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Abstract
Background/Aims: Roux-en-Y Gastric Bypass, RYGB, is the most effective strategy to control 
body weight in morbid obesity. RYGB leads to rapid improvement of glycemic status and weight 
loss, which are largely attributed to the alteration of gastrointestinal hormones including 
ghrelin. The current study examined potential mechanisms of altered ghrelin synthesis after 
RYGB. Methods: Gastric mammalian target of rapamycin (mTOR) signaling, ghrelin synthesis 
and secretion were determined in lean or obese male mice with or without RYGB operation, as 
well as in obese patients pre- and post-RYGB surgery. Ghrelin expression and mTOR signaling 
were investigated by western blotting and immunohistochemistry. Ghrelin mRNA levels were 
detected by real-time PCR. Plasma ghrelin was measured by enzyme immunoassay. Results: 
mTOR activity in the gastric fundus was significantly lower than in the forestomachs. Both of 
them were decreased after 24h fasting. A significant negative correlation was found between 
gastric levels of phospho-S6 (phospho-S6 ribosomal protein) and proghrelin during changes 
of energy status. mTOR activity was activated, whereas ghrelin expression was inhibited by 
Roux-en-Y Gastric Bypass in both rodents and human beings. Increment of ghrelin synthesis 
and decline of mTOR signaling induced by rapamycin were significantly reversed by RYGB in 
both lean and obese mice. Administration of Ad-S6K1 (adenovirus-mediated p70 ribosomal 
protein subunit 6 kinase 1) from tail vein suppressed the expression of ghrelin in RYGB- 
operated mice relative to control animals. Conclusion: mTOR is therefore a gastric fuel sensor 
whose activity is linked to the regulation of ghrelin after Roux-en-Y Gastric Bypass.
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Introduction

The obesity epidemic has grown in severity over the past several decades and is now 
a worldwide public health priority [1]. Long-term studies show that bariatric surgery causes significant weight loss, recovery from type 2 diabetes and expeditious metabolic improvements [2-4]. Roux-en-Y Gastric Bypass (RYGB) is a popular and efficacious form of bariatric operation [5-7]. In RYGB, the stomach is divided into a small upper pouch and a much larger lower remnant pouch. In addition, the jejunum is also transected, and the distal portion of the small intestine (mid-jejunum and ileum) is connected directly to the 
small upper pouch so that meal contents bypass the lower stomach and the upper small bowel [8, 9]. The weight loss and improvement of glycemic status after RYGB are thought, in a large part, to be the results of RYGB-induced rerouting of nutrients, which in turn to alter the secretion of gastrointestinal hormones, such as glucagon-like peptide-1, peptide YY, cholecystokinin, and ghrelin [10-14].Ghrelin is a growth-hormone-releasing peptide that was firstly purified from the stomach [15]. Gastric X/A like cells have been identified as the predominant source of circulating ghrelin [16, 17]. Acylated ghrelin and des-acyl ghrelin are two major forms of ghrelin peptide in gastrointestinal tract. Acyl-ghrelin is octanoylated at serine-3 by ghrelin O-acyltransferase (GOAT), which allows ghrelin to bind to its receptor, the growth hormone secretagogue receptor 1a (GHSR-1a), to exert its biologic actions [18, 19]. Another form of ghrelin, des-acyl ghrelin, also has been shown to exert some biological activities, although these presumably occur via GHSR-independent mechanisms [20]. Ghrelin is best known for its orexigenic and glucoregulatory actions. Administered acyl-ghrelin potently stimulates appetite by triggering receptors in the arcuate nucleus that include the orexigenic neuropeptide Y (NPY) and agouti-related protein (AgRP) neurons [21-25]. Ghrelin increases fasting blood glucose through suppression of insulin secretion [21, 26, 27]. Ghrelin levels show a preprandial rise and a postprandial fall [28]. Unexpectedly, ghrelin levels are negatively correlated with body weight in humans and rodents [29, 30]. Literatures illustrate that RYGB operation is accompanied by varying plasma ghrelin, either increased, decreased or unchanged ghrelin levels, depending on the procedure and monitoring time [14]. Although the secretion of ghrelin after gastrointestinal weight-loss surgeries has been the matter of numerous studies, to the best of our knowledge, only few reported the synthesis of ghrelin after RYGB.Ninety percent of ghrelin is produced by the stomach and duodenum tissues [16, 21]. As the gastrointestinal tract is directly remolded by RYGB, we speculated that ghrelin synthesis may be disturbed following this operation. The molecular mechanisms by which postoperative X/A like cells sense fuel status at the organism level and regulate ghrelin production are currently unknown. Our previous studies indicate that mammalian target of rapamycin (mTOR) is a gastric fuel sensor whose activity is linked to the regulation of energy intake through ghrelin [31]. mTOR integrates signals from nutrients, growth factors, cellular energy stores, and other cues to control a variety of important cellular processes including growth, proliferation, differentiation. The mTOR pathway is a central regulator of metabolism, with important roles in the function of tissues including liver, muscle, white and brown adipose tissue, and the brain [32]. Moreover, the activity of mTOR is dysregulated in human diseases, such as diabetes, obesity, and certain cancers [33]. The goal of this study is to investigate mechanisms that contribute to altered ghrelin levels after RYGB. We hypothesized that ghrelin levels are altered through the change of gastric mTOR signaling after RYGB operation. We tested this hypothesis in both mice and human subjects with obesity and after weight loss induced by RYGB. Here, we present evidence that gastric mammalian target of rapamycin signaling contributes to inhibition of ghrelin production induced by Roux-en-Y Gastric Bypass. Our data identify gastric specific regulation of ghrelin gene expression as a new mechanism of action for mTOR after RYGB operation, thus expanding its interest as a potential target for the treatment of obesity.
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Materials and Methods

MaterialsRapamycin and DMSO were purchased from Sigma Chemical Co. (St. Louis, MO). Rabbit anti-Phospho-mTOR (Ser2448), anti-Phospho-p70 S6 Kinase (Thr389), anti-Phospho-S6 (Ser235/236), anti-mTOR, anti-p70 S6 Kinase, anti-S6 antibodies and mouse monoclonal anti-β-actin were from Cell Signaling Technology (Beverly, MA). Mouse anti-ghrelin was from Abcam Inc. (Cambridge, MA). Horseradish peroxidase-conjugated, donkey anti-Rabbit IgG and donkey anti-Mouse IgG were purchased from Jackson ImmunoResearch (West Grove, PA). Immobilon western chemiluminescent HRP substrate was from Millipore (Temecula, CA). Trizol reagent and the reverse transcription (RT) system were from Promega Inc. (Madison, WI). Ghrelin enzyme immunoassay kit was from Phoenix Pharmaceuticals Inc. (Burlingame, CA). Regular chow (NCD: 3.85 kcal/g, 10% fat, 20% protein, 70% carbohydrate, formula D12450B) and high-fat diet (5.24 kcal/g, 60% fat, 20% protein, 20% carbohydrate, formula D12492) were from Research Diets, Inc. (New Brunswick, NJ).
Animals and treatmentsMale C57BL/6J mice were housed and maintained in a regulated environment (24°C, 12-h light, 12-h dark cycle with lights on at 07:00 and off at 19:00). Regular chow, high-fat diet (HFD) and water were 

available ad libitum unless specified otherwise. Animals used in this study were handled in accordance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH Publications No. 8023, revised 1978). All animal protocols were approved by the Animal Care and Use Committee of Jinan University. To examine the effects of fasting on mTOR signaling and ghrelin production in mouse forestomach and fundus, 12-week-old C57BL/6J male mice were fed or fasted for 24 h. To determine the effects of RYGB on ghrelin production under alteration of gastric mTOR signaling, 16-week-old C57BL/6J male mice were randomly divided into RYGB- and sham-operated group. After 4-week recovery, mice received i.p. injection with DMSO or rapamycin (1 mg/kg), or administrated with Ad-GFP (109pfu) or Ad-S6K1 (109pfu) from tail veins for 9 consecutive days before sacrifice.
Surgical procedures and postoperative careRYGB and sham surgeries were performed as previously described [34, 35]. Animals were fasted 4 to 6 hours before operation. Standard aseptic procedures were used throughout.For RYGB, firstly, a small gastric pouch with a volume of approximately 5% of the normal gastric volume was made, then the pouch was anastomosed with the open end of the jejunum. The jejunum was transected about 2 cm distal to the ligament of Treitz, and the distal end was brought up to the gastric pouch for end-to-end anastomosis. For the jejuno-jejunostomy, a longitudinal slit was made on the antimesenteric side of the jejunum at 6 cm distal to the site of gastrojejunostomy, and the proximal end of the jejunum was joined in an end-to-side anastomosis. Before closing of the abdominal cavity, the intestine was arranged in an ‘‘S’’ 

position to avoid intestinal obstruction.For the sham operation, the perigastric ligaments were cut, and then a 3 mm incision was made in the stomach wall and closed with a titanium clip. In addition, the jejunum was transected 2 cm distal to the ligament of Treitz. Post-operative care was performed as previously described [36].
Measurement of body weight and food intakeBody weight was measured daily. Food intake was measured in mice from day 29 to day 35 after surgery. Average daily intake was calculated with taking spillage into account.
Western blot analysisThe tissues were homogenized on ice in the lysis buffer. After centrifugation and protein quantification, proteins were loaded onto SDS-PAGE gels, and then transferred to nitrocellulose membranes. The membranes were incubated in 5% nonfat dry milk in TBST for 1 h at room temperature, followed by incubation overnight at 4°C with the primary antibodies. The antibodies were detected using 1:10, 000 horseradish peroxidase-conjugated, donkey anti-Rabbit IgG and donkey anti-Mouse IgG (Jackson ImmunoResearch, PA). A western blotting luminol reagent was used to visualize bands corresponding to each antibody. The band intensities were quantitated by Image J software.
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RNA extraction, quantitative real-time PCRFor gene expression analysis, RNA was isolated from mouse and human tissues using Trizol and reverse-transcribed into cDNAs using the First-Strand Synthesis System for RT-PCR kit. SYBR Green-based real-time PCR was performed using the Mx3000 multiplex quantitative PCR system (Stratagene, La Jolla, CA). Triplicate samples were collected for each experimental condition to determine relative expression levels. Sequences for the primer pairs used in this study were shown in Table 1.

Measurements of ghrelinBlood samples were collected after anesthesia in the presence of aprotinin (2μg/ml) and EDTA (1mg/ml). HCl was added into plasma for a final concentration of 0.1mol/l to prevent ghrelin from degradation. Plasma was harvested and stored at -80°C before use. Total ghrelin was measured using an enzyme immunoassay kit according to the manufacturer’s instruction.
ImmunohistochemistryGastric mucosal biopsies were postfixed in 4% paraformaldehyde, dehydrated, embedded in wax, and sectioned at 6μm. Paraffin-embedded sections were dewaxed, rehydrated, and rinsed in PBS. After boiling for 10 min in 0.01 mol/l sodium citrate buffer (pH 6.0), sections were blocked in 5% goat preimmune serum in PBS for 1 h at room temperature and then incubated overnight with rabbit phospho-S6 (Ser235/236) (1:100) or mouse monoclonal antibody to ghrelin (5μg/ml). Tissue sections were then incubated at 22°C for 2 h with the following secondary antibodies: Goat anti-Mouse fluorescein isothiocyanate-conjugated IgG (1:50) or Dylight 594 Affinipure Donkey anti-Rabbit IgG (1:100). Photomicrographs were taken under a confocal laser-scanning microscope (Leica, Germany).

Table 1. List and sequences of primers used in RT-PCR experiments e e e e  e o  e ue e ess o  u e s  Mouse e   o   o M  e e se   Mouse e   o   o M  s e se e e se   Mouse β  o   o M  e e se   u  e  o   o M  e e se   u   o   o  e e se              

Table 2. Clinical and biochemical characteristics of patients. Anthropometric data. All patients undertook a 12-h fasting before blood collection for biochemical tests. Clinical biochemistry testing was conducted by Hitachi Automatic Biochemistry Analyzer (Hitachi High-technologies Corporation, Tokyo). ALT, Alanine aminotransferase; AST, Aspartate transaminase; BMI, body mass index; HDL, high-density lipoprotein; LDL, low-density lipoprotein; TG, triglyceride. Data are mean ± SEM. Differences between groups were analyzed by Mann-Whitney U rank sum test. n = 6. P value 1 represents lean participants vs. obese participants; P value 2 represents post-RYGB participants vs. obese participants

                   e e  e  ese os   ue   ue  e e         o  e         M        u ose o         o         o es e o  o          o          o                             
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Recruitment of human subjects and collection of gastric mucosaSix obese male participants with type 2 diabetes, six one-year post-RYGB patients and six normal glycemic participants were enrolled in the study. All participants have not taken any drugs one week before biopsy collection. Individuals were excluded if they had a history of diabetic ketoacidosis, uncontrolled type 2 diabetes (HbA1c>12%), gastrointestinal disease, malignant disease within five years, significant cardiopulmonary or renal disease, active eating disorder, drug and/or alcohol abuse, impaired mental status. Anthropometric data are provided in Table 2. Participation in this study was voluntary, and written informed consent was obtained from each participant. The research was conducted ethically in accordance with the World Medical Association Declaration of Helsinki. All protocols were approved by the Research Ethics Committee of The First Affiliated Hospital of Jinan University. All participants were fasted for 12 h before biopsy collection. Mucosal biopsies were taken from sedated participants using a gastroscope (GIF-HQ290; Olympus). Tissue samples were extracted for protein and RNA or for immunohistochemistry, 
respectively.

Statistical analysisAll data are expressed as mean values ± SEM. Differences were significant with p values less than 0.05. The correlation was determined by Pearson analysis. Mann-Whitney U rank sum test and Factorial design analysis of variance (ANOVA) were conducted where appropriate and indicated in figure legends.
Results

Reciprocal effects of fasting on gastric mTOR signaling and ghrelin production in mouse 
forestomachs and gastric fundusTo examine the effects of fasting on mTOR signaling and ghrelin production in both forestomachs and gastric fundus, 12-week-old male C57BL/6J mice were divided into two groups, a control group in which animals were fed ad libitum and a group in which mice were fasted for 24h. Phosphorylation of mTOR and its downstream targets S6K and S6 [37, 38], which were reduced by 24h fasting in mouse forestomachs and fundus. More interestingly, the activity of mTOR signaling in the forestomachs was significantly higher than in the fundus (Fig. 1A). Ghrelin protein levels were stimulated by fasting (Fig. 1A). A significant negative correlation was found between gastric levels of phospho-S6 and proghrelin (Pearson’s r = -0.66; P = 0.0007) (Fig. 1B). Ghrelin and ghrelin O-acyltransferase (GOAT) mRNA levels were found to be mainly expressed in fundus. Both of them were significantly activated by 24h fasting (Fig. 1C and D).
Effects of rapamycin and RYGB on gastric mTORC1 signaling, ghrelin production in lean 
and DIO miceAlthough literatures demonstrate that ghrelin is changed after RYGB operation, the mechanisms still need to be further explored. Our previous studies show that the mTOR signaling system regulates gastric mucosal production of ghrelin [31]. We firstly hypothesized that RYGB inhibited ghrelin production through mTOR signaling. If mTOR signaling is linked to the production of ghrelin, altered mTOR activity would be predicted to change the production and secretion of ghrelin after RYGB. The effects of rapamycin, a well-characterized mTOR inhibitor, were firstly examined in C57BL/6J mice. Male C57BL/6J mice fed with normal chow diet were divided into 4 groups: sham-operated mice receiving dimethyl sulfoxide (DMSO), sham group receiving rapamycin (1 mg/kg, i.p. injection for 9 days), RYGB-operated mice receiving either vehicle or rapamycin. Rapamycin stimulated ghrelin and GOAT expression in gastric fundus in sham-operated mice, but not in forestomachs (Fig. 2B, D, E). mTOR activity in gastric pouches and residual stomachs was stimulated by RYGB. Attenuation of mTOR activity induced by rapamycin was reversed by RYGB (Fig. 2B). The increase of gastric mTOR signaling in post-operative mice was associated with a significant decline of gastric ghrelin contents and GOAT mRNA expression versus sham-operated animals (Fig. 2B, D, E). A significant negative correlation was found between gastric levels of phospho-S6 and proghrelin (Pearson’s r = -0.53; P = 0.0004) (Fig. 2C).
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Next experiments were performed on high-fat diet-induced obese (DIO) mice. DIO mice were divided into sham or RYGB-operated mice with or without i.p. injection of rapamycin. Consistent with observations in standard diet-fed mice, rapamycin restrained while RYGB enhanced gastric mTOR signaling activity in DIO mice. Moreover, the decline of mTOR signaling activity and increment of ghrelin synthesis induced by rapamycin were reversed by RYGB (Fig. 3). Pearson’s analysis demonstrated a negative correlation between the change of ghrelin synthesis and phosphorylation of S6 (Fig. 3B).As expected, RYGB reduced body weight in both normal chow diet and high-fat diet-fed mice (Fig. 4A and C). Consistent to the study of Hao et al. [34], increased intake of either standard diet or high-fat diet in RYGB mice was observed when compared with sham-operated mice. In addition, rapamycin stimulated food intake in sham-operated mice but not in RYGB animals (Fig. 4B, D). The change of energy intake was associated with ghrelin secretion (Fig. 4E).

Fig. 1. Modulation of mTOR signaling and ghrelin expression by energy status in forestomachs and gastric fundus in C57BL/6J mice. (A) Representative western blot from fed mice or mice fasted for 24 h (12-week-old male mice, n = 6 for each group). Phospho-mTOR (pmTOR), phospho-S6K (pS6K), phospho-S6 (pS6), and proghrelin from mouse forestomachs and gastric fundus were blotted as described in Materials and Methods. β-actin and mTOR, S6K, S6 were used as loading controls. Quantification of image analysis of mTOR, S6K, S6 phosphorylation and proghrelin expression is expressed as mean values ± SEM. (B) Correlation between protein levels of ghrelin and pS6 was determined by Pearson analysis. (C, D) Results of quantitative PCR analysis of ghrelin (C) and GOAT (D) mRNA are expressed as fold increase from fed condition using β-actin as a loading control. n = 6, *P<0.05 vs. forestomachs in the fed state. #P<0.05 vs. mouse fundus in the fed state. Statistical differences were assessed by factorial design analysis of variance (ANOVA).

Fig. 1
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Fig. 2. Effects of rapamycin and RYGB on gastric mTORC1 signaling and ghrelin production in lean C57BL/6J mice. (A) Post-mortem representative macroscopic photomicrographs of gastrointestinal tract of sham-operated animals receiving DMSO or rapamycin, RYGB mice receiving DMSO or rapamycin (4-5-month-old male mice, n = 5 per group). Forestomach (1) and fundus (2) from sham + DMSO group; forestomach (3) and fundus (4) from sham + rapamycin group; gastric pouch (5) and residual stomach (6) from RYGB receiving DMSO; gastric pouch (7) and residual stomach (8) from RYGB receiving rapamycin. (B) Representative western blot from sham-or RYGB-operated mice that received i.p. injection of DMSO or rapamycin (Rapa, 1 mg/kg). pmTOR, pS6K, pS6 and proghrelin were detected using specific antibodies. β-actin, mTOR, S6K and S6 were used as loading controls. Quantification of image analysis is expressed as mean values ± SEM. (C) Correlation between protein levels of ghrelin and pS6 was determined by Pearson analysis. Results of quantitative PCR analysis of ghrelin (D) and GOAT mRNA (E) are expressed as fold increase from control using β-actin as loading control. n=5, *P<0.05 vs. forestomachs from sham mice receiving DMSO. #P<0.05 vs. fundus from sham mice receiving DMSO, assessed by factorial design analysis of variance (ANOVA).

Fig. 2
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Effects of Ad-S6K1 on RYGB-elicited alteration of gastric mTOR signaling and ghrelin 
production in DIO miceBecause inhibition of mTOR signaling in the gastric mucosa leads to stimulation of ghrelin expression, it is expected that activation of mTOR signaling in the gastric mucosa would suppress the production of ghrelin. Tail vein administration of Ad-S6K1 (109pfu) significantly stimulated both phospho-p70 S6 Kinase and phospho-S6 levels (Fig. 5A), while inhibited gastric ghrelin mRNA, GOAT mRNA levels and gastric proghrelin content in sham-operated mice. RYGB combined with administration of Ad-S6K1 also significantly stimulated mTOR signaling activity and inhibited ghrelin expression compared to sham-operated mice receiving Ad-GFP (Fig. 5).RYGB reduced body weight in both Ad-GFP and Ad-S6K1 treated mice (Fig. 6A). Tail vein administration of Ad-S6K1 (109pfu) inhibited energy intake in sham-operated mice but not in RYGB animals (Fig. 6B). The change of food intake in mice with different treatments was associated with ghrelin secretion (Fig. 6C).

Fig. 3. Effects of rapamycin and RYGB on gastric mTORC1 signaling and ghrelin production in DIO mice. Representative western blot (A), Pearson analysis (B), results of quantitative PCR analysis of ghrelin (C) and GOAT (D) mRNA are expressed as fold increase in DIO mice (4-5-month-old mice, n = 6, mice were fed a high fat diet for 4 months started around weaning) subjected to different treatments using β-actin as loading control. *P<0.05 vs. forestomachs from sham mice receiving DMSO. #P<0.05 vs. fundus from sham mice receiving DMSO, assessed by factorial design ANOVA.

Fig. 3
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RYGB activated gastric mTOR signaling and inhibited ghrelin expression in human beingsWe further examined the effects of RYGB on gastric mTOR signaling activity and ghrelin expression in human subjects. As shown in Fig. 7A, levels of pS6K and pS6 in gastric mucosa were significantly decreased in obese patients with 44.34 ± 3.44  kg/m2 body mass index (BMI) relative to lean human subjects (BMI 23.19 ± 0.95 kg/m2 ), while significantly increased in post-operative subjects (BMI 26.78 ± 1.55 kg/m2). In contrast to the changes in the pS6K and pS6, ghrelin mRNA (Fig. 7C) and protein (Fig. 7A) levels demonstrated a decrease in post-operative people compared to obese subjects. A significant negative correlation was determined between gastric levels of phospho-S6 and proghrelin (Pearson’s r = -0.7296; P = 0.0006) (Fig. 7B).Immunohistochemistry also showed that antibody recognizing phospho-S6 (Ser235/236) demonstrated stronger positive reactivity whereas ghrelin antibody produced weaker signal in gastric fundus of post-operative patients relative to obese subjects (Fig. 8).

Fig. 4. Effects of RYGB on body weight, food intake and ghrelin secretion under systemic administration of rapamycin. (A, B) For normal chow diet fed mice (4-5-month-old mice, n = 5), (A) body weight, (B) 1h, 12h, 24h food intake. (C, D) For high-fat diet fed mice (4-5-month-old mice, n = 6), (C) body weight, (D) 1h, 12h, 24h food intake. (E) Plasma total ghrelin in different group mice was measured as described in Materials and Methods, and results are expressed as mean values ± SEM. *P<0.05 vs. sham-operated normal mice receiving DMSO. #P<0.05 vs. sham-operated DIO mice receiving DMSO. Statistical differences were evaluated by factorial design analysis of variance (ANOVA).

Fig. 4
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Fig. 5. Effects of RYGB on gastric mTORC1 signaling and ghrelin synthesis upon tail-vein administration of Ad-S6K1. (A) Representative western blot from sham- or RYGB-operated mice (4-5-month-old mice, n = 6) that received administration of Ad-GFP (109 pfu) or Ad-S6K1 (109 pfu). pS6K, S6K1, pS6 and proghrelin in gastric mucosa were detected using specific antibodies. S6 and β-actin were used as loading controls. Quantification of image analysis is expressed as mean values ± SEM. (B) Correlation between protein levels of ghrelin and pS6 was determined by Pearson analysis. (C) and (D) Results of quantitative PCR analysis of ghrelin (C) and GOAT mRNA (D) are expressed as fold increase from control. *P<0.05 vs. forestomachs from sham mice receiving Ad-GFP. #P<0.05 vs. fundus from sham mice receiving Ad-GFP. Statistical differences were assessed by factorial design analysis of variance (ANOVA).

Fig. 5

Fig. 6. Effects of Ad-S6K1 on RYGB-induced alteration of body weight, food intake and ghrelin secretion in DIO mice. (A) Body weight. (B) 1h food intake in dark cycle, 12h food intake in dark cycle and 24h food intake. (C) Plasma total ghrelin in different group mice was measured as described in Materials and Methods, and results are expressed as mean values ± SEM. n = 6, *P<0.05 vs. sham operated mice receiving Ad-GFP. Statistical differences were assessed by factorial design analysis of variance (ANOVA).

Fig. 6
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Fig. 7. Effects of RYGB on gastric mTOR signaling and ghrelin production in human beings. (A) Representative western blot from gastric fundus of lean, obese and one-year postoperative human subjects. pS6K, pS6 and proghrelin were blotted as described in Materials and Methods. S6K, S6 and β-actin were used as loading controls. Quantification of image analysis of gastric S6K, S6 phosphorylation and proghrelin expression is expressed as mean values ± SEM. (B) Correlation between protein levels of ghrelin and pS6 was determined by Pearson analysis. (C) Results of quantitative PCR analysis of ghrelin mRNA are expressed as fold increase from lean subjects using TFIIB as a loading control. n = 6, *P<0.05 vs. control subjects, #P<0.05 vs. obese subjects, Statistical differences were assessed by Mann-Whitney U rank sum test.

Fig. 7

Fig. 8. Morphologic analysis of mTOR 
signaling and ghrelin 

production in obese and post-RYGB subjects. I m m u n o s t a i n i n g of phospho-S6 (Ser235/236) and 
ghrelin in the human fundic mucosa. Upper panel, high-resolution 
images depicting ghrelin (green); lower panel, phospho-S6 (Ser235/236) (red) 
in gastric mucosal cells. Bar, 50μm. Computerised image analysis (Model Leica Q550CW, Leica, Qwin, Germany) was performed to quantify 
the immunostaining signals of ghrelin and pS6 from human fundic mucosa. n=5, *P<0.05 vs. control subjects, 
#P<0.05 vs. obese subjects, Statistical differences were assessed by Mann-Whitney U rank sum test.

Fig. 8
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DiscussionThe major finding of the present study is that the mTOR signaling in gastric endocrine cells functions as a peripheral fuel sensor which contributes to inhibition of ghrelin synthesis induced by Roux-en-Y Gastric Bypass. This conclusion is supported by the following distinct observations: 1) a negative correlation exists between gastric mTOR signaling and the expression of ghrelin in different gastric segments during changes in energy status; 2) RYGB stimulates mTOR signaling in gastric fundus, which is associated with a significant decrease in the expression of ghrelin in both lean and obese mice; 3) alteration of mTOR signaling and ghrelin synthesis induced by rapamycin can be reversed by RYGB; 4) administration of Ad-S6K1 suppresses the ghrelin synthesis in RYGB-operated mice versus control mice; 5) consistent with the findings in mice, gastric mTOR activity is significantly increased and ghrelin expression is decreased in post-RYGB patients versus obese subjects.The typical Roux-en-Y Gastric Bypass (RYGB) creates restriction of gastric volume and also causes food to bypass most of the stomach and a short segment of the proximal intestine, primarily the duodenum, leaving enough intact small bowel in digestive continuity to avoid clinically significant malabsorption [8, 9, 39]. RYGB causes weight loss through gastric 
restriction and additional mechanisms involving changes in gastrointestinal hormones that are under active investigation. Ghrelin, a gastric hormone, is initially synthesized within gastric X/A like cells, which are mainly located in gastric fundus [16]. Gastric bypass is supposed to alter gastric ghrelin cell responsiveness. In our study, RYGB significantly inhibited ghrelin synthesis in both rodents and human subjects especially in gastric fundus, the main origin of ghrelin. The structure of ghrelin is unique in that specific acyl-modification of its third serine. This acylation is necessary for ghrelin to bind to GHSR-1a [40, 41]. Our data also showed ghrelin O-acyltransferase (GOAT) mRNA level in RYGB-operated mice was significantly lower than sham-operated group. Rapamycin enhanced while Ad-S6K1 inhibited GOAT expression in sham mice but not in RYGB-operated animals.Direct control of ghrelin expression and secretion can occur at the level of gastric mucosa. Our previous studies indicate that gastric mTOR signaling regulates ghrelin production and food intake. In present study we firstly reported that mTOR activity in forestomachs was significantly higher than in gastric fundus, while ghrelin was mainly expressed in fundus. A significant negative correlation was found between mTOR signaling activity and ghrelin expression. Moreover, restricted ghrelin expression in both gastric pouches and residual stomachs was observed in RYGB-operated mice. Decreased ghrelin expression in residual stomachs after RYGB may be explained by activated mTOR signaling. To the best of our knowledge, this is the first report that shows the change of gastric mTOR signaling activity and its effects on ghrelin synthesis after RYGB in rodents. According to our study, rapamycin can’t completely block the effects of RYGB on ghrelin synthesis. It is worth of noting that signaling pathway in addition to mTOR may mediate the effects of RYGB surgery on ghrelin. Further studies on other signaling pathways will address this potential.Prader-Willi Syndrome (PWS) is a chromosomal disorder characterized by the presence of hyperghrelinemia, hyperphagia, and obesity. Significant reduction of body weight and the level of serum ghrelin can be achieved after gastric Mini-Bypass for Prader-Willi Syndrome patients [42]. The current study examined potential mechanisms for altered gastric ghrelin levels observed in obese and post-RYGB operative subjects. We report here both ghrelin mRNA and protein levels were significantly decreased in post-RYGB patients compared to obese people. Moreover, the present study also described that phosphorylation of S6K and S6, the downstream targets of mTOR, in gastric endocrine cells of post-RYGB subjects was activated. Hyperactivated mTOR pathway may play a critical role in the inhibition of ghrelin expression experienced by most participants undergoing RYGB. The significant alterations in gastric mTOR activity and expression of ghrelin described in this study may help to understand some of the mechanisms behind the well-documented changes in body weight and glycemic levels after RYGB in human beings. Ghrelin is regarded as an orexigenic hormone that is able to induce the sensation of hunger and to stimulate appetite via a mechanism involving the 

http://dx.doi.org/10.1159%2F000495325


Cell Physiol Biochem 2018;51:664-680
DOI: 10.1159/000495325
Published online: 21 November 2018 676

Cellular Physiology 

and Biochemistry

Cellular Physiology 

and Biochemistry
© 2018 The Author(s). Published by S. Karger AG, Basel

www.karger.com/cpb

Li et al.: Gastric mTORC1 Signaling and Ghrelin After RYGB

central nervous system [43-46]. Ghrelin acts as a stomach derived hormone that functions in conjunction with other peripheral signals such as leptin and insulin [47-49]. Ghrelin is a brain-gut peptide that modulates both orexigenic neuropeptide Y/agouti-related peptide neurons and anorexigenic proopiomelanocortin neurons [50]. Consistent to previous studies [34, 36], here we show total ghrelin secretion is significantly higher in RYGB mice at 4 weeks after surgery. Moreover, the change of serum ghrelin is associated with mouse food intake (as shown in Fig. 4 and 6). The stimulation of food intake in post RYGB-mice may also be explained by increased mRNA levels of orexigenic AgRP and NPY in the arcuate nucleus according to Barkholt’s study [51]. Roux-en-Y Gastric Bypass is associated with an increased risk of postprandial hyperinsulinaemic hypoglycaemia [52]. We speculate that the severe postprandial hypoglycaemia after RYGB might be rescued by the enhancement of 
post-operative circulating ghrelin level in mice.In addition to its appetite-stimulating effect, ghrelin plays a vital role in the regulation of insulin secretion [53]. Previous studies have demonstrated that ghrelin is able to inhibit insulin release in islets [26], pancreatic cell lines [54, 55] and perfused rat pancreas [56]. GHSR-1a antagonism or antiserum against acylated ghrelin significantly increases insulin secretion from perfused pancreas [26]. In addition, ghrelin contributes to derangements of glucose metabolism induced by rapamycin via altering the content and translocation of GLUT4 in muscles [57]. Since ghrelin is an orexigenic and hyperglycemic hormone, the inhibition of origin of ghrelin may somehow explain weight loss and hypoglycemic effects induced by RYGB operation.

Fig. 9. Summary of putative mechanisms linking mTORC1 signaling pathway and ghrelin production after Roux-en-Y gastric bypass. After RYGB, gastric mTOR signaling is elevated, which 
contributes to the inhibition of ghrelin expression 
especially in residual 

stomach.

Fig. 9
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ConclusionIn summary, our studies demonstrate that RYGB activates mTORC1signaling to inhibit ghrelin production in gastric X/A like cells (Fig. 9). By investigating the function of the gastric mTOR pathway in postoperative ghrelin production, we propose that restoring the homeostasis of the gastrointestinal endocrine and fuel sensing network is necessary for a safe and effective therapy in the setting of obesity and diabetes by “pharmaceutical gastric 
bypass”.
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