

 2 Figure 2: Effect of 26RFa on basal glycemia and glucose-induced hyperglycemia. (A, B) A 3-month high fat diet induces a highly significant weight gain (A) and increase of glycemia (B) right from the first month of treatment as compared to mice fed a standard chow. (C, D) Effect of i.p. administration of 26RFa (500 µg/kg) on basal plasma glucose levels. 26RFa does not alter basal plasma glucose during the 90 min following its injection neither in mice fed a standard chow (C) nor in HF mice (D). (E, F) Effect of i.p. administration of 26RFa(500 µg/kg) during a glucose tolerance test. 26RFa significantly attenuates the hyperglycemia induced by the i.p. injection of glucose (1.5 g/kg) throughout the duration of the test in mice fed a standard chow (E). In HF mice, the anti-hyperglycemic effect of 26RFa during the glucose tolerance test is totally abolished (F). Calculation of the areas under the curves reveal

Figure 3 :

 3 Figure 3: Effect of 26RFa on insulin tolerance. (A-C) i.p. administration of 26RFa (500 µg/kg) during an insulin tolerance test significantly potentiates insulin-induced hypoglycemia during the 90 min following the insulin load (0.75 Units/kg) in mice fed a standard chow (A) as illustrated by the quantification of the areas under the curves (C) whereas, in HF mice, the beneficial effect of 26RFa on insulin sensitivity is strongly attenuated (B, C). Data represent means ± SEM of 5 independent experiments (n=20/group). (D) Expression of GPR103 mRNA was determined by quantitative polymerase chain reaction and adjusted to the signal intensity of GAPDH in the muscle, the adipose tissue and the liver. GPR103 mRNA levels are significantly lowered in the muscle and adipose tissue of HF mice as compared to those measured in mice fed a standard chow. No expression of GPR103 is detected in the liver of control or HF mice. Data represent means ± SEM of 3 independent experiments (n=6-9/group). *, p<0.05 vs mice fed a standard chow.

Figure 4 :

 4 Figure 4: Consequence of blocking 26RFa action on glucose and insulin tolerance in HF mice. (A, B) Administration of the GPR103 antagonist 25e (5 mg/kg) during an oral glucose tolerance test in HF mice has no significant effect on plasma glucose (A) and insulin levels (C), as assessed by the calculation of the areas under the curves (inserts). (C) Similarly, i.p. injection of 25e does not alter insulin sensitivity during an insulin tolerance test in HF mice. (D, E) i.p. administration of 26RFa (500 µg/kg) has no significant effect on the hyperglycemia induced by an oral glucose challenge in HF mice (2 g/kg) (D), nor on plasma

  , N. (2019). The neuropeptide 26RFa (QRFP) is a key regulator of glucose homeostasis and its activity is markedly altered in 27 insulin levels (E). (Inserts) Calculation of the areas under the curves. Data represent means ± SEM of 3 independent experiments (n=10-12/group).

Figure 5 :

 5 Figure 5: Effect of 26RFa on insulin production. (A, B) 26RFa (500 µg/kg) stimulates significantly glucose-induced insulin production during an acute glucose (1.5 g/kg)-stimulated insulin secretion test in mice fed a standard chow (A), whereas injection of the neuropeptide has no effect on plasma insulin in HF mice (B). Data represent means ± SEM of 5 independent experiments (n=20/group). (C, D) Effect of 26RFa (10 -6 M) on insulin secretion by the human pancreatic β cell line EndoC-βH1non treated or treated by palmitate for 96 h. 26RFa significantly stimulates insulin secretion in untreated EndoC-βH1 cells incubated in a low glucose (LG) or a high glucose (HG) medium (C). Conversely, when the cells are treated with palmitate, the insulinotropic effect of 26RFa is abolished whatever the glucose concentration in the culture medium (D). Data represent means ± SEM of 4 independent experiments (n=10/condition). (E) Comparison of insulin secretion between native and palmitate-treated EndoC-βH1 cells. In non-stimulatory conditions, insulin release is not affected in palmitate-treated cells as compared to native cells. By contrast, under stimulatory conditions (26RFa or exenatide), the secreting response of the cells is significantly altered by the palmitate treatment. Data represent means ± SEM of 4 independent experiments (n=10/condition). (F) Expression of the glucose transporters GLUT-1 and GLUT-2, the GLP-1 receptor (GLP1R) and GPR103 mRNA was determined in native EndoC-βH1 cells and in palmitate-treated EndoC-βH1 cells by quantitative polymerase chain reaction and adjusted to the signal intensity of cyclophilin A. GLUT-1 and the GLP1R mRNA levels are not altered by the lipotoxic treatment of the cells whereas the expression of GLUT-2 and GPR103 is decreased in palmitate-treated cells. Data represent means ± SEM of 3 independent experiments (n=6-9/group). *, p<0.05; **, p<0.01. (G, H) Immunohistochemical labeling of

Figure 6 :

 6 Figure 6: Effect of the high fat diet on gut 26RFa production. (A, B) Expression and distribution of 26RFa in the duodenum of control and HF mice. Expression of 26RFa mRNA in the duodenum was determined by quantitative polymerase chain reaction and adjusted to the signal intensity of GAPDH, and its distribution was determined by immunohistochemistry. The expression of 26RFa is significantly lower in the duodenum of HF mice as compared to mice fed a standard chow (A). In agreement with this finding, the immunohistochemistry reveals an important decrease in the number of enterocytes immunostained with the 26RFa antibody in the duodenum of HF mice in comparison to duodenal slices of mice fed a standard chow (B). Scale bars: 50 µm. (C-G) Impact of a 2-g oral glucose load on plasma glucose, insulin and 26RFa, and on 26RFa content in the duodenum of HF mice and mice fed a standard chow. During an oral glucose challenge, the
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  26RFa content in HF mice under basal condition (G). During the oral glucose 653 tolerance test, 26RFa content in the duodenum exhibits a profile closely related to that of 654 plasma 26RFa in mice fed a standard chow as well as in HF mice with, in particular, a

	655	
	656	significant rise of duodenal 26RFa production 30 and 120 min after the oral glucose challenge
	657	in obese/diabetic animals (G). Data represent means ± SEM of 5 independent experiments
	658	(n=18-20/group). *, p<0.05; **, p<0.01; ***, p<0.001 vs mice fed a standard chow. §,
		p<0.05; § §, p<0.01 vs T0 min.
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Table 1 -Sequence of the primers used for the Q-PCR experiments
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In conclusion, we have confirmed, using a 26RFa receptor antagonist, that the neuropeptide 26RFa is a key regulator of glucose homeostasis by acting as an incretin and improving insulin tolerance. Our data also reveal a loss of the incretin and insulin-sensitive effect of 26RFa in obese/chronic hyperglycemic conditions that is associated with a downregulation of its receptor. Together, these observations strongly suggest that dysfunction of the 26RFa/GPR103 system participate to the general reduced incretin effect and insulin intolerance observed in diabetes.
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