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Abstract

AIM

To determine whether Nucb2/nesfatin1 production is regulated by the cannabinoid system through the intracellular mTOR pathway in the stomach.
METHODS

Sprague Dawley rats were treated with vehicle, rimonabant, rapamycin or rapamycin+rimonabant. Gastric tissue obtained from the animals was used for biochemical assays: Nucb2 mRNA measurement by real time PCR, gastric Nucb2/nesfatin protein content by western blot, and gastric explants to obtain gastric secretomes. Nucb2/nesfatin levels were measured in gastric secretomes and plasma using enzyme-linked immunosorbent assay. 
RESULTS

The inhibition of cannabinoid receptor 1 (CB1) by the peripheral injection of an inverse agonist, namely rimonabant, decreases food intake and increases the gastric secretion and circulating levels of Nucb2/nesfatin-1. In addition, rimonabant treatment activates mTOR pathway in the stomach as showed by the increase in pmTOR/mTOR expression in gastric tissue obtained from rimonabant treated animals. These effects were confirmed by the use of a CB1 antagonist, AM281. When the intracellular pathway mTOR/S6k was inactivated by chronic treatment with rapamycin, rimonabant treatment was no longer able to stimulate the gastric secretion of Nucb2/nesfatin-1.
CONCLUSION

The peripheral cannabinoid system regulates food intake through a mechanism that implies gastric production and release of Nucb2/Nesfatin-1, which is mediated by the mTOR/S6k pathway.
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Core tip: The peripheral pharmacological blockade of the cannabinoid receptor 1 (CB1) induces a decrease in food intake in rats by stimulating the gastric secretion, and consequently the circulating levels, of the anorexigenic peptide Nucb2/nesfatin-1. The present data show that gastric CB1 receptors modulate Nucb2/Nesfatin-1 production in the stomach at the intracellular level, which is mediated by the mTOR pathway. 

INTRODUCTION

Nucb2/nesfatin-1 is a 42 kDa peptide, first discovered as an anorexigenic factor that regulates energy balance. The product of the Nucb2 gene is a 396 amino acid secreted peptide that, after being processed by the enzyme prohormone convertase (PC-1/2), becomes the N-terminal fragment known as nesfatin-1[1]. Nucb2 is mainly expressed in the gastric mucosa and adipose tissue, although its expression has also been detected elsewhere, such as hypothalamus, brain stem, pancreas and testis[1-5]. In the gastrointestinal tract, Nucb2 is most highly expressed in the X/A cells from the oxyntic mucosa of the stomach, which also synthesizes ghrelin, the main peptide hormone in the gastrointestinal tract[4,6,7]. 

Despite being secreted by the same cells, Nucb2 and ghrelin have opposing biological functions and regulation. Central and peripheral administration of Nucb2 suppresses feeding behavior[1,8], while ghrelin stimulates appetite[9,10]. Interestingly, the fact that Nucb2 and ghrelin are produced in the same gastric cells but in different vesicles suggests that both proteins might experience differential regulation at the gastric level to maintain energy balance. Supporting this theory, Nucb2/nesfatin-1 production and regulation by nutritional status decreases during fasting[1], while ghrelin levels are up-regulated[11]. Lastly, this decrease in Nucb2 production during fasting conditions is concomitant with inhibition of the mTOR/pS6k1 pathway, a sensor of the metabolic status of organisms[12]. Ghrelin secretion, meanwhile, is negatively associated with mTOR/pS6k1 pathway activity under fasting conditions[13]. 

The cannabinoid system plays an important role as an endogenous regulator of energy balance, acting at multiple levels. One of those mechanisms includes its interaction with gastric ghrelin production to regulate appetite and body weight[14]. More specifically, the blockade of the cannabinoid receptor CB1 decreases ghrelin expression in the stomach, and this effect was mediated by activation of the mTOR/pS6k1 pathway[14]. Taking into account the opposing functions and regulation of ghrelin and Nucb2/nesfatin at the gastric level, as well as their opposite relationship with the mTOR/S6K1 pathway, we sought to investigate whether the cannabinoid system might also regulate Nucb2/nesfatin-1 production in the stomach and whether the mTOR/pS6k1 intracellular pathway me​diates this effect.

MATERIALS AND METHODS
Ethics statement

The authors of this manuscript declare that the animal work in this study was approved by the Animal Care Committee of Santiago de Compostela University (Santiago de Compostela, Spain) in accordance with our institutional guidelines and the European Union standards for the care and use of experimental animals. The approaches in the present manuscript were performed under the procedure 15005/2015/003 reviewed and approved by the Faculty Animal Committee at the University of Santiago de Compostela.
Animal and experimental design

Male Sprague-Dawley rats were housed in air-conditioned rooms (22-24 ℃) under a controlled light/dark cycle (12 h light, 12 h darkness) with free access to food and water. The animals were euthanatized, trunk blood was collected and immediately centrifuged, and the plasma was stored at -80 ℃ for biochemical measurements. 

Effects of pharmacological blockade of CB1 on food intake, gastric Nucb2 production, gastric Nucb2 secretion and plasma Nucb2/nesfatin-1 levels

A group of overnight fasted adult male rats was treated with Rimonabant intraperitoneal (i.p.) at a dose of 3 mg/kg (drug or vehicle, a solution of saline-DMSO 70%). To corroborate the data, a second set of animals was treated with AM-281 (Tocris Cookson Inc., Ellisville, MO), a CB1 antagonist. Animals were assigned to one of two experimental groups: the first group of rats was fasted for 36 h before receiving either an i.p. injection of Rimonabant or AM281 (3 mg/kg) 1 h prior to euthanasia (Rimonabant or AM281 group). The second group was fasted for 36 h prior to receiving an injection of vehicle (DMSO) 1 h before euthanasia (Control group). After sacrifice, the stomach was surgically excised and the plasma collected. 

An additional set of animals was utilized to perform the food intake study. A group of overnight fasted adult male rats was treated with Rimonabant (i.p.) at a dose of 3 mg/kg or vehicle (a solution of saline-DMSO 70%) and immediately after treatment allowed free access to chow diet. One hour after the injection, the amount of food eaten was recorded for each rat. 

Effects of pharmacological blockade of CB1 on gastric Nucb2 production, gastric Nucb2 secretion and plasma Nucb2/Nesfatin-1 in animals with a pharmacological inhibition of the gastric mTOR signaling by rapamycin treatment

Adult male rats were assigned to one of two experimental groups: 36-hour fasted animals treated with rapamycin (1 mg/Kg i.p. for 6 d) (Rapa group); 36-h fasted animals treated with rapamycin (1 mg/Kg i.p. for 6 d) and rimonabant (3 mg/Kg i.p.) 1 h before euthanasia (rapa+rimo group). Rapamycin was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, United States). 

Experimental techniques 

Tissue explant culture: Tissue explants were obtained from adult Sprague-Dawley rats. To obtain ex vivo tissue explants, after euthanasia the stomachs were rapidly excised and transported to the lab in Krebs-Ringer-HEPES buffer (NaCl, 125 mmol/L; KCl, 5 mmol/L; MgSO4, 1.2 mmol/L; KH2PO4, 1.3 mmol/L; CaCl2, 2 mmol/L; glucose, 6 mmol/L; HEPES, 25 mmol/L; pH 7.4). After removing the blood vessels and connective tissue, the stomach was washed with sterile Krebs-Ringer-HEPES buffer. The tissue explants were placed in six-well dishes containing 2.5 mL of Dulbecco’s modified Eagle’s medium supplemented with L-glutamine (200 mmol/L), penicillin (1000 U/mL) and streptomycin (100 g/mL). After a pre-incubation period of 1 h at 37 ℃ under a humidified atmosphere of 95% air-5% CO2, the media was aspirated, and 2.5 mL of fresh medium was added into each well. The culture medium was collected after 2 h and tissue was weighed[11]. The samples were stored at -80 ℃ until used for biochemical analysis or processed to sample concentration by ultracentrifugation units (Amicon Ultra 3-kDa cut off, Millipore, Billerica, United States) for Western blot analyses. 
Protein extraction and Western blotting analyses

The fundus of the stomach was obtained after euthanasia from animal models and homogenizated using a TissueLyser II (Qiagen, Tokyo, Japan) in cold RIPA buffer [containing 200 mmol/L Tris/HCl (pH 7.4), 130 mmol/L NaCl, 10% (v/v) glycerol, 0.1%(v/v) SDS, 1%(v/v) Triton X-100, 10 mmol/L MgCl2] with anti-proteases and anti-phosphatases (Sigma-Aldrich; St. Louis, MO, United States). The tissue lysates were centrifuged for 10 min at 18000 g in a microfuge at 4 ℃. Then, 30 g of stomach mucosa were separated in 10% sodium-dodecyl sulfate-polyacrylamide gels (SDS-PAGE) and transferred onto nitrocellulose membranes. Equal loading was confirmed by measuring the amount of -actin in whole tissue protein extracts. The membranes were probed successively with primary antibodies and peroxide-conjugated secondary antibodies (Jackson Immunoresearch, Baltimore, United States). Specific antigen-antibody binding was visualized using a chemiluminescence method according to the manufacturer’s instructions (Pierce ECL Western Blotting Sustrate, Thermo Scientific). Primary anti-nesfatin-1 (1-82) was purchased from Phoenix Pharmaceuticals, Inc. (Burlingame, United States) and anti- -actin (A-5316) was purchased from Sigma Chemical Co., (St Louis, MO, United States). 
Western blots were performed using independent samples from different rats belonging to each group. -actin detection was performed for all western blots as a loading control. The Western blot data are expressed as the mean ± SEM of percentages normalized to -actin levels (arbitrary units). 

RNA isolation and real-time quantitative RT-PCR

Total RNA was isolated from the stomach mucosa of animals using TRIzol (Invitrogen, CA, United States), according to the manufacturer’s recommendations. The extracted total RNA was purified with DNase treatment using a DNA-free kit as a template (Ambion, United States) to generate first-strand cDNAs using a High-capacity cDNA Reverse Transcription kit (Applied Biosystems, United States). Quantitative real-time PCR was performed using a StepOne Plus Instrument (Applied Biosystems) with specific Taqman qRT-PCR primers and probes. For analyses, the NUCB2 gene expression levels (Assay ID: Rn01510621_m1) were normalized to the mRNA expression levels of the housekeeping gene hypoxanthine phosphoribosyltransferase 1 (HPRT1) (Assay ID: Rn01527840_m1, TaqMan: Applied Biosystems) and are expressed relative to the average value of the control group.
Biochemical analysis 

Variations in the Nucb2 mRNA expression were measured in the rat gastric mucosa by real-time PCR and immunoblotting was performed to test the Nucb2 protein content in the mucosa. 

To measure plasma Nucb2/Nesfatin-1 levels, blood samples were collected in tubes containing EDTA (1 mg/mL blood) and immediately centrifuged. Gastric tissues explants obtained from the experimental animals were incubated as described below[11]. The secretome collected from the gastric explants were immediately processed for sample concentration (corrected per gram of tissue) by ultra-centrifugation units (Amicon Ultra UFC800324 and UFC500324 off, Millipore, Billerica, United States). Nucb2/Nesfatin-1 secretion was measured by ELISA in the secretome and plasma using reagents kits and methods provided by Phoenix Pharmaceuticals, Inc. (Burlingame, United States). The assay sensitivity limit was 0.1 ng/mL. The results are expressed as ng/mL of NUCB2/nesfatin-1. 

Statistical analysis
The data are presented as the mean ± SEM. Statistical analyses were performed with GraphPad Prism 5 software. Analyses comparing different groups were performed using the non-parametric Mann-Whitney U test. The statistical significance is indicated as follows: aP < 0.05 and bP < 0.01.

RESULTS

Effects of pharmacological blockade of CB1 on food intake, gastric Nucb2 production, gastric Nucb2 secretion and plasma Nucb2/nesfatin-1 levels

Animals administered rimonabant (i.p.) showed a decrease in food intake after 1 h compared to control group (Figure 1A). Gastric mRNA levels of Nucb2 (Control: 1.02 ± 0.06 vs Rimonabant: 0.74 ± 0.06 arbitrary units, aP < 0.05) (Figure 1B) and Nucb2 protein content in gastric mucosa (Control: 100 ± 6.81 vs Rimonabant: 76.23 ± 4.76, aP < 0.05) (Figure 1C) were significantly reduced after the blockade of the peripheral CB1 receptors with rimonabant. The decreased content in Nucb2 in the gastric mucosa in the group of animals treated with rimonabant was associated with an increased secretion of Nucb2/Nesfatin-1 from the stomach, as found by Nucb2/Nesfatin-1 values measured in the secretome obtained from gastric explants (control 0.16 ± 0.06 vs rimonabant 0.71 ± 0.22, bP < 0.01 ) (Figure 1D). The circulating levels of Nucb2/Nesfatin-1 measured in plasma were accordingly increased after rimonabant treatment (control 5.83 ± 0.39 ng/mL vs rimonabant 7.37 ± 0.4 ng/ml, aP < 0.05) (Figure 1E). 

In keeping with data from the rimonabant treatment, the i.p. injection of a CB1 antagonist (AM281) caused a decrease in mRNA levels of Nucb2 (Control: 1.02 ± 0.06 vs AM-281: 0.78 ± 0.06 arbitrary units, aP < 0.05) (Figure 2A). Moreover, the measurement of Nucb2 secretion from gastric explants from animals treated with AM-281 showed a tendency towards an increase in gastric Nucb2 secretion, although it was not statistically significant (Figure 2B). In addition, circulating Nucb2/nesfatin-1 levels analyzed by ELISA showed a significant increase after AM281 treatment (Control: 3.39 ± 0.13 ng/mL vs AM281: 4.46 ± 0.38 ng/mL, aP < 0.05) (Figure 2C). 

Effects of pharmacological blockade of CB1 on gastric Nucb2 production, gastric Nucb2 secretion and plasma Nucb2/Nesfatin-1 in animals with inhibited gastric mTOR signaling

We found that gastric CB1 blockade with rimonabant treatment in the fasting state induces activation of the mTOR/S6K1 pathway (vehicle: 100 ± 13.99 vs rimonabant: 198.11 ± 34.5; P < 0.05) (Figure 3A). Accordingly, in the present work we observed that AM281 administration to fasted animals induces activation of the mTOR/pS6K1 pathway, as observed by increased expression of pmTOR/mTOR in the gastric mucosa of AM281 treated animals compared to controls (vehicle, 100 ± 13.41 vs AM281, 154.13 ± 15.31, P < 0.05) (Figure 3C). 

In light of mTOR pathway activation in response to gastric CB1 blockade with rimonabant, the next step was to determine whether this pathway might be mediating the effect of cannabinoids on Nucb2/nesfatin-1 production. To this end, we administered rimonabant to a group of animals subjected to chronic rapamycin treatment to establish mTOR pathway inactivation. We find that, contrary to the effects found in control rats, i.p. administration of rimonabant to animals previously treated with rapamycin did not affect gastric Nucb2 mRNA levels (Figure 4A), gastric Nucb2/Nesfatin-1 protein levels (Figure 4B), gastric secretion of Nucb2/Nesfatin-1 (Figure 4C) or circulating levels of Nucb2/Nesfatin-1 (Figure 4D). 

DISCUSSION

Ghrelin and Nucb2/Nesfatin-1 are co-expressed in the same endocrine cells of the stomach, together with the cannabinoid receptor CB1[4]. In the present study we show, for the first time to our knowledge, that Nucb2/Nesfatin-1 regulation in the stomach is governed by the cannabinoid system in an inverse relation to the described in the bibliography for ghrelin[14]. First, we found that blockade of the endogenous CB1 receptor at peripheral level with two different antagonists, rimonabant and AM281, increases gastric Nucb2/Nesfatin-1 secretion, which is reflected by an increase in the circulating levels of this peptide. An anorexigenic effect of Nucb2/nesfatin-1 has been extensively described[4] animals treated with rimonabant showed a significant decrease in food intake. The anorexigenic effect after CB1 blockade might be attributed to the increased production of Nucb2/nesfatin-1 in the stomach. Moreover, it was previously shown that the peripheral blockade of CB1 with rimonabant resulted in decreased food intake that was mediated by a decrease in the production of the orexigenic ghrelin[14]. Altogether, the data in the present study shows that Nucb2/nesfatin-1 is regulated in the stomach in a way that is diametrically opposed to those previously described for ghrelin, suggesting an equilibrium at the gastric level between the anorexigenic Nucb2/nesfatin-1 and the orexigenic ghrelin that regulates food intake to maintain body weight. 
The next step of the present work was to un-derstand the intracellular mechanism mediating the effect of the cannabinoid system on gastric Nucb2/nesfatin-1. It was previously demonstrated that the regulation of ghrelin production in the stomach by the cannabinoid system is driven by the mTOR/S6K1 pathway[14]. In this sense, it was also reported that Nucb2/nesfatin-1 production in the stomach is modulated by mTOR signaling during nutritional changes[12]. Taking into account that ghrelin and Nucb2/nesfatin-1 are produced in the same cell type in the stomach, we wanted to determine whether the intracellular mTOR/S6K1 pathway may also be involved in the gastric regulation of Nucb2/nesfatin-1 by the cannabinoid system. As expected, pharmacological blockade of CB1 with rimonabant, or AM281, activated the mTOR/S6K1 pathway, which is a sensor of nutritional status. 

In light of the present findings the blockade of the cannabinoid system by CB1 antagonism with rimonabant or AM281 exerts the activation of the mTOR pathway and the increase of the anorexigenic signal Nucb2/nesfatin-1 that induces satiation. 

To further confirm our results and to more com-pletely explore the mechanism mediating the effects of cannabinoid on Nucb2/nesfatin-1 production and release, we investigated whether injection of rimonabant would be effective in animals with mTOR/S6K1 pathway inactivation. In agreement with our hypothesis, peripheral injection of rimonabant did not affect gastric Nucb2/nesfatin-1 production or circulating levels in rats with an inactivated mTOR/S6K1 pathway by rapamycin treatment. 

In summary, the main findings of this present research are as follows: (1) peripheral CB1 receptors modulate food intake and the data might suggest that these regulation is drive through a mechanism that implies gastric Nucb2/nesfatin-1 production; (2) gastric CB1 receptors modulate Nucb2/nesfatin-1 production in the stomach at the intracellular level mediated by the mTOR pathway; and (3) taking into account previous data with reference to cannabinoid regulation of ghrelin[14] and the present, we can conclude that Nucb2/nesfatin-1 and ghrelin are re​gulated at the gastric level by the cannabinoid system in a diametrically oppositional manner to regulate the food intake and maintain energy balance (Figure 5). 

Altogether, the data in the present paper show for the first time that the cannabinoid system, and more precisely CB1, regulates the nutrient sensor mTOR, consequently controlling the production of the anorexigenic hormone Nucb2/Nesfatin-1. Moreover, this newly described mechanism also provides clues to the balance of anorexigenic and orexigenic signals in the stomach that maintain energy homeostasis. Further work should focus on testing whether this gastric mechanism is affected under pathological conditions such as obesity or anorexia, which lead to an unhealthy body weight. Moreover, the possibility of modulating a peripheral target, such as Nucb2/Nesfatin-1, may represent a novel pharmacological therapy for obesity, thereby potentially avoiding the non-desirable off-target effects of many drugs. 
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Figure 1  Effects of pharmacological blockade. Food Intake (A), mRNA expression levels measured by real-time PCR for Nucb2 (B), Nucb2 protein levels and representative Western blot from the mucosa; -actin was used as a loading control (C). Dividing lines indicate splicings within the same gel; D: Nucb2/Nesfatin-1 secretion from tissue explant analyzed by ELISA; E: Plasma Nucb2/Nesfatin-1 levels obtained from 36-h fasted animals that received i.p. treatment with Rimonabant (3 mg/kg i.p.) (n = 9) or vehicle (n = 9). aP < 0.05, bP < 0.01. 
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Figure 2  mRNA expression levels measured by real-time PCR for Nucb2 (A), nucb2/nesfatin-1 secretion from tissue explant analyzed by ELISA (B), plasma Nucb2/nesfatin-1 levels (C) obtained from 36-h fasted animals that received i.p. treatment with AM281 (3 mg/Kg i.p.) (n = 6) or vehicle (n = 6). aP < 0.05 vs control.
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Figure 3  Measures of phospho-mTOR/mTOR levels (A) and phospho-S6K1/S6K1 (B) in gastric mucosa and representative Western blots from animals in the fasting state treated with i.p. rimonabant or vehicle (n = 9). Measures of phospho-mTOR/mTOR levels (C) and phospho-S6K1/S6K1 (D) in gastric mucosa and representative Western blots from animals in the fasting state treated with i.p. AM281 (n = 6) or vehicle (n = 6). -actin was used as a loading control. Dividing lines indicate splicings within the same gel. The results are expressed as percentages over control, aP < 0.05.
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Figure 4  mRNA expression levels measured by real-time PCR for Nucb2 (A), Nucb2 protein levels and representative Western blot from the mucosa. -actin was used as a loading control. Dividing lines indicate splicings within the same gel (B), Nucb2/Nesfatin-1 secretion from tissue explant analyzed by ELISA (C), plasma Nucb2/Nesfatin-1 levels (D) obtained from 36-h fasted animals treated with rimonabant i.p. (n = 9) and/or rapamycin i.p. chronically for 1 wk (n = 9).
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Figure 5  Graphical abstract describing the pathways of ghrelin and nucb2/nefastatin-1 and association with cannabinoid system and mTOR pathway regulating food intake. 
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