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Abstract

Obesity and its associated diseases are a worldwide epidemic disease. Usual weight loss cures - as diets, physical activity, behavior therapy and pharmacotherapy - have been continuously implemented but still have relatively poor long-term success and mainly scarce adherence. Bariatric surgery is to date the most effective long term treatment for morbid obesity and it has been proven to reduce obesity-related co-morbidities, among them nonalcoholic fatty liver disease, and mortality. This article summarizes such variations in gut hormones following the current metabolic surgery procedures. The profile of gut hormonal changes after bariatric surgery represents a strategy for the individuation of the most performing surgical procedures to achieve clinical results. About this topic, experts suggest that the individuation of the crosslink among the gut hormones, microbiome, the obesity and the bariatric surgery could lead to new and more specific therapeutic interventions for severe obesity and its co-morbidities, also non surgical.
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Core tip: It is important to emphasize the role of the major peptides released by the enteroendocrine system, which promote satiety and modulate energy homeostasis and utilization, as well as those that control fat absorption and intestinal permeability. Bariatric surgery could be the most effective treatment for obesity and co-morbidities, often within days after surgery, independently of weight loss and it is currently the only therapy available for obesity which results in long-term, sustained weight loss. We hypothesize that gut hormones might play a role in induction and long-term maintenance of weight loss, could determine the improvement of obesity-related co-morbidities and could help to identify new drug targets and improved surgical techniques.

INTRODUCTION

Obesity epidemic in the United States (US), as well as all over the world, is steadily rising[1,2]. According to National Health and Nutrition Examination Survey in the 2007-2008, a percentage as high as of US population was found to be obese [body mass index (BMI) ≥ 30 kg/m2], of which about 5.7% was found to be of severe obesity (BMI ≥ 40 kg/m2)[1,2]. Obesity rates have also been advancing worldwide, and more than 700 million people will be obese by 2015, as predicted by the World Health Organization.

OBESITY RISK

Obesity is associated to comorbidities as hypertension, hyperlipidemia, heart failure, type 2 diabetes mellitus (T2DM), obstructive sleep apnea, thromboembolic disease, osteoarthrosis, gastroesophageal reflux disease, asthma, polycystic ovary disease, nonalcoholic fatty liver disease (NAFLD), as well as several cancers[1,3]. Metabolic syndrome, which involves the combination of risk factors for cardiovascular disease such as insulin resistance, visceral obesity, dyslipidemia, glucose intolerance, and hypertension, has often been associated with more severe liver[4]. Insulin resistance and chronic low-grade inflammation appear to be key points of this anomalous condition.

In addition, a number of other features contribute to the obesity development, including social factors, such as the accessibility of calorie-dense foods (elevated energy intake) and the sedentary lifestyle (reduced energy expenditure), as well as genetic and epigenetic predispositions[1,5].

MECHANISM OF ENERGY HOMEOSTASIS: DEFENDING A WEIGHT SET POINT 

Body weight remains usually constant during the life. This condition manifests an overall balance between energy intake and expenditure. Kennedy, 50 years ago, proposed a negative feedback system of peripheral fat on food intake[6]. The adipose tissue role in the complex systems of energy homeostasis has been increasingly understood over the last decade.

Central control of feeding 

Humans take food in discrete episodes during the day. The energy intake is determined on the basis of frequency and caloric amount of each meal. Hunger and food-seeking behaviour before a meal are stimulated by various short-term polypeptide hormonal signals from the periphery (orexigen hormones, e.g., ghrelin etc.), whereas other peripheral stimuli promote satiety and/or meal cessation [anorectics; e.g., glucagon-like peptide-1 (GLP-1), peptide tyrosine tyrosine 3-36 (PYY3-36), cholecystokinin (CCK), oxyntomodulin (OXM), and several others) (Figure 1)[7]. The efficacy of short-term signals to defend against deviations from a set weight point can be modulated by long-term signals related to total body energy stores (e.g., insulin, leptin, ghrelin, etc.)[1,8].

Numerous important areas of the brain have been associated with the regulation of energy balance. Insulin, leptin, and PYY inhibit, while ghrelin stimulate the arcuate nucleus (ARC) of the hypothalamus that contains populations of neuropeptide Y/Agouti-related protein (NPY/AgRP)-expressing neurons[9]. Orexigenic neurons, identified in the lateral hypothalamic area and perifornical area, are stimulated by NPY/AgRP. Increased feeding and weight gain are derived by stimulation of NPY/AgRP neurons[10]. The ARC includes neurons that can express the proopiomelanocortin and cocaine- and amphetamine-regulated transcript. Leptin stimulate these cells, while NPY/AgRP neurons inhibit[11]. In rodent and human researches, the reduction of food intake and weight loss derived by treatment with leptin. The ARC of the hypothalamus and the lateral hypothalamic area acquire and integrate information about overall energy stores from the periphery and relay this information to higher centers, such as the ventral tegmental area of the mesolimbic system, which is involved in the hedonic experience of feeding, as reported by Harvey et al[1].
Peripheral control of feeding

Hormonal, nutritional, and neuronal afferent feedback from the periphery to the central nervous system (CNS) depend on ability to increase or decrease calorie intake in response to changes in energy needs. Adipokines, including leptin and adiponectin, which are hormonal signals from adipose tissue provide feedback signals to the brain (adipose-brain axis), whereas feedback signals from the intestinal tract (the gut-brain axis) include polypeptide hormones (enterokinase) and neuronal signals via the vagus and other autonomic afferents, as reported by Harvey et al[1] (Figure 2). Basal levels of insulin and leptin proportionally develop following the increase of the fat mass, providing a long-term signal of body energy stores to the brain. On the contrary, basal ghrelin levels are inversely related to the body energy storage. Short-term fluctuations in numerous gut hormones including ghrelin, insulin GLP-1, PYY3-36, and CCK, as well as vagal signals regulate mealtime, as reported by Harvey et al[1].

HORMONAL CHANGES AFTER BARIATRIC SURGERY

Bariatric surgery consists of various interventions that have been subdivided as purely restrictive, purely malabsorptive, or combined restrictive and malabsorptive.

The number of bariatric interventions (i.e., metabolic surgery) for the treatment of obesity is in exponential increase. This is partly due to the most effective and durable weight loss; in addition, a good deal of improvement of co-morbidities after surgery compared with medical treatments such as diet and physical activity[12], or actually applicable pharmacologic[13] or endoscopic[14] treatments was observed. Actually, bariatric surgery is greatly approved by patients and physicians because the techniques are minimally invasive and well finished and standardized[15]. 

Each bariatric technique results in multiple effects, according to the intervention on the gastrointestinal anatomy (Figure 3). For example, sleeve gastrectomy (SG) has been formerly considered exclusively restrictive with the capacity of the stomach greatly reduced and the absorptive surface of the small unchanged. Nevertheless, the largest production of ghrelin, an appetite-stimulating hormone, occurs in the fundus and body of the stomach, and the ghrelin reduced production following SG probably plays an important role in decreasing appetite. 

Bypass-type interventions, like Roux-en-Y gastric bypass (RYGB) and biliopancreatic diversion, with or without duodenal switch (BPD/DS), are usually regarded as a combination of restrictive and malabsorptive outcomes: bypassing or removing a large part of the stomach, these interventions divert chyme away from the duodenum and proximal small bowel rapidly presenting nutrients to the distal gut, as reported by Harvey et al[1]. The adjustable gastric band (AGB), which places a constrictive ring around the gastric inlet and is usually considered to be an exclusively restrictive intervention, results in prolonged satiety; the mechanism is yet partially understood[1,16].

 Reduction caloric intake and gut hormone expression modifications are determinants for weight loss and improvement of the metabolic derangements associated with obesity. Therefore, there are two considerations that supported this hypothesis. Firstly, following bariatric surgery, while patients are in a state of negative energy balance and are quickly losing weight, they do not complain of feeling hungry, but rather have decreased appetite and precociously satiety[1,17]. Secondly, following different types of metabolic surgery, patients with T2DM show a rapid improvement in glycemic control, occurring after surgery; before significant weight loss can to appear. 

Here we will consider actual knowledge of the role of specific hormones believed to be essential in energy homeostasis and the expression of which is modified after bariatric surgery (Table 1).

Ghrelin

Ghrelin is a 28-amino acid peptide produced in different sites of the endothelial system. It was identified in 1999 as the endogenous ligand for the growth hormone secretagogue receptor (GHS-R1a) in the pituitary gland[1,18]. Subsequently, in rodents it was observed that ghrelin determine an increase in feeding and weight gain and develop a orexigenic role in energy balance[10]. 

The ghrelin is principally produced from cells located in the oxyntic glands of the fundus and body of the stomach (also known as P/D1 cells). Ghrelin levels support an ultradian rhythm-rising encode a corresponding pattern of NPY discharge for daily meal patterning[1,19]. It has been shown that ghrelin cells express the clock genes PER1 and PER2, and the ghrelin release is entrained to peak just before regular feeding times[1,20]. A rising serum ghrelin level induces an increase in food seeking behavior and the initiation of feeding. After food intake, ghrelin levels are quickly suppressed[19]. Ghrelin effects on the brain are mediated in part by the vagus nerves and in part by a humoral action. 

Numerous sites of the CNS, that include the ARC, the nucleus accumbens, the parabrachial nucleus, dorsomedial and lateral hypothalamic area and the subfornical part of the circumventricular organs, contain ghrelin receptors or ghrelin-stimulated activity that play a significant role in energy homeostasis. In the ARC, after stimulation of NPY/AgRP neurons it observe ghrelin orexigenic action[10].

Obese subjects show low ghrelin levels while lean subjects show high ghrelin levels. Ghrelin fasting levels appear rise in diet-induced or exercise-induced weight loss, and this may result in augmented sensation of hunger with failure to lose excess weight[21]. Thus, maintaining a weight set point might depend from ghrelin in, particularly in the condition of weight loss resistance.

Ghrelin levels, before and after RYGB, are reported in twenty-three studies about (Tables 2 and 3). A significant early decrease in ghrelin was found in five out of the seven studies that reported ghrelin levels within the first 14 d after surgery. Some of these studies compared patients undergoing RYGB with a control group of patients undergoing other non resective gastric operations such as AGB or Nissen fundoplication[1,22,23]. Only RYGB resulted in a significant reduction in postoperative ghrelin levels.

There are not consistent researches of longer-term changes in ghrelin levels after RYGB (Tables 2 and 3). Several studies reported preoperative and postoperative circulating ghrelin levels between 1 mo and 2 years after surgery.

In some of these researches the evaluation of a single serum ghrelin concentration in the morning after an overnight fast was performed; in others the meal-associated suppression of ghrelin was assessed. Some researchers evaluated ‘‘active’’ ghrelin, the metabolically active isoform including a unique post-translational octanoylation of the serine-3 hydroxyl group[1,18], while other group also detected the inactive des-acyl isoform[1]. 

This variability in the methods as well as the differences among assays restricts the studies comparisons.

Although considerable physiologic variations in serum ghrelin levels may contribute to conflicting findings, two observations emphasize the expected decreased ghrelin levels in patients after RYGB. Cummings et al[24] determined the 24-h plasma ghrelin profiles, body composition, insulin levels, leptin levels, and insulin sensitivity in 13 obese subjects before and after a six-month dietary program for weight loss. The 24-h ghrelin profiles were also determined in 5 subjects who lost weight after RYGB and 10 normal-weight controls; 5 of the 13 obese subjects who participated in the dietary program were matched with the subjects in the gastric-bypass group as obese controls[24]. The increase in the plasma ghrelin level with the sbsequent diet-induced weight loss is consistent with the hypothesis that ghrelin plays a role in the long-term regulation of body weight[24]. RYGB is correlated with considerably suppressed ghrelin levels, probably contributing to the weight-reducing effect of the procedure[24]. Nevertheless, the findings reported by Cummings et al[24] is not in line with other investigators: some studies have found an unchanged ghrelin spike before a meal and normal suppression following a meal after RYGB[25,26]. These inconsistencies may be also due to different techniques in performing RYGB. 

Korner et al[26] showed that the differences in levels of gut hormones may play a role in promoting greater weight loss and insulin sensitivity after RYGB compared with AGB.

The changes in ghrelin after SG were measured in different studies: fasting ghrelin levels are decreased at all time points up to 5 years of follow-up. Moreover, some studies tried to evaluate and compare the effects of RYGB[27] or AGB[28,29] with the SG on fasting ghrelin levels, which showed to be decreased. 

These studies lend credence that the ghrelin suppression after both SG and RYGB may be part of the mechanism that contributes to T2DM remission.

Glucagon-like peptide-1

Glucagon-like peptide-1 (7-36) amide (GLP-1) is a 30-residue peptide hormone released from intestinal L cells following nutrient consumption, as reported by Donnelly[30]. It potentiates the glucose-induced secretion of insulin from pancreatic beta cells, increases insulin expression, but also inhibits beta-cell apoptosis. Donnelly[30] has reported that GLP-1 promotes beta-cell neogenesis and satiety, reduces glucagon secretion, delays gastric emptying, and increases peripheral glucose disposal. Intact peptide is inactivated during passage across the hepatic bed by the enzyme dipeptidyl peptidase-4 (DPP-Ⅳ) associated with the hepatocytes, and further degraded by the peripheral tissues, while the kidney is important for the final elimination of the metabolites. GLP-1 is also a neurotransmitter locates in numerous areas of the brain (paraventricular nucleus and dorsomedial hypothalamus, dorsovagal complex, thalamus, and pituitary). The GLP-1 receptor is G-protein-coupled and is expressed in the pancreatic islets, lung, hypothalamus, stomach, heart and kidney[31].

Peripheral infusion of GLP-1 or PYY3-36 reduces food intake in healthy, obese, and diabetic subjects[32]. These two hormones, in combination with other anorectic gut hormones, act as peripheral sensory inputs, integrated in the CNS, modulating appetite and energy expenditure. 

GLP-1 and PYY3-36 directly act on the stomach to slow gastric emptying and acid secretion functioning as an ‘‘ileal brake’’mechanism to intestinal motility, preventing an exceedingly rapid transit and allowing time for digestion and absorption of nutrients in the proximal intestine[1,33].

GLP-1, one of the gut hormones called incretins, has an important role in enhancing insulin secretion by the pancreas[1]. The increased insulin response to enteral as opposed to parenteral glucose is defined the‘‘incretin effect’’[34]. Both in vivo and in vitro researches have showed that GLP-1 increase insulin secretion in the beta cell. Moreover, glucagon secretion is inhibited by GLP-1 while insulin sensitivity is increased.

Apoptosis is contrasted by GLP-1 while beta cell regeneration is promoted[35]. Diabetic patients show a blunted first-phase insulin response following a meal, partly due to a decreased incretin response[1,36]. 

Exenatide, a GLP-1 receptor agonist, is currently used for the treatment of T2DM. A strong GLP-1 response was reported 10 years after RYGB, suggesting a long-lasting effect. This phenomenon may play a key role in maintaining T2DM remission and weight loss after RYGB. Following RYGB, fasting GLP-1 levels are usually unchanged (Tables 2 and 3). Nevertheless, the GLP-1 response to a glucose or mixed meal is consistently enhanced (Tables 2 and 3). This effect occurs within two days following surgery[37] and remains stable for one year[25,26,38]. 

Jiménez et al[39] showed that an enhanced GLP-1 response to meal intake in T2DM patients is not sufficient to maintain normal glucose tolerance in the long term after RYGBP.

 Similar to RYGB, a large number of studies have shown unchanged fasting GLP-1 and a significant increase in response to a glycemic challenge. 

Peterli et al[27] prospectively evaluated GLP-1 changes following SG in randomized patients to receive either SG or RYGB. Curiously, following a test meal, GLP-1 results augmented in the SG patients and PYY response similar to RYGB patients. Another, there was a rapid resolution of T2DM in both groups. Their results do not confirm the foregut theory that hypothesizes that bypassing the duodenum and proximal small intestine is important to achieve the diabetes remission following bariatric surgery. Another hypothesis suggests that the rapid gastric transit arises as consequence of both early exposure of the distal intestine to nutrients and stimulation of the ‘‘ileal brake’’ mechanism[1,33]. This combination of effects influences digestive process and feeding behavior.

Peptide tyrosine tyrosine

PYY1-36 is co-secreted with GLP-1 and OXM by L-cells of the distal small bowel and colon in proportion to calorie content of the meal[1]. The main circulating and active form, PYY3-36, is formed by cleavage of PYY1-36 by the enzyme DPP-Ⅳ[40]. Serum levels rise within 15 min after initiating a meal and peak 1-2 h later, remaining elevated for various hours[41]. An anorectic effect of PYY3-36 has also been reported[42]. Similar to GLP-1, an anorectic CNS action was reported and it acts by reducing gastric emptying and acid production, by inhibiting pancreatic exocrine function, and by slowing intestinal transit time. Obese subjects show a reduced PYY3-36 response to feeding that might represent a cause of excessive appetite[43].

PYY3-36 has the anorectic action on the ARC through the Y2 receptors expressed at NPY/AgRP neuronal level, beyond in the nucleus of the solitary tract and the nodose ganglion of the vagus. Most of PYY3-36 anorectic effect is likely mediated by the vagus nerve[44].

Following RYGB, similar to GLP-1, there is a forward and particular increase in PYY3-36 response to a glycemic challenge (Tables 2 and 3). Along with GLP-1, this contributes to decreased appetite and rapid weight loss[40,45]. Three studies also reported a significantly increased fasting level of PYY3-36 following RYGB. Following the AGB, two studies[25,26] failing to demonstrate a variation in either fasting PYY or meal-stimulated response. This aspect showed no agreement with the enhanced response following RYGB.

Three researches[27,46,47] have showed the changes in meal-stimulated PYY3-36 response before and after SG reinforcing Peterli’s conclusions regarding an increased GLP-1 response to SG; the reserches showed an elevated meal-stimulated PYY3-36 response, that was similar to the change in PYY3-36 after RYGB.

Insulin

Insulin develops numerous roles in energy metabolism and is hormone more widely. Elevated serum glucose levels following a meal stimulate, particularly, insulin release by pancreatic beta cells. Insulin release is also induced by several amino acids (alanine, glycine, and arginine), acetylcholine from vagal nerve endings, and some incretins, including GLP-1 and glucose-dependent insulinotropic polypeptide (GIP)[1].

Insulin, among its various functions, is central to energy balance. Postprandial secretion of insulin lowers spikes of glucose levels following a meal by storing glucose as glycogen in muscle and liver and as triglycerides in adipose tissue. Vice versa, low serum insulin levels in fasting situations end up in mobilization of glucose from the liver and fatty acids from muscle. Consequently a major ATP amount is produced by -oxidation, from adipose tissue. 

Insulin has both long- and short-term effects on energy homeostasis. Insulin shows a negative feedback role on feeding by direct effects on the CNS[1]. In animal studies, decreased food intake and weight loss is caused by insulin after injected at central level. NPY/AgRP neurons in the ARC are inhibited by insulin. Its levels have also been suggested as long-term indicators of overall energy stores. Overweight compared with lean subjects showed higher basal and meal-stimulated insulin levels[48].

Fasting insulin levels are decreased due to RYGB and BPD/DS (Tables 2 and 3). Obese patients with T2DM shows a rapid improvement in glycemic control or impaired glucose tolerance. This is the result of: (1) a restored first-phase insulin response to a glycemic challenge due to an enhanced incretin effect; and (2) an improved insulin sensitivity related to weight loss.

Fasting insulin levels are also reduced after AGB. Nevertheless, the enhanced incretin effect in response to a meal is not observed. In diabetic patients, insulin sensitivity improves with weight loss.

SG also results in rapid resolution of diabetes in T2DM patients with decreased fasting insulin levels and a rapid improvement of the first phase insulin response and insulin sensitivity[27,49].

Leptin
Leptin is a 167-amino acid protein produced in several sites in the body, in particular by adipocytes - and it acts as a signal of overall body energy stores rising in proportion to total body fat mass[50].

Leptin is produced mainly in white adipose tissue, although it is also produced in brown adipose tissue, placenta, ovaries, skeletal muscle, stomach, breast, bone marrow, pituitary, and liver[1].

Several researches have showed that leptin acts on the hypothalamus, where it inhibits NPY/AgRP receptor neurons in the ARC while stimulates -MSH neurons[1,9,11]. The OB-Rb receptor woold seems to be binded to leptin. The JAK-STAT and MAPK signal transduction pathways woold seems to be activated by leptin[1]. 

Leptin acts on appetite and energy balance oppositely to the action of grelin. Although in mice leptin appears to act as a significant physiological brake on appetite, its role in humans requires further studies, because of minimal weight loss obtained in obese patients taking leptin analogues, as reported by Harvey et al[1].
Harvey et al[1] has reported that leptin resistance in obesity has been proposed as one possible interpretation of this finding. Another hypothesis is that, in humans, relative leptin deficiency is essentially the more potent stimulus at times of negative energy balance, such as starvation and diet-induced weight loss, as reported by Harvey et al[1]. In this way the weight loss recovery is facilitated.

In different studies the serum leptin measurement after metabolic surgery was regularly performed; the results demonstrated its decrease with weight[45]. At the moment, there are no data demonstrating strong differences among leptin levels after equivalent weight loss due to RYGB or diet/exercise. Therefore, it should be excluded a direct bariatric surgery effect on serum leptin concentration.

Adiponectin
High-molecular-weight adiponectin is a 244-amino acid protein produced in white adipose tissue[1]. Serum adiponectin levels are inversely proportional to body fat mass, BMI, waist-to-hip ratio, serum insulin, and glucose levels[1]. In some studies, obese subjects compared with lean controls show a reduction of fasting adiponectin levels[51]. Nevertheless, the response to a meal appear to be exaggerated in obese subjects[51]. 

In the pathogenesis of insulin resistance in T2DM woold seems to have a role adiponectin. In rodents, hepatic gluconeogenesis is improved by adiponectin administration while fatty acid utilization in muscle cells appears to be increased[52]. Moreover, in a study comparing Pima Indians - a population with a high propensity for obesity and T2DM - and Caucasians, hypoadiponectinemia is more closely related to the degree of insulin resistance[53], high levels being protective against developing T2DM[54].

About the adiponectin levels before and after RYGB, just one study reported an increase in fasting adiponectin. No significant difference in adiponectin levels after BPD/DS were found in three out of four studies[51-54], despite 44% decrease of total body weight reported by Kotidis et al[55]. The differences could be related, among other things, to the presence of adiponectin gene mutations that alter its physiological functional role and affect its levels in the body. For this reason, we suggest to perform molecular investigations in order to clarify the mutational state of adiponectin gene and the effect of possible mutations on level outcomes. 

Following AGB, adiponectin levels also rise as the weight reduction occurs. To our knowledge, no study has investigated changes in adiponectin following SG.

Tables 2 and 3 summarize short and long term effect of bariatric procedures on serum fasting gut hormones considered in this review.

ADAPTED BARIATRIC SURGERY

Actually our knowledges on the mechanisms of energy homeostasis are increased, newer bariatric procedures have been developed to achieve specific metabolic goals. Surgical procedures designed to treat T2DM in non-morbidly obese patients, such as the ileal interposition[56] and duodenal-jejunal bypass[57], are being evaluated in Institutional Review Board-approved researches. Bariatric surgery improve strongly diabetic as showed in most of the studies. Discontinuation of antidiabetic medications and remission of T2DM after bariatric surgery were put in evidence in 86.8% and 64.7% of the patients, respectively, with fasting plasma glucose and glycated hemoglobin (HbA1c) slightly above normal range[57]. Furthermore, bariatric surgery provided adequate glycemic control for 30.1% of the patients using insulin prior to surgery[57]. It has been showed, in some studies, that malabsorptive bariatric techniques have higher diabetes remission rates than restrictive ones[57-59]. T2DM usually finds the solution within few days to some weeks following malabsorptive procedures such as RYGB and BPD; in both cases a significant weight loss is previously achieved[57]. Although the exact mechanism is not yet completely understood, some studies support the idea that malabsorptive procedures involving rerouting of food might control high glucose levels in T2DM by bursting insulin sensitivity and/or by improving -cell function[57]. Obviously, both mechanisms favor losing weight and reducing caloric intake[59-62]. Some studies have described that acute insulin response to intravenous glucose and early phase insulin response to oral glucose load significantly improve within a month following gastrointestinal bypass surgery[57,60,63]. Mechanisms for these mutations could be due to the important decrease in insulin resistance and the increase in GLP-1 postprandial plasma levels immediatly after surgery[57]. Actually, two hypotheses, named hindgut and foregut theory, have been proposed to explain T2DM improvment after metabolic surgery and surgical-induced weight loss. The former theory claims that surgical nutrient rerouting to the small intestine distal part ends up in elevated GLP-1 secretion and concomitant GLP-1 glucose-lowering effects; the latter hypothesis emphasizes that surgical bypass of the foregut prevents the release of a not yet well-defined nutrient, that functions as a pro-diabetes stimulus in predisposed subjects[64]. The weight loss effect of metabolic surgery on T2DM in not severely obese patients (BMI ≥ 35 kg/m2) might be lower than that on T2DM with a higher BMI (≥ 40 kg/m2)[57]. The understanding of the above mechanism is the key to success in metabolic surgery. There is no strong evidence describing the effectiveness of metabolic surgery on long-term follow-up in obese diabetic individuals[57].

LINKING PHARMACOTHERAPY AND BARIATRIC SURGERY

The therapeutic effect of metabolic surgery are not observed in all patients. For example, up to 15% of patients fail to achieve a weight loss over 30%[1,65] and a minority of diabetic patients will still have inadequate glycemic control following after bariatric surgery[1,66]. In others, with weight regain the presurgical hormonal conditions comes back. A hormonal panel may point to a particular feedback system that is limiting the overall success. Targeted pharmacotherapy might be necessary and sufficient to suppress the system and achieve the metabolic goal. As clearly depicted in their work, Le Roux et al[45] enforced jejunoileal bypass on rats and compared these to sham-operated rats. Increased PYY3-36 caused weight loss in jejunoileal bypass rats. Antagonism of the PYY with a specific neutralizing antibody led the rats to re-gain weight, whereas administration of PYY3-36 resulted in additional weight.
Outcome of bariatric surgery on insulin sensitivity and secretion is different in relation to the type of surgery methods that was performed[67]. In fact, while RYGB enhances insulin secretion after a meal, thus improving glucose metabolism, BPD/DS acts through the improvement in insulin sensitivity allowing the subsequent reduction of insulin hypersecretion, a typical feature of the insulin resistance state[67]. Gastric banding action is expected to be mediated only through weight loss, and the effect of sleeve gastrectomy remains still to be clarified. Incretin secretion is mostly elevated under nutrient stimulation after gastric bypass, likely leading to an overstimulation of pancreatic -cells, and resulting in the elevated insulin secretion. 

RYGB intervention affects fasting GLP-1, PYY or ghrelin levels and produces greater improvement in insulin sensitivity compared with diet at equivalent weight loss in T2DM patients[68]. No beneficial effect was observed in nondiabetic subjects at this early time-point. 

No change in fasting GLP-1 concentrations after massive weight loss achieved with bariatric surgery was reported. In particular, after biliopancreatic diversion in morbidly obese patients without diabetes mellitus[69]. 

All hormones showed changes from baseline: some variations have been identified soon after surgery (ghrelin, leptin, adiponectin), whereas others were preserved in the long term (GLP-1, PYY, ghrelin, leptin adiponectin), as summarized in Tables 2 and 3[70-136]. At present no clinical studies are available combining bariatric procedures with specific pharmacotherapy for metabolic complications. However this topic appears to be of increasing interest, especially if it is implemented by pharmacogenomic data that could illustrate the specific pattern of drug susceptibly belonging to each patient. 

NAFLD AND BARIATRIC SURGERY

Bariatric surgery was historically related with reduced prevalence and severity of liver disease. However, in some studies, the progression of liver disease in patients postoperatively was reported. In the early age of bariatric surgery, jejunoileal bypass was the most usually enforced procedure. A considerable portion of patients developed advanced liver disease, probably due to bacterial overgrowth and endotoxemia in the bypassed intestine, resulting in bacterial translocation and liver disease. Nevertheless, the jejunoileal bypass surgery has rarely been enforced in recent years due to the multiple complications arising from this procedure. 

In a recent review the association between bariatric surgery (RYGB) and ghrelin reduction was underlined; ghrelin is known to stimulate insulin counter regulatory hormones, reduce adiponectin, and block hepatic insulin signalling[137]. Moreover, RGYB is also associated with GLP-1 high levels; consequently it enhances glucose tolerance by enhancing insulin secretion, suppressing glucagon production, inhibiting gastric emptying, and increasing B cell mass[137]. For this reason, bariatric surgery is probably to have potential benefit in ameliorating this gut hormones that strongly contribute to NAFLD pathogenesis[137]. Nevertheless, Hafeez et al[137] concluded that further investigations are needed to determine (1) the benefit of bariatric surgery in NAFLD patients at high risk of developing liver cirrhosis; and (2) the role of bariatric surgery in modulation of NAFLD complications such as diabetes and cardiovascular disease. The outcomes of the future researches will evaluate whether bariatric surgery will be one of the prescribed choice for treatment of the most progressive NAFLD type[137].

GUT MICROBIOTA AND BARIATRIC SURGERY

Bariatric surgery is generally the only available treatment for severe obesity that regularly develops and sustains considerable weight loss[138]. This surgery leads to some mutations in acid exposure to the gastric remnant and proximal small bowel. It also acts by restricting the amount and types of food that can be easly ingested, by promoting a modest degree of nutrient malabsorption by shortening the length of the small bowel. In addition, the RYGB may result in intestinal dysmotility. Actually, very little is known about the mutations in the gut microbiome that occur after RYGB, and, Kong et al[139] showed an increase in gut microbiome richness and in the number of associations between gut microbiome and white adipose tissue genes. Variations of gut microbiome were correlated with mutations in white adipose tissue gene expression[139]. These findings stimulate deeper explorations of the mechanisms linking gut micro-biome and white adipose tissue pathological alterations in human obesity and its variations after weight loss[139]. In this field, genomic, transcriptomic and bioinformatics analysis could offer a potent integrated tool to clarify the majority of unclear aspects.

Osto et al[140] showed that RYGB surgery might differently modify the gut microbiome composition in the three distinct anatomical sections of the small intestine compared to sham surgery. RYGB induced variations in the microbiota of the alimentary limb and the common channel resembling those seen after prebiotic treatment or weight loss by dieting, as reported by Osto et al[140]. These variations may be associated with altered production of intestinal hormones known to control energy balance. Postsurgical modulation of gut microbiome may significantly contribute to the beneficial metabolic effects of RYGB surgery[140], not excluding those on NAFLD.

Ashrafian et al[141] reported that, in rats, surgically induced metabolic shifts identify some of the potential mechanisms that contribute toward bariatric cardio-protection through gut microbiota ecological fluxes and an entero-cardiac axis to shield against metabolic syndrome of cardiac dysfunction.

Recently, Sweeney and Morton[142], in their review, have been provided the practicing surgeon with (1) an update on the state of a quickly innovating branch of clinical bioinformatics, specifically, the micro-biome; (2) a new understanding of the micro-biome changes after RYGB and weight loss; and (3) a basis for understanding further clinical applications of studies of the distal gut micro-biome, such as in Crohn’s disease, ulcerative colitis, and infectious colitis.

We suggest that the application of bioinformatics tools for better understanding the most significant micro-biome features could be cross-linked with the results of the expression hormone gene analysis conducted in the patients after weight loss. In this way it is possible to interpret the actual contribute of micro-biome in treatment outcomes.

FUTURE DIRECTIONS

Bariatric surgery leads to certain variations in the hormonal milieu that develop weight loss in obese subjects acting on energy balance regulation, particularly on food intake. Bariatric surgery is also related to some potential beneficial effects on co-morbid diseases correlated with obesity such as T2DM, metabolic syndrome[71,143,144] and NAFLD. Translational researches about the relative contribution of abounding signaling pathways in energy homeostasis will probably appear in combined treatment strategies containing both pharmacotherapy and surgery. Future research in these areas is warranted.

Surgery aimed principally at diseases such as diabetes and not weight loss are referred to as “metabolic surgery”, as reported by Cohen et al[145]. Cohen et al[145] showed that metabolic surgery has been proven to be safe and effective, and although more data are needed, it is unquestionable that a new discipline has been founded. Metabolic surgery can effectively treat T2DM in individuals with any BMI, including < 35 kg/m2, who do no respond to standard medical therapy[145].

Bariatric surgery can be enforced safely with acceptable low complication rate and mortality by specialized teams.

Changes in gut hormones, containing increases in GLP-1, PYY, and oxyntomodulin, decrease in GIP and ghrelin, or the combined action of all these hormones, might have a role in induction and long-term maintenance of weight loss[146]. In particular, it has been recently demonstrated by Holst[147] that GLP-1 and PYY appear to contribute tightly to the reduction in food intake after bypass and, thus, to the weight loss. 

Actually, there are no data indicating that a reduced secretion of the hormones is associated with the pathogenesis of obesity and/or T2DM, but impaired secretion usually observed in obesity (and hence also in diabetes) may contribute to the development, as reported by Holst[147]. These hormones have subsequently become attractive novel targets for the development of obesity and T2DM therapies[148]. 

The previous study of the hormones mutational state with molecular tools could relate the pathogenesis aspects to the therapy aspects: if the presence of pathogenic mutations is highlighted by genomic analysis, its effects could affect or impair the hormone physiological role. In this case also the therapy outcomes could be influenced by the genes variations; consequently therapy strategy must be design to overcome the problem.

In fact, by recapitulating the gut hormone secretion changes after bariatric surgery, drugs based on gut hormones represent an exciting possibility for the treatment of obesity and T2DM[149]. Nevertheless, the timing, the exact variations of gut hormones and the relative importance of these ones in the metabolic improvement post-bariatric surgery remain to be further clarified[150].

Dixon et al[151] has reported that bariatric surgery, in addition to its profound weight-reduction effects, leads to a durable resolution of T2DM. Therefore, Dixon et al[151] has hypothesized that a cure for this disease may be obtainable, both by surgery as well as with drugs or devices that mimic surgery effects. 

All these studies are safely interesting and will probably improve our knowledge on the pathogenesis of several metabolic diseases. This aspect is positively related to the possibility to identify new and exciting therapeutic opportunities. However, high-level controlled trials evaluating in particular long term benefits of bariatric surgery in obesity and its co-morbid diseases such as T2DM and the metabolic syndrome are required[152].

Recently, Lee et al[153] suggested that the novel anorexic hormone nesfatin-1 and another new hormone, the obestatin, might contribute to the marked improvement in glycemic homeostasis and weight loss in diabetics after RYGB and SG.

Nesfatin-1 is a recently identified 82-amino-acid peptide derived from the precursor protein, nucleobindin2 (NUCB2)[154]. The brain distribution of NUCB2/nesfatin-1 at the mRNA and protein level along with functional studies in rodents support a role for NUCB2/nesfatin-1 as a novel satiety molecule acting through leptin-independent mechanisms[154].

Consequently may be very significant the quantification of nesfatin levels in obese patients by using the appropriate methods transcriptomic-based.

Obestatin is a recently discovered 23-amino acid peptide encoded by the ghrelin gene[155,156]. Although in the original Zhang’s works obestatin appeared to suppress food intake and decrease gastric emptying[155-157], consequently antagonizing the orexigenic effect of ghrelin, subsequent researches in rodents showed controversial results[155-161]. Obestatin is present not only in the gastrointestinal tract, but also in the spleen, mammary gland, breast milk, and plasma[155,156,160]. Obestatin seems to function as part of a complex gut-brain network whereby hormones and substances from the stomach, intestine and the brain about satiety or hunger[155,156,160].

Lee et al[153] concluded that RYGB and SG produce differential influences with regards to circulating nesfatin-1 and obestatin levels in non-morbidly obese, T2DM patients. Circulating nesfatin-1 may modulate glucose homeostasis in two surgical procedures, and participate in regulating body weight in SG. However, many questions are still to be answered, in particular the receptor involved in the peptide’s actions, and the processing of NUCB2 to nesfatin-1 in hypotalamic or gut tissues still remain elusive. Furthermore, signaling mechanisms directly associated with the action of nesfatin-1 have been little explored[153].

CONCLUSION

It is important to emphasize the role of the major peptides released by the enteroendocrine system, which promote satiety and modulate energy homeostasis and utilization, as well as those that control fat absorption and intestinal permeability, as reported by Mells et al[162]. Clarifying new functions for enteroendocrine system-related peptides and developing pharmacologic peptide analogues offer future pharmacologic chances for obesity-related human disease, of which NAFLD is such important a part[4].

Bariatric surgery could be the most effective treatment for obesity and co-morbidities, often within days after surgery, independently of weight loss[163] and it is actually the only therapy available for obesity which results in long-term, sustained weight loss[148].

We hypothesize that gut hormones might induce and mainten the weight loss to long-term, could determine the improvement of obesity-related co-morbidities and could help to detect new drug targets and improved surgical procedures.
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FIGURE LEGENDS
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Figure 1  Humoral signals implicated in the physiological regulation of food intake. Diagram summarising the major signalling pathways which converge on the hypothalamus and brainstem in order to regulate food intake. ARC: Arcuate nucleus; NPY/AgRP: Neuropeptide Y and agouti-related peptide; POMC/CART: Proopiomelanocortin and cocaine- and amphetamine-regulated transcript; DVC: Dorsal vagal complex; DVN: Dorsal motor nucleus of vagus; NTS: Nucleus of the tractus solitarius; AP: Area postrema; GLP-1: Glucagon-like peptide-1; CCK: Cholecystokinin; PP: Pancreatic polypeptide; PYY: Peptide YY; OXM: Oxyntomodulin.
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Figure 2  Peripheral feedback signals. 
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Figure 3  Gastric banding: an adjustable gastric band is used to divide the stomach into a small proximal compartment taken down a few centimeters distal to the compartment (pouch) and a larger distal compartment (residual stomach). Roux-en-Y gastric bypass: The stomach is gastric inlet. The jejunum is divided 50 cm beyond the ligament of Treitz, and its aboral end is connected to the small gastric pouch. Some 150 cm distal to this point, the other end of the small bowel is sewn to a loop that has been pulled up to meet it (so-called Roux-en-Y reconstruction). Surgical effects: restriction, with an additional malabsorptive component. Sleeve gastrectomy: More than 80% of the stomach is resected, and the gastric remnant is tubularized, with an initial filling volume of less than 100 mL. Surgical effects: Restrictive and hormonal mechanisms. Biliopancreatic diversion duodenal switch (DS): The stomach is reduced in size as in sleeve gastrectomy. Duodenum is divided distal to the pylorus, and the jejunum is divided 250 cm proximal to the ileocecal valve and anastomosed to the duodenum. The other end is connected to the ileum 100 cm proximal to the ileocecal valve. Mechanism of effect: A combination of restrictive gastric surgery with a considerable degree of malabsorption.
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Table 1  Anatomic and physiologic changes due to bariatric surgery


�
Stomach�
Duodenum�
Proximal intestine�
Distal intestinal�
�
RYGB�
Decreased capacity to 15-30 mLChyme bypasses 90% of stomachDecreased gastric transit time�
Bypassed by chyme�
Proximal jejunum bypassed by chymeRapid exposure of distal jejunum to chymeBile mixes with chyme in proximal ileum�
Earlier exposure to chyme�
�
AGB�
Restrictive band around gastric cardiaDirect pressure on vagus nerves�
No alterations�
No alterations�
No alterations�
�
BPD/DS�
Decreased capacity to 60-150 mL85%-90% of stomach removedAccelerated gastric emptying by 2-fold to 3-fold�
Bypassed by chyme�
Chyme bypasses jejunum Rapid exposure of ileum to chymeBile mixes with chyme in distal ileum�
Rapid exposure to chime�
�
SG�
Decreased capacity to 60-150 mL85%-90% of stomach removedAccelerated gastric emptying by 2-fold to 3-fold�
More rapid exposure to chyme�
Possibly earlier exposure to chyme�
Possibly earlier exposure to chyme�
�
AGB: Adjustable gastric band; BPD/DS: Biliopancreatic diversion with or without duodenal switch; RYGB: Roux-en-Y gastric bypass; SG: Sleeve gastrectomy. 





Table 2  Short term (< 3 mo) fasting serum hormonal changes after bariatric surgery


�
RYGB�
AGB�
SG�
BPD/DS�
�
Ghrelin�
↓ [22,26,72,74,75, 87-91]= [23-25,36,45,88,89]↑ (abs. .inf.)�
↓ (abs. .inf.)= [24,25,27]↑[27]�
↓ [26,27,45]= (abs. .inf.)↑ (abs. .inf.)�
↓ [108]= [108,111,112]↑ [109-111]�
�
GLP-1�
↓ (abs. .inf.)= [23,24,26,36,37,89,115-117] ↑ (abs. .inf.)�
↓ (abs. .inf.)= [24]↑ (abs. .inf.)�
↓ (abs. .inf.)= [26]↑ (abs. .inf.)�
↓ (abs. .inf.)= [112,122-125]↑(125,126)�
�
PYY�
↓ [23]= [24,25,36,46,76,89,91] ↑ (abs. .inf.)�
↓ (abs. .inf.)= [24,25]↑ (abs. .inf.)�
↓ (abs. .inf.)= [46]↑ [26,45]�
↓ (abs. .inf.)= (abs. .inf.)↑ (abs. .inf.)�
�
Insulin�
↓ [22,23,25,26,87,89,90,115,117,118,127-129]= [25, 46,89,91,116]↑ [88]�
↓ [21,22]= [25]↑ (abs. .inf.)�
↓ [26,48]= (abs. .inf.)↑ (abs. .inf.)�
↓ [122,123]= (abs. .inf.)↑ (abs. .inf.)�
�
Leptin�
↓ [23-25,89,90,117,127-129]= (abs. .inf.)↑ (abs. .inf.)�
↓ [25]= [24]↑ [21]�
↓ (abs. .inf.)= (abs. .inf.)↑ (abs. .inf.)�
↓ [111,112,122]= (abs. .inf.)↑ (abs. .inf.)�
�
Adiponectin�
↓ [72, 87]= [87]↑ (abs. .inf.)�
↓ (abs. .inf.)= (abs. .inf.)↑ (abs. .inf.)�
↓ (abs. .inf.)= (abs. .inf.)↑ (abs. .inf.)�
↓ (abs. .inf.)= [122]↑ (abs. .inf.)�
�
↓: Decreased; =: Not significant; ↑: Increased; abs. inf.: Absence of information. The number inside the Table indicate the related references. RYGB: Roux-en-Y gastric bypass; AGB: Adjustable gastric band; SG: Sleeve gastrectomy; BPD/DS: Biliopancreatic diversion with or without duodenal switch; GLP-1: Glucagon-like peptide-1; PYY: Peptide tyrosine-tyrosine. 





Table 3  Long term (> 3 mo) fasting serum hormonal changes after bariatric surgery


�
RYGB�
AGB�
SG�
BPD/DS�
�
Ghrelin�
↓ [77,85,92,97,100]= [24,25,45,72, 87-89,91,95,99,101]↑ [45, 73,78-83,86,88,93,94,96,99]�
↓(abs. .inf.)= [24,25,103,104,106]↑[28,27,92,101,102,104,105,107]�
↓ [28,27,45,107,114]= (abs. .inf.)↑ (abs. .inf.)�
↓ [54,97]= [96,113]↑ [111,112]�
�
GLP-1�
↓ [120]= [24,25,26,37,80,89,95,116,119,121]↑ (abs. .inf.)�
↓ [120]= [24,25,106,120]↑ [102]�
↓ (abs. .inf.)= (abs. .inf.)↑ (abs. .inf.)�
↓ (abs. .inf.)= (abs. .inf.)↑ (abs. .inf.)�
�
PYY�
↓ (abs. .inf.)= [24,25,89,91]↑ [25,45,81,96,119,120]�
↓ (abs. .inf.)= [24,25]↑ [120]�
↓ (abs. .inf.)= (abs. .inf.)↑[45]�
↓ (abs. .inf.)= (abs. .inf.)↑ (96)�
�
Insulin�
↓[25,78,78,87,89,74,94,95,97,98,99,100,102,120,121,127,129-135]= [24,25,80,89,91]↑ [82,84,95,99,130]�
↓ [25,92,102,104,120,131]= [106]↑ (abs. .inf.)�
↓[48]= (abs. .inf.)↑ (abs. .inf.)�
↓ (97,113,126)= (abs. .inf.)↑ (abs. .inf.)�
�
Leptin�
↓ [24,25,78,79,89,92-94,96-99,101,127,129,132,135]= (abs. .inf.)↑ (abs. .inf.)�
↓ [25,92,101-104,106,132,136]= [24]↑ (abs. .inf.)�
↓ (abs. .inf.)= (abs. .inf.)↑ (abs. .inf.)�
↓ [97,111-113]= [54,96]↑ (abs. .inf.)�
�
Adiponectin�
↓ (abs. .inf.)↑ [78,79,84,87,90,93,94,97,99,131,133,134]�
↓ (abs. .inf.)�
↓ (abs. .inf.)= (abs. .inf.)↑ (abs. .inf.)�
↓ (abs. .inf.)= [54]↑ [97]�
�
↓: Decreased; =: Not significant; ↑: Increased; abs. inf.: Absence of information. The number inside the Table indicate the related references. RYGB: Roux-en-Y gastric bypass; AGB: Adjustable gastric band; SG: Sleeve gastrectomy; BPD/DS: Biliopancreatic diversion with or without duodenal switch; GLP-1: Glucagon-like peptide-1; PYY: Peptide tyrosine-tyrosine. 








