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Abstract:
Background: laparoscopic sleeve gastrectomy (LSG) is gaining popularity as bariatric surgery, a small percentage of subjects regain weight after surgery. Aims: This study was designed to evaluate body weight changes over a period of two years after LSG and investigate the role of serotonin in regulating energy balance.
Study design:  prospective cohort study.
Place and Duration of Study: Department of Surgery, Alexandria Main University Hospital-Alexandria University from 2011 until 2015.
Methodology: A total of 92 patients with morbid obesity (64 women and 28 men) underwent LSG. All the participants were subjected to physical examination and detailed medical history. Anthropometric measurements were accomplished pre-operative and during follow up at a frequency of four times per year for two years after surgery. Laboratory investigations were performed pre-operatively, and at one and two years post-operatively. Blood samples were collected in the fasting state; for glucose, lipid profile and hormonal assays. Hormones measured were plasma insulin, leptin, Serotonin and ghrelin.
Statistical analysis: All data were analyzed with SPSS Version 20.0 software.
Results: The results revealed that 35.7% weight loss occurred after one year. However, there was variability in the individual weight loss curve during the period between the first and second post-operative years. Thus, patients were divided into 2 groups: group I contained 78 patients (84%) who maintained the lost weight, and group II contained 14 patients (16.0%) who regained weight within 24 months post-operatively. Correlation with BMI revealed positive correlation with Leptin and serotonin, whilst negative correlation with ghrelin in group II patients.
Conclusion: mechanisms of weight loss after LSG are not only attributable to gastric restriction but also to neurohormonal changes. In particular, serotonin can influence the circulating levels of gastrointestinal hormones.
Trial registration number: Alexandria university faculty of medicine in 28 th of April 2011 (ethics and approval committee faculty of Medicine registration number ;2011/ 124).
Keywords: Laparoscopic sleeve gastrectomy; leptin; serotonin; ghrelin; insulin.




Background
     Bariatric surgery is viewed as the most effective treatment for inducing and maintaining weight loss, as well as reducing obesity-related health problems such as diabetes, coronary heart disease, sleep apnea, and high blood pressure [1]. 
     Laparoscopic sleeve gastrectomy (LSG) was initially introduced as the first step prior to a duodenal switch or gastric bypass in super-obese patients. However, in the last few years, it has been used as a single procedure in patients with morbid obesity due to the satisfactory results obtained in terms of weight loss, reduced risk of complications, and improvement in co-morbid diseases. The principle of LSG involves the excision of about 75%-80% of the greater curvature, leaving a narrow stomach tube [2, 3]. 
Weight loss is an expected result following surgery. However, several factors influence the induction and maintenance of weight loss. These factors include hereditary, psycho-behavioral, nutritional and metabolic influences [4, 5]. Mood changes and eating disorders have been reported in patients after bariatric surgery. It is therefore important to investigate the role of metabolic hormones on weight loss maintenance in patients after LSG [6]. 
     Serotonin, or 5-HT (5-hydroxytryptamine), is a monoamine signaling molecule responsible for regulating many of the behavioral and physiological processes through which energy balance is maintained [7]. Serotonin exerts its action through at least 18 different receptors (5-HTRs), most of which are G-protein coupled receptors. Within the hypothalamus, the 5-HT2CR serotonin receptor plays a role in the control of feeding behavior and metabolism [8]. 

Methods
     In this study, we aimed to determine the effect of LSG on weight loss and BMI and analyze the hormones implicated in the regulation of body weight and energy homeostasis after one and two years. We also sought to establish whether serotonin levels correlate with weight loss.

Study population 
     The study was a prospective cohort study carried out at Alexandria Main University Hospital from June 2011 until June 2015. The research protocol was in accordance with the Ethics committee of the Faculty of Medicine, Alexandria University, Egypt. As well as in accordance with the ethical standards laid down in the 1964 declaration of Helsinki. Informed written consent was obtained from all subjects included in this study. A total of 92 patients with morbid obesity (64 women and 28 men) underwent LSG. All the participants were subjected to physical examination and detailed information from each patient regarding medical history, surgery details, and medication used were collected. Patients with chronic inflammatory bowel disease, cholangitis, and gastroesophageal reflux disease as well as patients receiving anti-depressants were excluded from the analysis. Pre- and post-operative anthropometric measurements (weight and height) were performed.

     Patients were followed up for anthropometric measurements at a frequency of four times per year for two years after surgery. Laboratory investigations were performed pre-operatively, and at one and two years post-operatively. The following precautions were followed prior to blood sampling: smoking was prohibited for at least 10 hours before the test and the patients were instructed not to use antacids or H2-blockers for one week before the test. Blood samples were collected in the fasting state; 12 mL peripheral blood was collected from every individual and divided into 4 tubes. Three mL was transferred to a tube containing EDTA as anticoagulant for obtaining complete blood count (CBC) and 3 mL was transferred to a plane tube for the lipid profile. The remaining 6 mL was transferred to EDTA containing sterile tubes and centrifuged at 4000 rpm for 10 min at 4°C to obtain plasma. The separated plasma was stored at -70°C for hormone measurements.

Hormone measurement
    Plasma insulin was determined using a solid-phase, two-site chemiluminescence immunoassay (Immulite 2000; DPC, USA). Insulin resistance (IR) was assessed using the Homeostasis Model Assessment (HOMA-IR) according to the formula: [fasting insulin (IU/mL) × fasting glucose (mmol/L)] / 22.5. Fasting glucose was measured with a glucose analyzer 2 (Beckman Instruments, Fullerton, CA) based on the glucose oxidase method.
    Plasma ghrelin was measured using an enzyme-linked-immunosorbent assay (USCN; CEA991Hu). Plasma leptin was analyzed by means of a Leptin ELISA Kit (MBS 700713) (Biosource) and plasma serotonin was determined using ELISA (GWB-D1BB69) (40-371-25002) (Gen Way Biotech Inc., USA). Absorbance was measured at 450 nm against a blank using an ELISA reader (RayBiotech, Canada). 

Lipid profile
    Serum total cholesterol, triglyceride, high-density cholesterol (HDL-C) and low-density cholesterol (LDL-C) were determined with kits from Sentinel CH. (via principle Eugenio 5-20155 Milan, Italy).

Surgical technique [9] 
      During LSG, the greater curvature of stomach, comprising the complete fundus, was resected from the antrum to the angle of His. The stomach was reduced to a narrow gastric tube at the lesser curvature over a 48-Fr bougie. With careful preservation of the vagus nerve, no pyloroplasty was performed. At the end of resection, the stapled line was covered by a running suture. To prevent the common complication of posterior slippage, the Soft Gastric Band® (A.M.I., Goetzis, Austria) was used in all patients. 

Statistical analysis 
      All data were analyzed with SPSS Version 20.0 software and were presented as mean ± SD. The paired Student’s 𝑡-test was used to compare the data from one and two years after the operation. Student’s 𝑡-test was calculated according to the homogeneity of variance detected by the 𝐹 test and analysis of variance (ANOVA). The Spearman correlation coefficient test was used. The level of significant was 0.05. 

Results 
          LSG operation was performed for all 92 study patients who were suffering from morbid obesity. The mean age was 42.6 ± 5.4 years, the male/ female ratio was 64/28, and BMI was 47.4 ± 5.7 kg/m². Patients were followed-up to assess weight loss at one and two years post-operatively. (Table 1) shows the anthropometric measurements for the lipid profile, hormonal assays, fasting glucose, and insulin. The selected parameters showed a significant decrease after one year, except HDL, which increased significantly. 
After two years, the mean weight had decreased by 27% (95% confidence interval [CI], 20.3 to 30.2) in the entire cohort. During the first year, all patients continued to lose weight and the percentage of weight loss was 36.1%. Pre-operative levels of fasting glucose and HOMA-IR were significantly higher than the one-year post-operative levels. However, there was variability in the individual weight loss curves during the period between one and two years post-operatively. Some patients regained weight during this period. All parameters including body weight and laboratory tests were recorded again at the end of the follow-up period (after two years). Contrast study for group II patients at 24 months (2 years) was performed and did not show pouch dilatation in any of the study patients.
     Patients were divided into 2 groups: group I were patients who were at a stable weight or continued to lose weight and group II were patients who regained weight. (Table 2) show the comparison between the two groups two years post-operation in relation to one-year post-operation. Some parameters were found to increase in group II but not in group I. Weight loss from the baseline stabilized at a range of 130.2±22.1 kg to 80.74±7.01 kg, and BMI decreased from 47.36 ± 5.45 to 31.2 ± 3.11. The percentage of decrease ranged from 28.0% to 41.0% for the 78 patients in group I. Fourteen patients (16.0%) showed an increase in weight of approximately 12.0 ± 3.2 kg (95% CI 10 to 15) (group II) at the end of the study period. 
      The hormone test results showed a sex difference in the plasma leptin levels. Women had significantly higher leptin in both the pre-operative period (61.9 ± 8.73 ng/mL in women vs. 56.76 ± 10.16 ng/mL in men) and one year post-operatively (22.41 ± 2.78 ng/mL in women vs. 20.71 ± 3.62 ng/mL in men). After two years, plasma leptin was maintained in the weight-stable group (group I), but increased in the weight-gain group (group II), with a similar trend in gender difference. Fasting plasma ghrelin levels remained unchanged in the weight-stable group (group I), but decreased by approximately 21.0% in the weight-gain group (group II), when the pre-operative and one year post-operative periods were compared (Table 3). Correlations between BMI and the hormones analyzed were evaluated in both groups. Results revealed BMI was positively correlated with plasma leptin (r:0.366, p: 0.038*) and serotonin (r:0.391, p:0.029*) and negatively correlated with plasma ghrelin (r: -0.314, p:0.031*) in group II patients.



Discussion
    Laparoscopic sleeve gastrectomy is a highly effective bariatric operation that reduces the size of the stomach to 60-100 ml. Weight loss after LSG occurs due to the reduction of stomach capacity, which permits the intake of only small amounts of food, thus resulting in a feeling of satiety. Gastrointestinal secretions are also reduced [10]. 
    In this study, we monitored 92 patients (64 women and 28 men), who underwent LSG operation, for two years after surgery. We evaluated their BMI and metabolic/ cardiovascular  risk profile (fasting glucose, HOMA-IR, and lipid profiles), as well as select hormone parameters. The beneficial effects of LSG were observed one year post-operatively. The weight loss percentage was 36.1%, and was associated with a significant improvement in the lipid profile, fasting glucose levels, and HOMA-IR correction. In addition, there was significant reduction in plasma leptin, which exhibited a gender difference in both the pre-operative period as well as the one-year post-operative period, with significantly higher values in women than in men.
      Lipid profile in the present study exhibited significant reduction one year post-operatively compared to the pre-operative levels, with no significant difference between the results one and two years post-operatively. The results obtained agree with those of Oguz et al. who found that increased leptin was not associated with changes in serum lipid profiles [11]. This was explained by the fact that leptin increases the oxidation of fatty acids and the depletion of triglycerides in adipocytes, and may have no effect on serum lipid and lipoprotein concentrations if they are within the normal limits [12]. On the other hand, Takahashi-Yasuno et al. found that elevated leptin was associated with significant elevation in serum triglycerides and LDL-cholesterol concentration [13]. 
Similar to our findings, Zhang et al reported significant weight loss and improvements in lipid profile one year after LSG, specifically in high density lipoprotein cholesterol (HDL- cholesterol) and triglycerides ratio as well as total cholesterol /HDL cholesterol and triglycerides /HDL cholesterol ratios [14]. Benaiges et al. also reported a significant improvement in the lipid profile, especially in HDL-cholesterol, after both LSG and Roux-en-Y gastric bypass (RYGB) [15]. 
    At the end of this study, the mean weight of the patients had decreased by 27% (95% confidence interval [CI], 20.3 to 30.2). However, some subjects regained weight after one year. Therefore, the patients were classified into two groups: group I (78 patients) were those who had stable weight loss ranging from 28.0% to 41.0% and group II (14 patients) were those who regained about 12.0 ± 3.2 kg (95% C.I. 10 to 15). Similar results were observed by Bohdjalian et al. who followed-up 26 patients for 5 years after LSG and found that 19% of patients regained >10 kg from their nadir weight loss. They also reported SG dilatation [16]. Hussain followed-up patients who underwent LSG for weight loss and found that after the third year, the rate of weight loss decreased and some patients started to regain weight [17]. 
      In an attempt to assess the role of hormonal changes on LSG-induced weight reduction, we examined the effects of LSG on the levels of the hormones leptin, insulin, ghrelin, and serotonin at different intervals: pre-operative and after one and two years post-operation. At the end of the follow-up period, the results revealed a significant decrease in fasting plasma ghrelin levels after two years compared to the pre-operative levels. Further significant reduction was observed in ghrelin levels in group II after two years compared to the one year post-operative levels and group I levels (where there were no significant differences in ghrelin levels in the pre-operative period and r one year post-operation). Similarly, Langer et al. found that LSG led to significantly decreased and stable plasma ghrelin levels for up to 6 months [18]. Sundbom et al. also reported that both fasting and post-prandial ghrelin concentrations were significantly lower post-RYGB one day after surgery compared to pre-RYGB and the level was maintained thereafter [19]. In contrast, Cummings et al. found that ghrelin levels significantly increased after weight loss following the RYGB procedure and they concluded that weight loss surgery had a positive effect on ghrelin [20]. Christou et al. concluded that pre- and post-prandial ghrelin levels did not correlate with failure to achieve the required weight loss after RYGB [21]. 
     In the present study, significant reduction in ghrelin after one year can be explained by the fact that more than 90% of ghrelin is synthesized by the gastric antrum and fundus, which were mostly removed during the operation, and less than 10% of ghrelin is released in the duodenum [18]. However, the additional reduction in group II after two years required an explanation. Therefore, a more complex model was needed to explain the relationship between ghrelin, leptin, and serotonin, as both leptin and serotonin were significantly increased after two years in group II compared to group I. The results revealed a reciprocal relationship between ghrelin and the two peptides. 
      At the end of the study, the results revealed a positive correlation for BMI with the peptide hormones, leptin and serotonin, a negative correlation with fasting plasma ghrelin, and no correlation with insulin in group II patients (weight gain group). Tschöp et al. demonstrated a positive correlation of insulin and leptin with percent body fat, and negative correlations with ghrelin concentration in obese adults [22]. They suggested that down-regulation of ghrelin secretion may be a consequence of insulin resistance associated with visceral fat accumulation and not a consequence of total body fat accumulation [22]. Gulcicek et al. performed an experiment on rats, reporting that 10% of weight loss causes a 53% decrease in leptin levels, which recovered to up to 70% of the initial values after a 4-week period of weight loss [23]. 
     Langer et al. found that ghrelin plays an important role not only in suppressing appetite, but also in controlling metabolic diseases [18]. The stimulatory action of ghrelin on food intake is mediated by two potent orexigenic peptides in the hypothalamus, namely neuropeptide Y (NPY) and agouti-related peptide (AgRP). Conversely, leptin and insulin promote the inhibition of these peptides (NPY/AgRP). Thus, insulin and leptin have opposing actions to that of ghrelin on food intake, as they inhibit feeding [22]. 
    Serotonin in the present study significantly increased one year post-operatively, with further significant increase in group II patients. Serotonin acts in the hypothalamus to stimulate growth hormone (GH) release from the pituitary gland, and the GH is known to down-regulate the production of ghrelin [8]. This is another possible mechanism for the decreased circulation of ghrelin concentration in group II in addition to the decrease due to surgical resection. Thus, the central nervous system (CNS) orchestrates energy homeostasis [19]. Bohdjalian et al. suggested that subjects who regained weight after SG may suffer from a neuro-endocrine metabolic starvation in response to their initial weight loss that favors metabolic energy conservation and causes them to regain weight [16]. 
     Regarding significantly elevated serotonin levels observed in group II compared to group I, and the presence of a positive correlation between serotonin and BMI in group II, it is worth mentioning that circulating serotonin does not cross the blood-brain barrier. Rather, serotonin forms two distinct pools centrally and peripherally. Central serotonin synthesis depends on the levels of long neutral amino acids (LNAA) that compete with tryptophan for transport through the blood-brain barrier. High tryptophan/LNAA ratios, which indicate a protein-rich diet, stimulate central serotonin synthesis, while low tryptophan/LNAA ratios, which indicate a carbohydrate-rich diet, have the opposite effect. Thus, the diet of patients may explain central serotonin elevation [8]. In addition, recent evidence suggests that approximately 90% of the body's circulating serotonin is secreted from enterochromaffin cells in the gastrointestinal tract (GIT), and is co-localized with insulin in pancreatic β-cells, which synthesize and store serotonin [24]. 

      In the present study, the increased serotonin concentration in group II (2 years post-operatively) compared to both the pre-operative level and to the one year post-operative level may be due to luminal stimulation of the GIT due to increased disaccharides. Alternatively, it may be due to increased intra-luminal pressure because of fermentation and improper food digestion as a consequence of the surgical procedure and the type of food consumed (carbohydrates). These factors induce serotonin release, which in turn activates 5-HT3 receptors on mucosal vagal afferent terminals. Serotonin acts as a paracrine substance to stimulate pancreatic secretion via a vagal cholinergic pathway [25]. Pancreatic β-cells receptors contain intracellular serotonin combined with two activated GTPases (Rab3a and Rab27a) and trigger insulin release by the exocytosis of β-granules. Extracellular serotonin acts on 5-HT1A receptors on the membrane of β-cells to inhibit insulin secretion through the effects on cAMP. Thus, insulin secretion from pancreatic β-cells is determined by the concentration difference between intra- and extra-cellular serotonin levels [26]. This may provide an explanation for the decreased insulin level in group II compared to group I and to the results obtained after one year of follow-up in the present study. The role of serotonin may indicate an additional level of complexity in the interplay of the above mentioned signaling molecules in weight control regulation [25]. 
      In the present study, leptin was significantly increased after two years in group II compared to group I and to the one year post-operative levels. This increase suggested the progression of weight recovery in group II patients, which could be the result of leptin resistance. Leptin resistance may be explained by decreased post-receptor response. Leptin is produced mainly by adipocytes and acts in neuronal systems related to proopiomelanocortin (POMC) and cocaine-amphetamine-regulated transcript (CART), with resultant catabolic effects and weight loss. Leptin also inhibits agouti-related peptide (AGRP) and neuropeptide Y (NPY) [27]. In addition, the 5-HT2CR receptors of serotonin are expressed on POMC. Therefore, serotonin and leptin signaling might be integrated, with serotonin, reflecting short-term satiety, and leptin, reflecting long-term energy stores [8]. Contrary to the present study, Yada et al. performed an experimental study on mice, and concluded that leptin acts as an inhibitor of serotonin signaling in arcuate neurons of the hypothalamus to inhibit food intake. They also reported that a serotonin antagonist may be used to treat hyperphagic syndromes [28]. The elevated leptin level in this study may suggest a link between ghrelin and leptin in regulating body weight, as leptin level was positively correlated with BMI. Dimitriadis et al. observed markedly decreased fasting and postprandial levels of ghrelin, amylin, and leptin one year after LSG. They concluded that released gastrointestinal signals constitute a key link in the control of satiety induced by food and have an important regulatory role in glucose homeostasis [26]. 
    In addition to the significant decrease observed in insulin levels in group II, ghrelin levels also significantly decreased in group II compared to group I. Therefore, ghrelin represents a complementary endocrine mediator in diabetes remission as it is related to obesity, insulin resistance and insulin secretion [18]. Thus, ghrelin plays an important role not only in suppressing appetite but also in the control of metabolic diseases [19]. Another study demonstrated that insulin resistance is associated with central nervous system (CNS) resistance to leptin action in regulating body weight [29]. 
    Crane et al. observed increased serum serotonin caused by a high-fat diet in mice. They reported enhanced tryptophan hydroxylase 1 (Tph1) activity in obese mice with a resultant increase in circulating serotonin concentration. Additionally, they found that elevated serum serotonin inhibited thyroid function in mice, which may contribute to weight gain [30]. Finally, Sista et al. stated that resected gastric volume is of major importance and influences the outcomes of LSG in terms of the percentage of weight loss and the improvement of cardiovascular risk factors [31]. 


Conclusion
     Our results emphasize that LSG is not only a restrictive surgery but also causes metabolic changes in other organs, such as the GIT and adipose tissue. The coordinated roles of insulin, leptin, serotonin, and ghrelin regulate energy balance and body metabolism. In addition, serotonin can influence the circulating levels of gastrointestinal hormones, which adds more complexity to the interplay of these signaling molecules in energy balance regulation. Increased serotonin concentration in the post-operative period could contribute to increased hunger and food intake after LSG. However, further studies on large sample size are required to elucidate the role of serotonin in body weight control after LSG.
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