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Abstract
Medical therapy for type 2 diabetes mellitus is ineffective in the long term due to the progressive nature of the disease, which requires increasing medication doses and polypharmacy. Conversely, bariatric surgery has emerged as a cost-effective strategy for obese diabetic individuals; it has low complication rates and results in durable weight loss, glycemic control and improvements in the quality of life, obesity-related co-morbidity and overall survival. The finding that glucose homeostasis can be achieved with a weight loss-independent mechanism immediately after bariatric surgery, especially gastric bypass, has led to the paradigm of metabolic surgery. However, the primary focus of metabolic surgery is the alteration of the physio-anatomy of the gastrointestinal tract to achieve glycemic control, metabolic control and cardio-metabolic risk reduction. To date, metabolic surgery is still not well defined, as it is used most frequently for less obese patients with poorly controlled diabetes. The mechanism of glycemic control is still incompletely understood. Published research findings on metabolic surgery are promising, but many aspects still need to be defined. This paper examines the proposed mechanism of diabetes remission, the efficacy of different types of metabolic procedures, the durability of glucose control, and the risks and complications associated with this procedure. We propose a tailored approach for the selection of the ideal metabolic procedure for different groups of patients, considering the indications and prognostic factors for diabetes remission.
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Core tip: The success of bariatric surgery in obese diabetic individuals (body mass index, BMI > 35 kg/m2) has led to the paradigm of metabolic surgery for the treatment of type 2 diabetes mellitus, including patients with a BMI < 35 kg/m2. The mechanisms of metabolic gastrointestinal surgery are thought to depend on the dramatic entero-hormonal changes after physio-anatomical re-arrangement of the gastrointestinal tract. However, data have shown that weight loss is still the cornerstone of diabetes remission. This review will discuss the current recommendations regarding the use of gastrointestinal surgery for glycemic and metabolic control in diabetic individuals with a BMI < 35 kg/m2.
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INTRODUCTION
 Amidst the current worldwide epidemic of type 2 diabetes mellitus (T2DM), the global diabetes health burden is projected to reach 522 million in 2030[1], with much of this increase occurring in developing countries. Asia’s population is predicted to become a hotspot of the "metabolically obese" phenotype (normal body weight with increased abdominal adiposity) that is characterized by a relatively young age of onset with a low body mass index (BMI)[2]. In China specifically, the estimated prevalence of diabetes in 2010 was 11.6%, and that of pre-diabetes was 50.1%, accounting for up to 113.9 million Chinese adults with diabetes and 493.4 million with pre-diabetes[3]. Furthermore, given the increasing prevalence of obesity worldwide, the epidemic of diabetes has become an even larger economic and social public health challenge. The free fatty acids derived from visceral adipose tissue impair insulin sensitivity and β-cell function (lipotoxicity), leading to metabolic syndrome (MetS) and T2DM. 
   Long-term glycemic control of diabetes can halt the progression of the disease, prevent complications and reduce cardiovascular risk[4]. There are still, however, major unmet needs that are not addressed by intensified multifactorial interventions due to the need for continual monitoring and increasing doses over time with disease progression[5]. Most diabetic patients are unable to achieve adequate glucose control with medical therapy in the long term due to time-consuming medical interventions[6,7]. In the United States, only 50% of diabetic patients are able to achieve glycated haemoglobin (HbA1c) < 7% with medical therapy as recommended by the American Diabetic Association[7]. 
   In contrast, bariatric surgery has been shown to induce the remission of diabetes or to reduce the need for medications with durable long-term results in morbidly obese patients[8,9], thereby providing a potentially cost-effective approach to treating T2DM. Considering weight loss-independent mechanisms for diabetes improvement, metabolic gastrointestinal surgery is now being performed for mildly obese or even overweight patients (BMI < 35 kg/m2), with a focus on diabetes rather than obesity. The aims of metabolic surgery are glycemic control, metabolic control and cardio-metabolic risk reduction.
      Therefore, this review will examine the current use of gastrointestinal surgery for the metabolic control of T2DM. Data on patients with a BMI < 35 kg/m2 will be discussed in depth to reflect the current research focus.

LITERATURE SEARCH 
An extensive literature search of English-language journals was performed using the following databases from 1987 to October 2013: MEDLINE/Pubmed, Embase and the Cochrane database.
The MeSH headings used included the following: “metabolic surgery”, ”type 2 diabetes mellitus”, ”gastrointestinal surgery”, ”non-obese”, ”BMI < 35 kg/m2”, ”obesity”, ”diabetes remission”, ”HbA1c”, ”glucolipotoxicity” and ”prognostic factor”. The terms were searched with combination of ”OR” and ”AND”. All abstracts identified were read to ensure that they met the inclusion criteria of any form of metabolic surgery for T2DM. Additional articles found in the references of the selected articles were reviewed to determine if they met the inclusion criteria. Critically, articles were reviewed for data on changes in BMI, HbA1c, type of surgery, reported remission and complications.

TYPES OF METABOLIC SURGERY
Bariatric surgery denotes any surgical procedure that is aimed at the reduction of excess weight. The conventional bariatric operations are divided as follows: restrictive type [laparoscopic adjustable gastric banding (LAGB) or laparoscopic sleeve gastrectomy (LSG)], malabsorptive type [bilio-pancreatic division with duodenal switch (BPD/DS)] and combination type [roux-en-Y gastric bypass (RYGB) or mini gastric bypass]. Interestingly, both bypass and restrictive procedures were reported to cause diabetes remission, but through different mechanisms, depending on the degree of the physio-anatomical alteration of the gastro-intestinal tract[9]. Essentially, the rapid induction of a negative energy balance after surgery, limited foregut bypass, rapid nutrient delivery to the hindgut and decreased adipocyte mass may all play important roles in durable weight loss, decreased satiety, improved insulin resistance and resolution of the pro-inflammatory state associated with obesity.

ROLE OF OBESITY IN MetS AND T2DM
Obesity, particularly central obesity, is closely associated with insulin resistance and T2DM[10]. Long-standing obesity will eventually lead to glucose intolerance due to stress failure of the beta cells in predisposed individuals.[11] Biologically, as adipose tissue is an active endocrine and immune tissue, the pathogenic nature of adipose tissue depends on how the positive calorie balance results in “sick fat’ in genetically and environmentally susceptible individuals rather than on the total amount of fat mass[12,13]. This adipose dysfunction will result in pathogenic adipocyte deposits with lipotoxicity, resulting in cardiovascular disease and mortality[14] (Figure 1). Visceral fat, the most metabolically active adipose tissue deposit, releases various pathogenic mediators into the portal system, leading to hepatic-mediated metabolic disease (dyslipidemia and T2DM)[14]. High levels of circulating free fatty acids are also “lipotoxic” to various organs, especially the pancreas and liver, leading to metabolic disease. Therefore, effective weight loss after bariatric surgery that reduces metabolically active “sick fat” will improve metabolic disease and lead to the resolution of T2DM[15]. 

MECHANISM OF GLYCEMIC CONTROL AFTER GASTROINTESTINAL SURGERY
Although various types of bariatric procedures have been used to treat T2DM, the physiology of remission is still incompletely understood[16]. Diabetes remission results from improvements in both insulin resistance and β-cell dysfunction, but the degree of their improvement also depends on the type of surgery performed. To elucidate the molecular mechanism of diabetes control, it is critical to understand which part of the typical anatomical rearrangement of gastrointestinal surgery is essential for the glycemic control of T2DM.  
  The restrictive procedure (LAGB) is thought to achieve glycemic control purely through weight loss without an entero-hormonal effect. Therefore, the remission of diabetes is slow and occurs in parallel with gradual weight loss. In contrast, the most investigated metabolic procedure is RYGB, which exhibits significant hormonal changes after surgery; the glycemic control is acute and immediate via an anti-diabetic weight-independent mechanism, even without significant weight loss after surgery. Moreover, the magnitude of metabolic control is much greater than the expected degree of weight loss, which might be a clue that the altered hormonal milieu of gut-hormone release explains the metabolic disease control[8]. Generally, immediately after RYGB, acute calorie restriction, usually 200-300 kcal/d, leads to improved glucose tolerance due to improved hepatic insulin sensitivity and reduced hepatic glycogen stores[17]. Later, the incretin effect due to hormonal changes is responsible for further improvements in insulin secretion and sensitivity[18]. For those patients with obesity and lipotoxicity, significant subsequent weight loss will account for improved pancreatic function and decreased insulin resistance due to resolution of the pro-inflammation state[13]. Based on this observation, several plausible mechanisms are possibly responsible for the early and long-term glycemic normalization after bariatric surgery. The most prominent glycemic effects are the decrease in insulin resistance and the increase in early phase insulin release[18,19]. Nevertheless, the interaction of multiple organ-related pathways involving the brain, gut, liver, pancreas, muscle, adipose tissues and other undiscovered tissues may result in dramatic resolution of the diabetic state. The main suggested hypotheses of the possible related mechanisms are discussed below.

Calorie restriction and weight loss
Calorie restriction and subsequent weight loss can have potent effects on insulin sensitivity due to either surgical or medical interventions. Studies have shown that the effect of 48 h of acute calorie restriction (approximately 1100 kcal/d) could result in improved hepatic insulin sensitivity with reduced hepatic gluconeogenesis; however, there is no effect on muscle insulin sensitivity unless greater weight loss is achieved in obese subjects[20]. Similarly, the static measure of the HOMA-IR score improves within days after bariatric surgery when weight loss is minimal[21], but greater weight loss (> 20%) after RYGB or LAGB is required to improve skeletal muscle insulin sensitivity[22-24]. RYGB and BPD produced a significant decrease in insulin resistance at 2 weeks after surgery[21]. However, the effect of BPD on muscle sensitivity is unique and possibly related to massive lipid malabsorption, as this surgery results in a rapid improvement in muscle insulin sensitivity despite minimal weight loss (< 10%)[25,26] and minimal improvement thereafter despite greater weight loss[27,28]. Interestingly, one study has shown that despite similar weight losses of 30% after RYGB and LAGB, the RYGB cohort had higher rates of diabetes remission (72% vs 17%) at 2 years[29]. This result clearly suggests that in addition to weight loss, there is a weight-independent anti-diabetes mechanism in diabetes remission after RYGB.

Foregut effect
The “foregut hypothesis” proposes that the exclusion of the duodenum and proximal jejunum from the transit of nutrients may prevent the secretion of a putative signal that promotes insulin resistance and T2DM, suggesting that a yet unidentified inhibitory product from the proximal bowel causes metabolic changes (anti-incretin). This hypothesis was based on an animal study by Rubino et al[30], which supported the foregut hypothesis as a dominant mechanism in improving glucose homeostasis after RYGB. In their study, duodenal-jejunal bypass (DJB) (gastrojejunostomy + duodenal exclusion as in RYGB) greatly improved diabetes in Goto-Kakizaki rats, an animal model of non-obese T2DM. Conversely, a simple gastrojejunostomy without excluding nutrient flow through the proximal intestine did not improve diabetes. Interestingly, when the authors reestablished the normal gastroduodenal route but preserved the gastrojejunostomy, the glycemic abnormality returned in the DJB-treated rats. Thus, the authors proposed that excluding the proximal intestine from nutrient flow would improve glucose tolerance and suggested that a putative signal originating in the foregut might be involved in the pathophysiology of T2DM. Similarly, strong support for the foregut hypothesis came from the use of an endoluminal sleeve to endoscopically achieve DJB, which produced significant weight loss, resolution of T2DM and improvement in the cardiovascular risk factor profile[31]; these findings might open new avenues for diabetes research. Interestingly, Zhang et al[32] investigated the role of Billoth-II gastrojejunostomy, with exclusion of the proximal gut (almost similar to RYGB), in glucose metabolism and gut hormone modulations in non-obese Chinese gastric cancer patients. They found that blood glucose tolerance was improved in the non-obese T2DM patients but worsened in the non-diabetic patients. All patients had comparable weight loss. These results suggested that the role of the proximal gut in the pathophysiology of T2DM and the glycemic effect is weight independent. Clinically, there is strong evidence from randomized trials by Lee et al[33] and Schauer et al[34] showing that gastric bypass is superior to sleeve gastrectomy without duodenal exclusion for diabetes remission in patients with poorly controlled diabetes.

Hindgut effect
The “hindgut hypothesis” proposes that diabetes control results from the expedited delivery of nutrients to the distal bowel, thus producing a physiologic signal that improves glucose homeostasis. The potential mediators of this effect are glucagon-like peptide-1 (GLP-1), GIP (incretin effect) and peptide YY (non-incretin). The rapid delivery of nutrients has been demonstrated to stimulate the ”L“ cells in the distal intestine to secrete incretin, thus enhancing insulin secretion and insulin sensitivity[35]. GLP-1, which is suppressed in T2DM, is an insulinotropic hormone secreted from the gut in response to luminal glucose[36]. It acts mainly as an incretin, promoting post-prandial insulin release and improving pancreatic β-cell function[37]. Furthermore, GLP-1 exerts proliferative and anti-apoptotic effects on pancreatic β-cells[38]. Interesting results have been recently reported with the use of GLP-1 agonists, now widely used in the treatment of T2DM[39]. A novel procedure with ileal interposition has been used as an “ileal brake” to induce the early release of GLP-1 with favorable results[40]. In contrast, peptide YY is an anorexic hormone co-secreted with GLP-1 from intestinal L cells in response to nutrients. It acts to decrease food intake due to faster satiation and may reduce insulin resistance. Most studies have shown the elevation of peptide YY together with GLP-1 in response to nutrients after RYGB, which is not observed after LAGB.

Ghrelin effect
Ghrelin is an orexigenic gut hormone and has stimulatory effects on growth hormone release. It is mainly secreted from the gastric fundus and displays an ultradian rhythm with an increase before meals and a decrease after meals. However, its levels are reduced in obese individuals compared with normal weight individuals. When this gastric segment is disconnected and isolated from food contact, fatigue in ghrelin hormone production is hypothesized to develop, which stops the ghrelin effects. Geloneze et al[41] demonstrated that ghrelin levels decrease dramatically in patients who have undergone RYGB. Ghrelin has also been shown to have diabetogenic effects[42] because ghrelin administration in humans suppresses insulin secretion, even in the setting of ghrelin-induced hyperglycemia[43]. However, published studies on ghrelin levels after gastric bypass are inconsistent and have shown that the levels increase, decrease or do not change after surgery[44]. These inconsistent findings might be due to variations in the surgical resection/isolation of the gastric fundus or to differences in the time of measurement of the ghrelin levels due to the physiological fluctuations of hormone levels. However, ghrelin is undoubtedly decreased after sleeve gastrectomy and, over the long term, may play an important role in the sustainable effect of weight loss after sleeve gastrectomy[45].

Role of bile acid 
Bile acids are a key stimulus for the farnesoid X receptor in the liver[46,47], affecting hepatic metabolism and G-protein–coupled bile acid-activated receptors (TGR5) of the enteroendocrine L-cells[48,49] and promoting the release of incretin. Therefore, bile acids play an important role in glucose homoeostasis. Post-operative increases in circulating bile acids have been suggested to contribute to the metabolic benefits of bariatric surgery; however, their mechanisms remain undefined. Recent human clinical trials with the bile acid sequestrant colesevelam have shown its effectiveness in improving glycemic control in patients with T2DM[50]. The re-route of nutrients due to altered physio-anatomy after gastric bypass may also affect the enterohepatic recirculation of bile acids and contribute to improved glycemic control[51]. Therefore, manipulation of bile acid homeostasis might be an attractive approach for T2DM.

Role of microbiota
The microbiota of the intestine can affect the control of energy metabolism by increasing the energy harvested from the diet; thus, changes in the gut microbiota might contribute to the epidemics of obesity and T2DM in human evolution[52]. However, the pathophysiology remains poorly understood. Probiotics, which include lactic acid bacteria, have been investigated extensively for their beneficial role in the alteration of gut microbiota by affecting the inflammatory state of the human body. Their role in T2DM was recently explored in an animal model. Nato et al[53] reported that Lactobacillus casei in diet-induced obese mice has the potential to prevent obesity-associated metabolic abnormalities by improving insulin resistance. The weight-gain suppressive effect of Lactobacillus in high calorie-fed mice has also been reported; thus, it may be an alternative method for treating obesity[54]. However, the translation of these beneficial animal study results into humans has still not been achieved.

EFFICACY OF GLYCEMIC CONTROL IN T2DM FOR BMI > 35 KG/M2 VERSUS BMI < 35 KG/M2 
Multiple studies have demonstrated impressive improvements in T2DM after bariatric surgery in morbidly obese patients. In a meta-analysis of bariatric surgery involving 3188 patients with T2DM, Buchwald et al[9] reported an overall 78% rate of complete diabetes remission that lasted at least 2 years. The weight loss and diabetes resolution were greatest for patients undergoing BPD/DS, followed by RYGB, and least for gastric restrictive procedures, such as vertical gastric banding and LAGB[9], with remission rates of 95%, 80%, 79% and 56%, respectively. The procedures producing greater excess weight loss led to higher remission rates. Moreover, in the morbidly obese population, there are compelling data on long term cardiovascular risk reduction and mortality based on the longitudinal prospective Swedish Obese Subjects study[55,56]. The majority of patients underwent a gastric restrictive procedure rather than a gastric bypass procedure in this study.
   Nevertheless, there is level 1 evidence showing the efficacy of bariatric surgery over medical therapy in T2DM, based on 4 randomized clinical trials (RCT) that directly compared bariatric surgery with a non-surgical intervention for the treatment of T2DM (Table 1). However, none of these trials exclusively enrolled patients with diabetes with a BMI < 35 kg/m2. 
   The results of a study by Dixon et al[57] strongly supported early surgical intervention in early obese diabetes. Interestingly, in their study subgroup with a BMI of 30-35 kg/m2 (22% of the total cohort), there was evidence that glycemic control and weight loss were as efficacious as those in the higher BMI group. However, the Schauer et al[34] study demonstrated that bariatric surgery was even effective in more advanced T2DM patients. The most recent multicenter RCT by Ikramuddin et al[58] showed that there was a benefit of adding RYGB to optimal medical therapy instead of using medical therapy alone in achieving diabetes therapeutic goals (49% vs 19%) for cardiovascular risk reduction. This study included a higher proportion of the cohort with a BMI of 30-35 (59%), suggesting that metabolic surgery might play a very important role in cardio-metabolic risk reduction in patients with a BMI < 35 kg/m2 and T2DM. All these trials included insufficient numbers of patients, used different diagnostic criteria for diabetes remission and had only 1-2 years of follow-up; therefore, cardiovascular risk reduction and the durability of glycemic control still remain to be defined using longer follow-up data in the future.
  Currently, emerging data have shown good outcomes after metabolic surgery aiming to treat T2DM in less obese diabetics with a BMI < 35 kg/m2[18,59-62]. The extraordinary glucose, lipid and blood pressure control reported in the published series[63] also suggest good long-term effects on the cardiovascular risk profile and mortality. 
      Lee et al[61] reported a prospective multicenter study of metabolic surgery involving 200 Asian patients with T2DM and a BMI < 35 kg/m2, with an end point of T2DM remission, which was defined by a fasting plasma glucose < 110 mg/dL and HbA1C < 6.0%. In that study, 172 patients underwent gastric bypass, 24 underwent sleeve gastrectomy, and 4 underwent adjustable banding. At 1 year, the mean BMI decreased from 28.5 to 23.4 kg/m2, and HbA1C decreased to 6.3%. T2DM remission was achieved in 72.4% of the patients. Diabetes remission was significantly higher in patients with a duration of diabetes < 5 years and a BMI > 30 kg/m2 who underwent gastric bypass surgery. 
   The longest prospective study on patients with T2DM and a BMI < 35 kg/m2 and who underwent metabolic surgery was published by Cohen et al[64] In that study, 66 patients with a BMI of 30-35 kg/m2, a disease duration of 12.5 ± 7.4 years and a baseline HbA1c 9.7 ± 1.5% underwent RYGB. At 6 years, with 100% follow-up, durable diabetic remission (defined as HbA1c < 6.5% without medication) was achieved in 66% of patients, with glycemic improvement in 11% of patients and HbA1c reduced to 5.9%. There was no mortality, major morbidity or excessive weight loss. The improvement of hypertension, dyslipidemia and glycemia translated to a 50%-84% predicted 10-year cardiocerebral risk reduction.
   Regarding the efficacy of metabolic surgery, two randomized clinical trials directly compared different bariatric procedures in a diabetic population. Lee et al[33] randomized 60 diabetic patients with a mean BMI of 30.3 to undergo either gastric bypass or sleeve gastrectomy. At 1 year, the gastric bypass group had a higher rate of diabetes remission, with HbA1c < 6.5% (93% vs 47%), a significantly higher reduction in weight (BMI 22.8 kg/m2 vs 24.4 kg/m2), HbA1c change (4.2% vs 3.0%) and fasting glucose level change (99.3 mg/dL vs 140.1 mg/dL). Similarly, Schauer et al[34] published a randomized trial with 3 different arms of gastric bypass, sleeve gastrectomy and medical therapy for diabetic patients; patients in the gastric bypass group lost more weight than those in the sleeve gastrectomy group (-29.4 kg vs -25.1 kg) at 1 year. Although there was no difference in glucose levels, 30% of patients in the sleeve gastrectomy group still needed medication to achieve the target level of HbA1c < 6.0%.
      Although the best evidence is based on 1-2 years of short-term results from available randomized trials[33,34,57,58], metabolic surgery for the treatment of T2DM in patients with a BMI of 30-35 kg/m2 is promising. These data also indicate that gastric bypass is an effective metabolic surgery because patients who underwent gastric bypass had more weight loss and higher diabetes remission rates than individuals who underwent restrictive-type procedures. Post-operative weight loss[65,66] and a shorter duration of diabetes[61] are still powerful predictors of early remission after metabolic surgery. Therefore, surgical results are not independent of initial BMI or weight loss. Caution is still required when performing metabolic surgery for low BMI patients.

INDICATIONS FOR METABOLIC SURGERY
Current guidelines[67,68] strongly recommend that conventional bariatric surgery be considered for the treatment of T2DM in surgical candidates with poorly controlled diabetes and a BMI > 35 kg/m2. However, according to the international diabetes federation (IDF) position statement from March 2011, surgery should be considered as an alternative treatment option in patients with a BMI between 30 and 35 when the diabetes cannot be adequately controlled with an optimal medical regimen, especially in the presence of other major cardiovascular disease risk factors. In Asians, the BMI cut-off point is 2.5 points lower compared with Western populations to reflect the higher obesity risk profile in Asian populations[69]. Historically, that report was the first to include bariatric surgery in a diabetes treatment algorithm. For individual diabetic patients with a BMI < 30 kg/m2, some data have shown encouraging results[18,33,59,61,62,66,70-73]. As shown by our study, good outcomes could be achieved, especially for patients with some degree of weight loss, good β-cell function and central obesity[61,66].
   However, with metabolic surgery, the BMI may not be considered an appropriate selection criterion, as it does not reflect the metabolic profile of at-risk patients. The BMI was originally derived from the Caucasian population and may not be applicable to other populations, especially Asian populations[74]. Moreover, BMI does not necessarily reflect the fat composition and distribution in the body, which affect metabolic risk[74]. Studies have shown that insulin resistance is secondary to an increase in hepatic triglyceride content and visceral adiposity[75,76], of which BMI is not a good indicator. T2DM individuals have been shown to have altered adipose tissue distribution with more visceral adipose tissue and intermuscular adipose tissue than subcutaneous tissue[76]. In other words, BMI is a poor indicator of metabolically significant obesity[74]. Therefore, BMI should not be used as the sole criterion for metabolic surgery[77]. Suitable criteria that reflect the metabolic profile of patients are needed for the appropriate selection of patients for metabolic surgery.

TAILORED APPROACH FOR THE SELECTION OF THE APPROPRIATE METABOLIC SURGERY
The selection of patients for metabolic surgery should be matched to an ideal risk-benefit profile to obtain the optimal outcomes of metabolic control. Therefore, we propose a tailored approach for the selection of metabolic surgery for poorly controlled T2DM.
LAGB is ideal for patients with early, newly diagnosed T2DM (< 2 years) and a BMI > 30 kg/m2, as the mechanisms of glycemic control are calorie restriction and effective weight loss. The RCT by Dixon et al[57] has proven its role in early T2DM. LAGB results in more limited weight reduction with higher probability of repeated interventions due to band erosion and slippage but carries a minimal risk of long-term complications such as malnutrition and internal hernias.

LSG is suitable for individuals with a BMI > 27 kg/m2 but with a duration of DM < 5 years and good C-peptide levels indicative of good pancreatic β-cell function[73]. The metabolic effect is related to greater improvement in insulin resistance secondary to calorie restriction and weight loss rather than an increase in insulin secretion. Although the metabolic effect due to the hindgut effect with the elevation of GLP-1 and peptide YY has been reported, the long-term glycemic amelioration effect is still unknown. C-peptide > 3 ng/mL is the most important predictor of successful treatment[73,78]. This procedure has the risk of acute complications such as leakage, bleeding and stricture due to very long stapler lines but carries minimal long-term nutritional risks.
 RYGB, the most investigated metabolic procedure, is ideal for individuals with poorly controlled DM with a BMI > 27 kg/m2. Studies have confirmed the superiority of gastric bypass over restrictive procedures due to the bypass of the hormonally active foregut and early nutrient stimulation of the hindgut[33,34,79]. This procedure should be reserved for those with more advanced and long-standing T2DM. The surgical risks are acute complications such as anastomotic leakage and bleeding, and the long-term risks are malnutrition and internal hernias. For those subjects with a high operative risk, mini-gastric bypass is likely the best alternative due to the shorter surgical time and only one anastomosis.
 BPD, which is a purely malabsorptive procedure with superior glycemic control[9] compared with the above metabolic procedures, may not be appropriate in lower-BMI individuals due to the high complication rates and long-term malnutrition risk. Instead, the novel procedure of duodenal-jejunal bypass with sleeve gastrectomy (DJB-SG)[80,81] should be considered, although the long-term results have not yet been reported (refer to new perspectives).

PATIENT SELECTION
The long-term risk of T2DM is highly associated with elevated HbA1c levels, not a high BMI[82]. Therefore, considering the potential benefits of metabolic surgery and the risk of surgery in the BMI < 35 kg/m2 population, the selection of the ideal candidate should be based on the presence of MetS with poorly controlled T2DM. In other words, the selection criteria should be specific for diabetes and MetS.
   The diabetes-specific criteria should include HbA1c, diabetes duration and C-peptide levels. Reducing HbA1c below 7% has been shown to reduce microvascular complications, and a reduction soon after the diagnosis of diabetes is associated with a long-term reduction in macrovascular disease[68]. Therefore, the cut-off point of HbA1c is 7%, which indicates that poorly controlled glycemia is an appropriate selection criterion for metabolic surgery. Moreover, performing surgery on individuals with a short duration of diabetes, especially < 5 years, and a C-peptide > 2.9 ng/dL will produce better long-term outcomes due to better preserved pancreatic β-cell function[61,66,83]. 
   For metabolic-specific criteria, waist circumference (WC) is most likely a pragmatic clinical consideration. Central obesity is associated with the increasing prevalence of MetS with insulin resistance, which is driven by the strong relationship between WC and increasing adiposity. If diabetes is not already present, MetS is a strong predictor of T2DM, which is five times more likely to occur in individuals with this syndrome[84]. Therefore, WC is a surrogate of metabolic disease with insulin resistance. WC as defined by the IDF, which is ethnically specific[85], should be part of the clinical criteria for the selection of patients for metabolic surgery. 
   Given the operative risk of cardiovascular complications in this higher-risk group compared with the conventional bariatric population, metabolic surgery should be avoided in patients with any recent major cardiovascular event.

COMPLICATIONS
MetS is a constellation of syndromes, including T2DM, hypertension, hyperlipidemia and central obesity, that lead to increased cardiovascular disease. Although bariatric surgery is relatively safe, with a complication risk of 0.1%-0.3%, which is considered low even in the era of laparoscopic surgery and is similar to the complication risk of laparoscopic cholecystectomy[86], the presence of MetS might be a risk factor for adverse events in bariatric surgery. In a study based on the Bariatric Outcomes Longitudinal Database, the national database for the American Society for Metabolic and Bariatric Surgery’s Bariatric Surgery Center of Excellence Program, MetS patients had a higher incidence of early adverse outcomes compared with non-MetS patients[87]. Patients with MetS tend to be older males with more visceral fat (central obesity), a higher incidence of obstructive sleep apnea and an American Society of Anesthesiologists category of Class III or greater that may lead to surgical difficulty with high peri-operative risk. The MetS patients had significantly higher incidences of serious complications (2.4% vs 1.0%) and mortality 90 days after bariatric surgery (0.3% vs 0.1%) compared with non-MetS patients. This finding is expected because individuals with MetS who already have a heightened pro-inflammatory state will not able to defend themselves against complications due to limited organ reserve. This risk is especially true for poor-health T2DM patients with impaired organ function.
   Generally, the mortality and morbidity rates are low, most likely due to the standardization of surgical techniques and peri-operative care; however, post-operative complications can be serious and must be addressed promptly by surgeons who are familiar with these problems. For overweight patients with a BMI > 25 kg/m2, there is no risk of excessive weight loss that will move them into the normal weight category[16]. Given the risk of hypoglycemia immediately after metabolic surgery due to acute calorie restriction in diabetic patients, close monitoring of glucose levels with the appropriate withdrawal of anti-diabetes medications is essential post-operatively.  
   Metabolic surgery is a life-changing operation with associated risks and complications, especially long-term nutritional deficiencies. The surgical risk is not negligible, as shown in Table 1. Surgical intervention was associated with 50% more serious events with greater nutritional deficiency than medical therapy[58]. Therefore, patients should be counselled regarding life-style modifications, especially the restrictions related to eating after surgery and the commitment to life-long follow-up to prevent potential complications. For lower BMI individuals, the risk of each metabolic procedure needs to be considered in light of the individual risk-benefit ratio with respect to potential reductions in diabetes-associated mortality and morbidity and improvements in the quality of life. 

DURABILITY OF THE GLYCEMIC EFFECT
 The durability and degree of glycemic control	 in different surgical procedures remain uncertain. Bypass procedures have been reported to have a higher degree of glycemic control and resolution of associated comorbidities[9]. RYGB is more effective than LSG with respect to glycemic control[33]. A small-scale prospective study in mildly obese patients (class 1 obesity) with long term follow-up showed that RYGB achieved 88% diabetic remission over 6 years, with glycemic improvement in 11% of patients[64]. However, there is a substantial rate of relapse within 5 years after the initial diabetes remission[88,89], which might suggest that metabolic surgery slows but does not prevent the progressive loss of the insulin secretory capacity of the pancreas. In relapsed patients, it is unclear how a period of good control after metabolic surgery will affect the long-term morbidity and mortality rates. Although the large ACCORD[90], ADVANCE[91] and UKPDS 33[92] trials have suggested that tight glucose reduction has a microvascular benefit but not a macrovascular benefit, the legacy effect, as shown by the UKPDS study, is that the benefit of a brief period of intensive glycemic control in patients with T2DM might extend into subsequent years, with a reduced risk of macrovascular disease and mortality[93]. Clearly, longer term follow-ups in larger series are needed to clarify this important issue. 

PROGNOSTIC FACTORS
Currently, there is no consensus regarding how to choose appropriate T2DM patients for metabolic surgery because various surgeries have different remission rates with different mechanisms[94]. Offering surgery only to those patients who are young and in the early stages of diabetes with better preserved pancreatic β-cell mass may result in better outcomes. In addition, the variation of a patient’s metabolic profile in poorly controlled diabetes might affect the reported remission rate in various published metabolic surgery results. Therefore, the ability to predict diabetes remission after metabolic surgery has great implications for choosing the type of surgical procedure that is best suited for particular patients and for evaluating the risk-benefit profile and the likelihood of success after surgery so that optimal metabolic surgery outcomes can be achieved. Perhaps, more importantly, we could avoid the unnecessary risk of surgery without a clear clinical benefit in patients who are not expected to respond well to metabolic surgery. 
   Generally, the possible predictors of diabetes remission that have been studied may produce better outcomes after metabolic surgery and might be related to younger age, better pancreatic β-cell function (C-peptide level), lower disease severity (duration of diabetes, intensity of medication and insulin dosage), lower obesity (BMI), the amount of weight loss, the high sensitivity C-reactive protein and insulin resistance[18,61,65,78,83,95-97].  
   Dixon et al[66] studied the factors that influence glycemic control following gastric bypass surgery in patients with T2DM and a BMI < 30 kg/m2. A baseline BMI of < 27 kg/m2 and C-peptide of < 2.0 ng/mL were associated with a poor glycemic response. A higher baseline BMI, shorter disease duration (< 7 years) and higher fasting C-peptide (> 2.4 ng/mL) with post-surgery weight loss (> 16%) were associated with excellent glycemic control. DiGiorgi et al[88] reported that those patients who required insulin or oral medication before RYGB were more likely to experience improvement rather than resolution. The patients with recurrence or worsening associated with a lower preoperative BMI regained a greater percentage of lost weight, had a greater weight loss failure rate and had greater postoperative glucose levels. However, all these factors might be inter-related, and it is difficult to interpret them without a clinically meaningful grading system to categorize and help select the most appropriate patients for metabolic surgery.
   In Asia, Lee et al[98] has advocated a simple but validated multidimensional grading system for metabolic surgery (diabetic surgery score) to stratify T2DM patients with regard to their metabolic status and to predict the outcome of metabolic surgery (Table 2). Patients with a higher diabetic surgery score have a higher T2DM remission rate (from 33% for score 0 to 100% for score 10); a 1-point increase in the score translates to an absolute 6.7% increase in the success rate. However, in patients with low scores (1-3), low remission rates (0%-33%) are expected. Therefore, this score might be used as a tool to achieve realistic expectations of the surgical outcome and might be used in future research to stratify the metabolic profile of patients according to the probability of diabetes remission instead of according to BMI alone. However, this grading system was derived from an Asian population, which is prone to diabetes at relatively younger ages with lower BMIs; therefore, the system may not be applicable to Western populations. 

NEW PERSPECTIVES
Several investigations of metabolic procedures were introduced in recent years. As newer metabolic procedures, the efficacy, durability and safety of these procedures have yet to be established.

Duodenal-jejunal bypass
The duodenal-jejunal bypass stomach-sparing operation was introduced as a procedure that could induce the remission of diabetes without weight loss in lean diabetic patients. The operation is based on the work of Rubino and colleagues in Goto-Kakizaki genetically diabetic lean rats[30]. Early human trials are encouraging[70,99]. Moreover, a novel procedure, DJB-SG, designed as a variant of the mini-duodenal switch by a combination of duodenal-jejunal bypass and sleeve gastrectomy, has shown good outcomes in the treatment of T2DM[80,81]. 
   The EndoBarrier is a fluoropolymer sleeve that is reversibly fixed to the duodenal bulb and extends 80 cm into the small bowel, usually terminating in the proximal jejunum[31]. This endoscopically inserted device facilitates weight loss through malabsorption by preventing the mixture of pancreatic juice and chyme. It also results in improved glycemic control by activating the hormonal triggers based on the foregut bypass theory. To date, the favorable outcomes have been based on short-term studies alone[31]. The EndoBarrier has been reported to be implanted for 52 weeks in patients with T2DM, with statistically significant reductions in fasting blood glucose, fasting glucose and HbA1c by the end of the 52 weeks in 16 out of 22 patients[100]. Currently, its role in the pre-operative control of glycemia and weight loss, compared with a very low calorie diet, in morbidly obese patients still needs to be defined. Although it is not a permanent procedure, it is non-invasive and could be used to explore, at the molecular level, the role of duodenal-jejunal dysfunction in the pathogenesis of T2DM.

Ileal interposition
Ileal interposition with the aim of early exposure of the hindgut to nutrients in order to increase the secretion of GLP-1, is still in the early stages of human trials[40,101]. It was first described by DePaula as an operation that is specifically performed for the treatment of T2DM in non-morbidly obese patients[102]. It functions as a neuroendocrine brake to increase the early phase of insulin secretion after meals, which is characteristically absent in T2DM[103].

Metabolic surgery as a new clinical pathway  
As most metabolic surgery is performed as part of a conventional bariatric program, Rubino et al[104] suggested that the separation of the clinical pathway of metabolic surgery from conventional bariatric surgery might have far-reaching clinical implications in terms of patient expectations, specific outcome measures, the involvement of appropriate multidisciplinary teams and the level of care. Moreover, the demographics of the referred patients were different from those of the conventional bariatric program, as they were much older males with a higher prevalence of severe diabetes, MetS and cardiovascular disease[105]. These demographics might place these patients at higher risk compared with conventional bariatric surgery patients, which would necessitate more intense and detailed peri-operative care. Moreover, with the name change to diabetic/metabolic surgery, public perceptions may change because obesity is currently perceived as a life-style problem that requires behavioral therapy, but MetS and diabetes are perceived as chronic and deadly diseases that need to be treated effectively. This change in perception might encourage patients to seek surgery and might improve access to gastrointestinal metabolic surgery. Finally, an integrated and multidisciplinary approach to metabolic surgery, especially one that involves endocrinologists and surgeons, is necessary for addressing the issues and challenges in this evolving field.

CONCLUSION
Metabolic surgery is the most effective therapy for glycemic control in poorly controlled T2DM. Further prospective longer-term studies are needed, especially in mildly obese T2DM patients (BMI < 35 kg/m2). For successful outcomes after surgery, the selection of patients with higher BMIs and better β-cell function will result in higher remission rates. We proposed a staging system to elucidate the metabolic profile of patients that might help more effectively select patients for surgery and result in better outcomes. Further research is required to establish new guidelines and indications for metabolic surgery in less obese or lean patients.
   In conclusion, T2DM can be considered a gastrointestinal disease that can be surgically treated. Interventional diabetology may be a new modality for diabetes care in the future. Novel surgical procedures may help elucidate the underlying pathophysiology and mechanism of T2DM, thus producing a better future for individuals with this deadly disease.
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Figure 1 How lipotoxicity causes type 2 diabetes mellitus and metabolic syndrome.



Table 1 Randomized controlled trials that directly compared the effectiveness of bariatric procedures with medical management for the treatment of type 2 diabetes mellitus
	Trial
	Dixon et al[57]
	Schauer et al[34]
	Mingrone et al[105]
	Ikramuddin et al[58]

	Intervention arms
	LAGB; standard medical management
	RYGB; LSG; medical management
	RYGB; BPD; medical management
	RYGB with medical management; medical management

	Follow-up duration (yr)
	2
	1
	2
	1

	Baseline characteristics
	
	
	
	

	n
	60
	150
	60
	120

	Mean BMI (kg/m2)
	37 (30-40)
	36 (27-43)
	45 (35-60)
	34 (30-40)

	Duration of T2DM (yr)
	< 2
	> 8
	6
	9

	Mean HbA1c
	7.8%
	9.2%
	8.7%
	9.6%

	Primary end-point
	FBG < 126 mg/dL with HbA1c < 6.2% without pharmacotherapy
	HbA1c < 6% with or without pharmacotherapy
	FBG < 100 mg/dL with HbA1c < 6.5% without pharmacotherapy
	CV risk reduction with HbA1c < 7% with LDL cholesterol < 100 mg/dL and systolic BP < 130 mmHg

	End results
	
	
	
	

	Diabetes remission
	LAGB 73%; medical arm 13%
	RYGB 42%; LSG 37%; medical arm 12%
	BPD 95%; RYGB 75%; medical arm 0%
	RYGB 75%; medical arm 32%

	Mean HbA1c 
	LAGB 6.0%; medical arm 7.2%
	RYGB 6.4%; LSG 6.6%; medical arm 7.5%
	BPD 4.9%; RYGB 6.3%; medical arm 7.7%
	RYGB 6.3%; medical arm 7.8%

	Mean BMI (kg/m2)
	LAGB 29.5; medical arm 36.6
	RYGB 26.8; LSG 27.2; medical arm 34.4
	BPD 29.1; RYGB 29.3; medical arm 43.1
	RYGB 25.8 medical arm 31.6

	Mean excess weight loss
	LAGB 62%; medical arm 4.3%
	RYGB 88%; LSG 81%; medical arm 13%
	BPD 69%; RYGB 68%; medical arm 9%
	*RYGB 26.1 medical arm 7.9%

	Major surgical complications
	2 revision surgeries (6.7%)  due to pouch enlargement; 1 required band removal due to persistent regurgitation
	4 re-operations (4.0%) due to intra-abdominal hematoma, vomiting, cholecystectomy, and feeding access after gastric leak
	2 re-operations (5.0%) due to incisional hernia and bowel obstruction. More nutritional risk in BPD than in RYGB
	2 re-operations (3.3%) due to anastomotic leak. Surgical group had 50% more serious events with greater nutritional deficiency than medical arm

	Mortality
	Nil
	nil
	nil
	nil

	Comment
	This trial involved patients with early (< 2 yr) diabetes of mild severity (HbA1c < 7.8%), but only 22% of patients had BMI 30-35. This trial supported early surgical intervention for early obese T2DM
	This trial involved patients with more advanced diabetes (> 8 years and HbA1c 9.2%), with 34% of patients having BMI < 35. This trial supported surgical intervention in more severe T2DM
	This trial involved severely obese diabetic patients and showed the greater effectiveness of bariatric surgery over medical therapy in poorly controlled T2DM
	This trial showed the potential benefits and risks of adding RYGB to the best medical therapy in achieving therapeutic goals for diabetes (49% vs 19%). This trial had a higher proportion of BMI 30-35 (59%)
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T2DM: Type 2 diabetes mellitus; BMI: Body mass index; LAGB: Laparoscopic adjusted gastric banding; RYGB: Roux-en-Y gastric bypass; LSG: Laparoscopic sleeve gastrectomy; BPD: Bilio-pancreatic diversion; FBG: Fasting blood glucose; HbA1c: Glycosylated hemoglobin; LDL: Low density lipoprotein; CV: Cardiovascular.


Table 2 Diabetes surgery score system
	Variable
	Score

	 
	0
	1
	2
	3

	Age (yr)
	≥ 40
	< 40
	
	

	BMI (kg/m2)
	< 30
	30-39
	40-49
	≥ 50

	C-peptide (ng/mL)
	< 2
	2-3.9
	4-6
	> 6

	Duration of T2DM (yr)
	> 10
	5-10
	2-4.9
	< 2


Total possible score ranges from 0 to 10. BMI: Body mass index; T2DM: Type 2 diabetes mellitus (data adapted from Lee et al[98]).
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