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Abstract 
Obesity is a growing health risk with few successful treatment options and fewer still that target both 
obesity and obesity-associated comorbidities. Despite ongoing scientific efforts, the most effective 
treatment option to date was not developed from basic research but by surgeons observing outcomes in 
the clinic. Bariatric surgery is the most successful treatment for significant weight loss, resolution of type 
2 diabetes and the prevention of future weight gain. Recent work with animal models has shed 
considerable light on the molecular underpinnings of the potent effects of these ‘metabolic’ surgical 
procedures. Here we review data from animal models and how these studies have evolved our 
understanding of the critical signalling systems that mediate the effects of bariatric surgery. These 
insights could lead to alternative therapies able to accomplish effects similar to bariatric surgery in a less 
invasive manner. 
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Abbreviations 
FXR Farnesoid X receptor 

GI Gastrointestinal 

GLP-1 Glucagon-like peptide-1 

PYY Peptide YY 

RYGB Roux-en-Y gastric bypass 

VSG Vertical sleeve gastrectomy 

Introduction 
Over 78 million American adults are currently classified as obese.1 Together with the increase in obesity 
in the adult population, there has been a disproportionate rise in severe obesity (e.g. patients with a 
BMI >40 kg/m2).2 Unfortunately, individuals with severe obesity are more likely to have diabetes, heart 
disease and an increased risk of stroke,1 underscoring the need for effective treatment options for both 
obesity and its associated comorbidities. Indeed, an ideal treatment would lead to weight loss as well as 
alleviation of the associated comorbidities (e.g. type 2 diabetes) simultaneously. 

There are currently a limited number of treatment options available for obesity and only a subset have 
proved successful in the long term. Behavioural interventions, such as energy-restricted diets and 
exercise, result in a temporary loss of 5–10% body weight when successful,3 and the few approved 
obesity medications have a limited range of efficacy.4 In contrast, some bariatric surgical procedures, as 
discussed below, have proved to be particularly effective at weight reduction, with patients maintaining 
∼30% weight loss for periods of 10 years or more.5,6 

Despite the repeatedly observed success of bariatric surgical procedures, the underlying mechanisms 
leading to the metabolic improvements are unclear. Animal models of bariatric surgery allow the unique 
ability to systemically test mechanistic hypotheses to reveal how and why bariatric surgery leads to 
significant and sustained weight loss. 

‘Metabolic’ surgeries produce weight loss-independent resolution of 
diabetes 
There are multiple types of bariatric surgery; each is similar in that, on average, they produce significant 
and sustained weight loss. However, not all bariatric surgical procedures result in the resolution of type 
2 diabetes independent of weight loss. The ability of a surgical procedure to lead to metabolic benefits 
independent of weight loss suggests that other effects of the surgery contribute to the observed 
metabolic improvements.7 
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Roux-en-Y gastric bypass and vertical sleeve gastrectomy 
The bariatric surgical procedures that lead to the resolution of type 2 diabetes independent of body 
weight loss are sometimes referred to as ‘metabolic’ surgeries. (For a review on the various types of 
bariatric surgeries see.8,9) For the purposes of this review, we will focus on the two metabolic 
procedures that are the most commonly used in the USA and produce sustained, substantial weight loss 
and resolution of type 2 diabetes: Roux-en-Y gastric bypass (RYGB), and vertical sleeve gastrectomy 
(VSG) (Fig. 1). 

 

Fig. 1 Anatomical arrangement of metabolic surgeries 

In RYGB, a small stomach pouch is created and connected to the mid-jejunum. The remainder of the 
stomach and the proximal intestine remains in the body and is bypassed by nutrient flow. Thus, this 
procedure results in a decrease in stomach volume as well as a change in nutrient flow. RYGB has been 
successfully replicated in rodents10,11 and, as in humans, leads to significant, sustained weight loss and 
an improvement in glucose tolerance independent of weight loss.12 Because micronutrients are 
predominantly absorbed in the distal gut, the re-routing of nutrients in RYGB leads to micronutrient 
malabsorption and so individuals who undergo this procedure need to take vitamin supplements.13 This 
is replicated in rodent models, where RYGB has been associated with malabsorption of 25-
hydroxyvitamin D and calcium.14 

The VSG procedure is technically simpler than RYGB.15,16 During VSG, ∼80% of the stomach is excised 
along the major curvature. Since the only modification is to the size of the stomach, the route of 
nutrient flow remains the same and the risk of macro- and micro-nutrient malabsorption is minimal. VSG 
has been successfully modelled in both rats and mice, producing effects similar to those observed in 
humans, leading to a significant and sustained decrease in body weight as well as an improvement in 
glucose tolerance independent of weight loss.10,11,17,18 
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Weight loss and diabetes resolution in humans 
While each procedure is anatomically distinct, on average, both RYGB and VSG patients will experience a 
reduction in body weight of ∼30% and long-term resolution of type 2 diabetes.19,20,21,22 However, there is 
discrepancy among human studies indicating less weight loss and a lower frequency of diabetes 
resolution from VSG in comparison to RYGB.22,23,24,25 Although the majority of evidence points to 
metabolic surgery producing long-term weight loss,6 this is not always the case. For example, one study 
reported that ∼20% of RYGB patients regain weight after metabolic surgery.26 While VSG is still a 
relatively new procedure, some long-term follow-up studies suggest a smaller weight regain percentage 
of about 4%.27 

For some patients, diabetes remission lasts as long as 15 years. A recent study by Sjöström et al 
indicates that this is the case for ∼30% of bariatric surgery patients.28 It is worth noting that Sjöström et 
al used pooled results from three different surgeries: RYGB, vertical banded gastroplasty (stomach 
stapling) and gastric band. Compared with RYGB, the other two surgeries are associated with less weight 
loss and less diabetes resolution. While this could have contributed to the more conservative rate of 
resolution compared with short-term outcome studies, a 30% resolution rate still reflects important 
health and medical cost improvements of surgery relative to other treatment methods. 

Weight loss and glucose tolerance in rodents 
RYGB and VSG lead to similar reductions in body weight, predominantly from the loss of fat mass, in 
both rats and mice.10,29,30,31 While few rodent studies have focused on long-term glucose control, 
numerous studies mirror the glucose improvement observed in humans (as discussed in the following 
sections). Notably, metabolic surgery is successful in rodent models under a variety of conditions. 
Significant and sustained body weight reduction is observed in both rats and mice with diet-
induced11,32,33 and genetic obesity,34,35 and in both male and female animals.36 The tendency for weight 
regain after metabolic surgery has also been observed in rodent models,37 indicating a conserved 
physiological adaptation to the surgeries. Furthermore, the ability of the metabolic surgery to 
consistently lead to a loss in body weight despite alterations in these variables underscores the fact that 
these models share features with the clinical effects observed in humans. 

Research with animal models 
The use of animal models of metabolic surgery allows for an additional comparison with pair-fed control 
groups to assess weight-loss-independent effects of surgery. Pair-fed controls are fed the same amount 
of energy as consumed by the animals receiving the metabolic surgical procedure, and allows for control 
of both food intake and weight gain, which is difficult to control for in clinical studies. As discussed in 
more detail in the following sections, animals pair-fed to so that their energy intake matches that of VSG 
animals show less of an improvement in glucose homeostasis, despite losing a similar amount of 
weight.11 In the case of RYGB, pair-fed groups lose less weight than the RYGB animals,38 and thus weight-
matched controls are often used. In agreement with the animal data, resolution of type 2 diabetes in 
humans has been reported before significant weight loss occurs and sometimes before the patient is 
discharged from the hospital.39 Importantly, these data demonstrate that a portion of the glucose 
improvement from metabolic surgeries is not exclusively due to weight loss but from another weight-
independent mechanism. 

https://link.springer.com/article/10.1007%2Fs00125-014-3433-3#CR19
https://link.springer.com/article/10.1007%2Fs00125-014-3433-3#CR20
https://link.springer.com/article/10.1007%2Fs00125-014-3433-3#CR21
https://link.springer.com/article/10.1007%2Fs00125-014-3433-3#CR22
https://link.springer.com/article/10.1007%2Fs00125-014-3433-3#CR22
https://link.springer.com/article/10.1007%2Fs00125-014-3433-3#CR23
https://link.springer.com/article/10.1007%2Fs00125-014-3433-3#CR24
https://link.springer.com/article/10.1007%2Fs00125-014-3433-3#CR25
https://link.springer.com/article/10.1007%2Fs00125-014-3433-3#CR6
https://link.springer.com/article/10.1007%2Fs00125-014-3433-3#CR26
https://link.springer.com/article/10.1007%2Fs00125-014-3433-3#CR27
https://link.springer.com/article/10.1007%2Fs00125-014-3433-3#CR28
https://link.springer.com/article/10.1007%2Fs00125-014-3433-3#CR10
https://link.springer.com/article/10.1007%2Fs00125-014-3433-3#CR29
https://link.springer.com/article/10.1007%2Fs00125-014-3433-3#CR30
https://link.springer.com/article/10.1007%2Fs00125-014-3433-3#CR31
https://link.springer.com/article/10.1007%2Fs00125-014-3433-3#CR11
https://link.springer.com/article/10.1007%2Fs00125-014-3433-3#CR32
https://link.springer.com/article/10.1007%2Fs00125-014-3433-3#CR33
https://link.springer.com/article/10.1007%2Fs00125-014-3433-3#CR34
https://link.springer.com/article/10.1007%2Fs00125-014-3433-3#CR35
https://link.springer.com/article/10.1007%2Fs00125-014-3433-3#CR36
https://link.springer.com/article/10.1007%2Fs00125-014-3433-3#CR37
https://link.springer.com/article/10.1007%2Fs00125-014-3433-3#CR11
https://link.springer.com/article/10.1007%2Fs00125-014-3433-3#CR38
https://link.springer.com/article/10.1007%2Fs00125-014-3433-3#CR39


The mechanism(s) that leads to the success of metabolic surgery is unknown. One possibility is that 
distinct anatomical differences between the surgeries lead to distinctly different mechanisms of weight 
loss and diabetes resolution. For example, altered nutrient flow, either by hindgut delivery of nutrients 
or by duodenal exclusion, has been proposed as a key mechanism driving the success of RYGB.40 
However, recent data have revealed that the gastric emptying rate is extraordinarily rapid after both 
RYGB and VSG, resulting in similar distal nutrient exposure.41 Given the similar changes in body weight, 
glucose tolerance and gastric emptying between VSG and RYGB, an alternative hypothesis focuses on 
the similarities between the two procedures (e.g. similar changes in gut hormones, bile acids) as a way 
of elucidating critical pathways involved in weight reduction and glucose regulation. It is important to 
note that it is as yet unclear what mechanisms are involved, and indeed a mix of both overlapping and 
non-overlapping mechanisms could be at play. 

Metabolic surgery success is not due to restriction or malabsorption 
Historically, bariatric surgery was hypothesised to lower body weight primarily via physical manipulation 
of the surgery to restrict the stomach size and/or re-routing of the intestine to cause a malabsorption of 
energy. However, this hypothesis has been challenged by multiple datasets from both humans and 
rodent models. 

First, rodents who undergo restrictive procedures are nonetheless capable of increasing their food 
intake. For example, animals receiving an energy-restricted diet after VSG show a reduction in body 
weight beyond the weight loss from the surgery.30 When then allowed free access to food, VSG animals 
will increase their energy intake to regain weight. Interestingly, the now freely feeding VSG animals only 
consume enough energy to return to the pre-restriction body weight trajectory and continue to remain 
lighter than non-operated controls. Importantly, animals that have undergone metabolic surgery can 
become hyperphagic when physiologically challenged. Another example is seen post surgery in lactating 
rats. During lactation, the energy required to feed pups via breast milk requires a dramatic increase in 
food intake. Lactating female rats that have undergone VSG show a pronounced increase in food intake 
identical to that observed in lactating rats with entirely normal stomachs.36 These observations highlight 
two important findings: (1) animals that have undergone metabolic surgery remain on a body weight 
trajectory below that of a non-operated animal, and (2) post-surgical animals retain the ability to 
consume more energy, indicating that it is not physical restriction of the stomach that is limiting food 
intake.30 

There is much debate about whether RYGB leads to malabsorption and, if so, to what extent this 
accounts for weight loss. Evidence in both humans and rodents indicates that RYGB causes some 
malabsorption of fat; however, in both species, malabsorption is typically minimal and appears to be 
unrelated to the degree of weight loss.5,42 Moreover, malabsorption is not the primary mechanism of 
action determining the success of VSG, yet both rodent models and human VSG patients successfully 
maintain a reduction in body weight and an improvement in glucose tolerance. Thus, malabsorption 
does not appear to be a critical underlying mechanism involved in the reduction of body weight. 
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RYGB and VSG: multiple endpoints demonstrate improved metabolic 
regulation 
Metabolic surgeries such as RYGB and VSG affect a number of metabolic endpoints, from food intake to 
blood glucose regulation. As discussed above, many of these changes, such as diabetes resolution, are 
independent of body weight loss and collectively demonstrate various aspects of improved metabolic 
health. 

Energy homeostasis 
In general, a reduction in body weight can occur through a reduction in food intake, an increase in 
energy expenditure, or a combination of the two. As an adaptation to dieting and weight loss, there 
tends to be a reduction in the amount of energy used, thereby preserving body weight and body fat.43,44 
In both VSG and RYGB a reduction in food intake appears to be a key contributor to the reduction of 
body weight and body fat.10,11,30 Indeed, after surgery, both humans45 and rodent models30 exhibit an 
early reduction in energy intake. Controlling for energy intake by using pair-fed controls, VSG studies 
report that pair-fed animals lose a similar amount of weight to those receiving the metabolic 
surgery.10,11,30 These data indicate that in the case of VSG, food intake appears to be the primary 
contributor to the reduction in body weight. Supporting this, VSG has been reported to result in no 
change in energy expenditure.30 

While RYGB also results in a reduction in food intake, some studies have reported that pair-fed animals 
lose less weight than those that received RYGB,38 indicating that food intake alone may not account for 
all the weight loss achieved during RYGB. However, data on the impact of RYGB on energy expenditure 
are variable. This has been more controversial in humans, with some reports finding a decrease in 
overall energy expenditure.46 In contrast, energy expenditure has been shown to increase in rodent 
RYGB studies.38 This discrepancy may be due to differences between humans and animal models, and 
also the methods and formulas in which energy expenditure is expressed (for a review, see8). Moreover, 
these results are confounded by how long after the surgery energy expenditure was assessed. 
Immediately after surgery, both humans and rodents experience a severe reduction in energy intake and 
prominent negative energy balance, which can independently impact energy expenditure. We conclude 
that while energy expenditure may play some initial role in weight loss after RYGB, it is not likely to be 
the sole contributor to weight loss and has even less impact on long-term sustained weight reduction. 

Glucose homeostasis 
Type 2 diabetic patients are characterised by elevated fasting glucose, impaired glucose tolerance, 
insulin resistance and impaired beta cell function. After VSG and RYGB, fasting glucose levels are 
markedly improved.12,17 While fasting glucose is known to improve with weight reduction, it has become 
clear that these changes in fasting glucose after surgery are weight independent, as they often occur 
before significant weight loss is observed47 and do not occur to the same degree in pair-fed controls.10 

Both RYGB and VSG are characterised as metabolic surgeries because of their ability to improve glucose 
tolerance.11,20 This effect occurs quickly, before significant weight loss is observed.18,39,48 Data from 
animal models is particularly important for determining weight-independent effects, since the energy 
intake of human metabolic surgery patients is severely restricted during the peri-operative period. 
Energy restriction alone greatly affects fasting glucose levels, as well as insulin sensitivity and beta cell 
function, in a manner similar to that observed following RYGB.49 In fact, some studies hypothesise that 
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the energy restriction during the peri-operative period may account for the metabolic effects of VSG and 
RYGB.49,50 However, in rodent models, energy restriction alone cannot explain multiple aspects of 
glucoregulation observed during VSG or RYGB, including changes in gut hormones, hepatic insulin 
sensitivity and early phase insulin secretion (see later sections and7). 

In animal models, RYGB and VSG lead to substantial improvements in glucose tolerance that are greater 
than the improvement in body weight-matched, pair-fed animals, demonstrating the ability of the 
metabolic surgery to improve glucose tolerance beyond weight loss alone. This improvement in glucose 
tolerance may be partly explained by the impact of the surgery on insulin secretion/action. Both RYGB 
and VSG produce substantial improvements in glucose homeostasis via an early increase in hepatic 
insulin sensitivity.11,51 This increase in hepatic insulin sensitivity is greater than that observed in pair-fed 
controls, demonstrating the ability of these metabolic surgeries to improve insulin sensitivity through a 
weight-independent mechanism.11,18 After the initial increase in hepatic sensitivity, metabolic surgeries 
lead to a later increase in insulin sensitivity in skeletal muscle, which is likely to be due to the weight 
loss.52 In both humans and animal models, insulin secretion is increased by VSG and RYGB compared 
with non-operated, weight-matched individuals, suggesting improved beta cell function.53,54 In response 
to a mixed meal, rodent models of metabolic surgery respond similarly to humans, exhibiting an 
increase in insulin release greater than that observed in non-operated, sham and pair-fed controls.11 
Although controversial,55 intestinal gluconeogenesis has been proposed to increase following a surgery 
that produces no restriction in stomach size but involves exclusion of upper gastrointestinal (GI) tract 
nutritional exposure.56 It has been postulated that the increase in glucose production by the intestine 
enhances portal vein glucose sensing and contributes to improved glucose homeostasis and can help 
account for the weight-independent metabolic improvements not observed for other bariatric surgical 
procedures. While each of the above can contribute to glucose homeostasis after metabolic surgery, it 
remains to be determined which aspects have the largest impact in the clinical setting. 

Gut hormones 
An evolving hypothesis for the mechanism of metabolic surgery is rooted in the impact these surgeries 
have on gut hormone secretion. Indeed, the levels of a number of gut hormones are beneficially 
changed after VSG and RYGB. Glucagon-like peptide-1 (GLP-1) increases insulin secretion, suppresses 
glucagon release,57 inhibits hepatic glucose production58,59,60 and decreases food intake.61,62 
Interestingly, postprandial GLP-1 increases tenfold after RYGB and VSG,10 and these increases in GLP-1 
are not seen in pair-fed controls. GLP-1 has therefore been implicated as a possible mechanism leading 
to body weight loss and an improvement in glucose homeostasis after bariatric surgery. Administration 
of a GLP-1 receptor antagonist blunts the insulin response to a mixed nutrient liquid meal.11 However, 
animals lacking the GLP-1 receptor successfully lose weight and exhibit improved glucose tolerance after 
metabolic surgery.32,63 While long-acting GLP-1 agonists are the only type 2 diabetes medications that 
cause weight loss, the degree of weight loss is considerably less, with estimates of around a third of that 
achieved by metabolic surgery.64 Similarly, chronic treatment with pharmacological doses of long-acting 
GLP-1 agonists alone fail to produce the same magnitude of effects as the degree of weight loss caused 
by RYGB and VSG and, indeed, these drugs are often used in combination with other pharmacological 
interventions to treat type 2 diabetes.64,65,66 Moreover, GLP-1 antagonists fail to impair the otherwise 
improved glucose tolerance after VSG in humans.67 Together, these data demonstrate that GLP-1 alone 
cannot account for the overall metabolic effect of metabolic surgeries, but we cannot rule out the 
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possibility that high GLP-1 levels in concert with other hormonal changes that occur after surgery might 
contribute to the potent effects of these procedures on glucose regulation. 

Another gut hormone, peptide YY (PYY) decreases food intake, increases insulin sensitivity,68 and is 
increased after both RYGB and VSG.11,69,70 PYY may play a pivotal role in RYGB-induced weight loss 
because mice lacking PYY lose less weight initially after RYGB compared with wild-type mice receiving 
the same procedure.71 Similarly, an inverse relationship has been established in humans between weight 
regain after RYGB and plasma PYY levels.37 

Unlike GLP-1 and PYY, the hormone ghrelin elicits food intake.72,73,74 Ghrelin is produced in the stomach, 
duodenum75 and pancreas76 and levels are reduced after VSG.18,77,78 Ghrelin response after RYGB is 
controversial, with some reports indicating a reduction in levels,79 while others show no change.80 Yet, it 
appears that the reduction in ghrelin is not essential for the effects of metabolic surgery, at least in an 
animal model of VSG. Ghrelin-deficient mice respond normally to VSG, including a reduction in body 
weight and an improvement in glucose tolerance.29 It is clear that multiple GI hormones change 
following RYGB and VSG, and it is plausible that each has an important role to play; however, no single 
gut hormone has emerged as the critical conductor for the metabolic success of VSG or RYGB. 

Leptin 
Leptin is a satiety hormone released in proportion to adipose tissue. A reduction in body weight results 
in a reduction in circulating leptin which, in turn, triggers increased hunger, decreased satiety and a 
decrease in energy expenditure.81 Thus, it is not surprising that leptin levels decrease after metabolic 
surgery,30,48,70,82,83 but, interestingly, the decrease is greater than that observed in weight-matched pair-
fed controls. Supporting the view that the enhanced reduction of leptin is weight-loss independent, 
humans undergoing metabolic surgery also display a reduction in plasma leptin before significant weight 
loss occurs.83 Importantly, despite the reduction in leptin levels following metabolic surgery, patients do 
not display many of the characteristic responses associated with low levels of leptin. For example, 
patients receiving metabolic surgery actually have decreased hunger and increased satiety.84 Thus, it has 
been hypothesised that metabolic surgeries increase leptin sensitivity. However, animal models lacking 
leptin receptors, which are thus are unable to modulate leptin sensitivity, exhibit normal reductions in 
body weight in response to VSG34 and RYGB.35 Further research is needed to determine why the 
reduction of leptin in metabolic surgery patients fails to elicit typical responses to promote a positive 
energy balance. 

Lipid handling 
Metabolic surgery leads to improved lipid profiles, including cholesterol and plasma triacylglycerols. 
Some studies indicate that surgery can improve plasma lipid profiles in 70% of patients85 in a timeframe 
similar to that for the resolution of type 2 diabetes. On average, both RYGB and VSG improve HDL-
cholesterol, and reduce total cholesterol and LDL-cholesterol.85,86,87 Moreover, both RYGB and VSG 
reduce plasma triacylglycerols.85 Rats also show a reduction, specifically in postprandial plasma 
triacylglycerols, after VSG owing to intestinal rather than hepatic lipid handling, and this occurs in a 
weight-loss independent manner.88 While postprandial hepatic lipid handling may not play a critical role 
in postprandial plasma triacylglycerols, hepatic triacylglycerol levels themselves are reduced to a greater 
extent than in pair-fed animals after VSG, again highlighting the weight loss-independent effects of the 
surgery.89 
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Moreover, lipids themselves can exert a powerful stimulus to the gut–brain–liver axis, and it is possible 
that as a result of the anatomical changes from metabolic surgery, lipids exert beneficial effects on 
glucose regulation via actions in the intestine. Direct administration of lipids into the upper intestine 
suppresses hepatic glucose production90 and this effect can be blocked by inhibiting gut sensory fibres in 
the brain, or by subdiaphragmatic or hepatic vagotomy. This indicates that lipids activate an intestine–
brain–liver neural axis that impacts hepatic glucose production90 and may be a key contributor to the 
improved metabolism of patients who undergo metabolic surgery. 

Feeding behaviour 
Metabolic surgery alters behavioural feeding patterns and food choice. Metabolic surgery patients 
consistently report a decrease in food intake and meal size.45 Similarly, animal models of RYGB and VSG 
result in the consumption of smaller, more frequent, meals.30,91,92,93 There is even evidence that bariatric 
surgery can improve disrupted feeding patterns in patients with night eating syndrome—a syndrome 
characterised by >25% of energy intake in the late evening and night.94 Other aspects of feeding are also 
altered. In rodent models, metabolic surgery can alter macronutrient preference, decreasing the 
consumption of fat and increasing the consumption of carbohydrates.92,93,95,96,97 

Novel molecular targets of bariatric surgery 
The research highlighted in the previous sections dispels many of the common mechanisms implicated 
in the success of bariatric surgery, i.e. neither endocrine nor mechanical explanations are sufficient to 
explain the success of surgery. Thus, current research focuses on potential molecular mechanisms that 
drive the success of surgery. There are two recent areas of research that have been driving many 
hypotheses surrounding bariatric surgery. The first is the observation that bile acids are increased after 
RYGB in humans98 and similar results have been observed after VSG in rodent models.88 Bile acids have 
traditionally been thought to act as lipid detergents but have recently been found to be involved in 
important signalling mechanisms critical for body weight and glucose regulation.99,100,101 In addition, the 
trillions of species of bacteria that reside in our intestines have been implicated in a more integrated 
role regulating homeostasis. In this section we describe data demonstrating the link, not only within, but 
also across, these two systems to the success of bariatric surgery. 

Bile acid signalling 
Primary bile acids are produced in the liver through the oxidation of cholesterol. Primary bile acids can 
then be conjugated with a glycine or taurine amino acid to form bile salts that act as a detergent to 
hydrolyse lipids for absorption. Alternatively, primary bile acids can be secreted into the gut lumen, 
where dehydroxylation leads to secondary bile acids. Like primary bile acids, secondary bile acids can 
also be conjugated in the liver to form bile salts. An increase in bile acid circulation directly increases the 
digestion and absorption of lipids, thus promoting essential effects for lipid trafficking. Moreover, bile 
acids have been found to act as hormones by acting on both membrane and nuclear receptors within 
the intestine and liver, with the end result of improved triacylglycerol and glucose metabolism.99,100,101 
The role of bile acids as a hormone in metabolic signalling makes them particularly interesting to explore 
for the effects of metabolic surgery. 

Interestingly, serum bile acids are more than doubled in patients receiving RYGB compared with gastric 
banding, a bariatric surgery that results in less weight loss and fewer weight-dependent improvements 
in comorbidities.102 This elevation of bile acids during the RYGB metabolic surgery led researchers to test 
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how manipulation of bile acids alone could affect metabolism. In fact, using bile diversion surgery to 
increase circulating bile acids and bile salts results in improvements similar to those produced by 
metabolic surgery, including weight loss, improved glucose tolerance and increased postprandial GLP-1 
secretion.103 Similarly, ileum interposition, primarily a rodent surgery model in which a piece of the 
ileum is excised and sutured within the jejunum, increases bile acids, improves glucose tolerance, and 
leads to increases in secretion of GLP-1.104 

Bile acids bind to a nuclear transcription factor called farnesoid X receptor (FXR). Recent studies 
demonstrate that FXR signalling is a key player in the link between bile acids and metabolism. Indeed, 
the FXR appears to be crucial for both weight loss and glucose homeostasis from bariatric surgery, as 
animal models lacking the FXR fail to maintain lower body weights after VSG and instead increase their 
energy intake to compensate for early post-surgical weight loss.105 Furthermore, FXR knockout mice 
have a physically restricted stomach size after VSG similar to wild-type VSG animals; however, FXR 
knockout mice still fail to maintain a lowered body weight, again pointing to the mechanism of weight 
loss of bariatric surgery going beyond mere physical restriction of the stomach.105 

Bile acids also bind to TGR5 (also known as G protein-coupled bile acid receptor 1, GPBAR1), a G protein-
coupled receptor found in the gut. Activation of TGR5 by bile acid signalling modulates GLP-1 
secretion,106 thus making it an interesting target for future studies examining how metabolic surgery, 
bile acids and glucose homeostasis are linked. However, further studies are necessary to determine the 
role of TGR5. 

Gut microbiota 
The gut microbiota refers to the intricate community of bacteria in the gut composed of several 
different phyla and numerous strains. The composition of these communities has been shown to be 
sensitive to dietary changes as well as to changes in body weight, and a wide range of data link 
micobiota composition to obesity and metabolic diseases.107 Initial studies on obese individuals found 
significant changes in phyla in terms of the relative prevalence of Firmicutes and Bacteroidetes, with an 
increase in Firmicutes and a reduction of Bacteroidetes compared with lean counterparts.108 Similarly, 
the ob/ob mouse displays elevated Firmicutes and reduced Bacteroidetes compared with lean 
controls.109 However, the relative direction of these changes was not supported in later studies,110 which 
may be partly due to an inconsistency in methodology (see review.107) For this reason, many animal 
studies include transplant procedures, which can help elucidate the cause and effect between 
microbiota and disease states. For example, colonisation of germ-free mice with the microbiota of an 
obese individual leads to increased body fat compared with colonisation with the microbiota of a lean 
individual.111 

Metabolic surgery results in a significant change to the gut microbiome.112 For example, RYGB changes 
the gut microbiota of an obese individual to a population more similar to that observed in a lean 
individual.113,114 Moreover, germ-free mice receiving the microbiota of an RYGB mouse exhibit significant 
weight loss and reduced body fat, demonstrating the importance of the microbiota in generating an 
obese or lean state.115 Beyond body weight, the microbiota population may also contribute to the 
resolution of type 2 diabetes. For example, type 2 diabetic patients who receive microbiota from a 
healthy individual exhibit an improvement in insulin sensitivity.116 Therefore, a ‘lean’ microbiota 
population may contribute to the sustained success of metabolic surgery. 
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Interestingly, there is a correlation between the gut microbiota and bile acids, independent of direct gut 
manipulation. Non-operated mice with faecal microbiota transplants from mice with RYGB exhibit 
elevated bile acids and a microbial population similar to ‘lean’ mice.115 Unfortunately, from this data it is 
difficult to ascertain whether the microbiota or the bile acids are the first to change. However, data 
from VSG in the FXR knockout mouse helps to elucidate this relationship.105 While both FXR knockout 
and wild-type mice undergo a similar alteration of the gut with VSG, only wild-type mice show a ‘lean’ 
microbiota phenotype.105 These data suggest that bile acid-driven FXR signalling may be key to both 
changes in gut microbiota, as well as the associated weight loss and improvement in glucose 
metabolism. 

Summary and future directions 
Obesity affects a large proportion of the population and is associated with substantial health risks, 
putting a premium on new treatment options. While diet and exercise rarely produce sustained 
reductions in body weight, metabolic surgery produces larger and more durable improvements in body 
weight. Importantly, metabolic surgery also leads to an improvement in glucose regulation. Research in 
pair-fed animal models, in particular, indicates that the improvement in glucose regulation from 
metabolic surgery is not simply a product of reduced energy intake or weight loss. Despite the original 
hypothesis behind the design of some human bariatric surgery models, the mechanism of weight loss 
goes beyond restriction and malabsorption. Metabolic surgery results in marked changes in a variety of 
gut hormones that can contribute to improvements in glucose regulation and satiety and a reduction in 
food intake. However, recent data have moved past traditional gut hormones and implicated a role for 
bile acid signalling and alterations in the gut microbial community as contributors to the potent effects 
of these surgeries. 

Metabolic surgeries were developed and deployed with very little study of preclinical animal models. 
While it is clear that these animal models will be crucial in helping us understand how these surgeries 
work, the use of rodent models is not without limitations. For example, the surgeries performed in these 
animal models can vary between research groups and can be different from what is typically performed 
in humans because of differences in gut anatomy and the small size of the rodent GI tract. It remains 
unclear whether these differences in technique impact the metabolic outcome. Nevertheless, rodent 
models of metabolic surgery have two important implications that will improve our treatment ability in 
the clinical setting. First, animal models allow for testing of specific hypotheses about the molecular 
underpinnings of surgical benefits. Identification of the underlying mechanisms is crucial for the 
development of new therapies that can mimic the benefits of metabolic surgeries while reducing the 
invasiveness and allowing these solutions to be scaled up for a large target population. Second, animal 
models allow us to gain an insight into which populations of individuals might most benefit from the 
currently available procedures. Obesity and diabetes are complex disorders with multiple underlying 
aetiologies. Metabolic surgeries are likely to be more effective at improving outcomes for some of these 
underlying aetiologies and not for others. Testing the effects of metabolic surgeries in various animal 
models allows for a more focused approach, to identify those patients who are most likely to receive a 
benefit from the procedures, thereby reducing the number of patients who get little or no benefit. 
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	Abstract
	Keywords
	Abbreviations

	Obesity is a growing health risk with few successful treatment options and fewer still that target both obesity and obesity-associated comorbidities. Despite ongoing scientific efforts, the most effective treatment option to date was not developed from basic research but by surgeons observing outcomes in the clinic. Bariatric surgery is the most successful treatment for significant weight loss, resolution of type 2 diabetes and the prevention of future weight gain. Recent work with animal models has shed considerable light on the molecular underpinnings of the potent effects of these ‘metabolic’ surgical procedures. Here we review data from animal models and how these studies have evolved our understanding of the critical signalling systems that mediate the effects of bariatric surgery. These insights could lead to alternative therapies able to accomplish effects similar to bariatric surgery in a less invasive manner.
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	Introduction
	Over 78 million American adults are currently classified as obese.1 Together with the increase in obesity in the adult population, there has been a disproportionate rise in severe obesity (e.g. patients with a BMI >40 kg/m2).2 Unfortunately, individuals with severe obesity are more likely to have diabetes, heart disease and an increased risk of stroke,1 underscoring the need for effective treatment options for both obesity and its associated comorbidities. Indeed, an ideal treatment would lead to weight loss as well as alleviation of the associated comorbidities (e.g. type 2 diabetes) simultaneously.
	There are currently a limited number of treatment options available for obesity and only a subset have proved successful in the long term. Behavioural interventions, such as energy-restricted diets and exercise, result in a temporary loss of 5–10% body weight when successful,3 and the few approved obesity medications have a limited range of efficacy.4 In contrast, some bariatric surgical procedures, as discussed below, have proved to be particularly effective at weight reduction, with patients maintaining ∼30% weight loss for periods of 10 years or more.5,6
	Despite the repeatedly observed success of bariatric surgical procedures, the underlying mechanisms leading to the metabolic improvements are unclear. Animal models of bariatric surgery allow the unique ability to systemically test mechanistic hypotheses to reveal how and why bariatric surgery leads to significant and sustained weight loss.
	‘Metabolic’ surgeries produce weight loss-independent resolution of diabetes
	Roux-en-Y gastric bypass and vertical sleeve gastrectomy
	Weight loss and diabetes resolution in humans
	Weight loss and glucose tolerance in rodents
	Research with animal models

	There are multiple types of bariatric surgery; each is similar in that, on average, they produce significant and sustained weight loss. However, not all bariatric surgical procedures result in the resolution of type 2 diabetes independent of weight loss. The ability of a surgical procedure to lead to metabolic benefits independent of weight loss suggests that other effects of the surgery contribute to the observed metabolic improvements.7
	The bariatric surgical procedures that lead to the resolution of type 2 diabetes independent of body weight loss are sometimes referred to as ‘metabolic’ surgeries. (For a review on the various types of bariatric surgeries see.8,9) For the purposes of this review, we will focus on the two metabolic procedures that are the most commonly used in the USA and produce sustained, substantial weight loss and resolution of type 2 diabetes: Roux-en-Y gastric bypass (RYGB), and vertical sleeve gastrectomy (VSG) (Fig. 1).
	/
	Fig. 1 Anatomical arrangement of metabolic surgeries
	In RYGB, a small stomach pouch is created and connected to the mid-jejunum. The remainder of the stomach and the proximal intestine remains in the body and is bypassed by nutrient flow. Thus, this procedure results in a decrease in stomach volume as well as a change in nutrient flow. RYGB has been successfully replicated in rodents10,11 and, as in humans, leads to significant, sustained weight loss and an improvement in glucose tolerance independent of weight loss.12 Because micronutrients are predominantly absorbed in the distal gut, the re-routing of nutrients in RYGB leads to micronutrient malabsorption and so individuals who undergo this procedure need to take vitamin supplements.13 This is replicated in rodent models, where RYGB has been associated with malabsorption of 25-hydroxyvitamin D and calcium.14
	The VSG procedure is technically simpler than RYGB.15,16 During VSG, ∼80% of the stomach is excised along the major curvature. Since the only modification is to the size of the stomach, the route of nutrient flow remains the same and the risk of macro- and micro-nutrient malabsorption is minimal. VSG has been successfully modelled in both rats and mice, producing effects similar to those observed in humans, leading to a significant and sustained decrease in body weight as well as an improvement in glucose tolerance independent of weight loss.10,11,17,18
	While each procedure is anatomically distinct, on average, both RYGB and VSG patients will experience a reduction in body weight of ∼30% and long-term resolution of type 2 diabetes.19,20,21,22 However, there is discrepancy among human studies indicating less weight loss and a lower frequency of diabetes resolution from VSG in comparison to RYGB.22,23,24,25 Although the majority of evidence points to metabolic surgery producing long-term weight loss,6 this is not always the case. For example, one study reported that ∼20% of RYGB patients regain weight after metabolic surgery.26 While VSG is still a relatively new procedure, some long-term follow-up studies suggest a smaller weight regain percentage of about 4%.27
	For some patients, diabetes remission lasts as long as 15 years. A recent study by Sjöström et al indicates that this is the case for ∼30% of bariatric surgery patients.28 It is worth noting that Sjöström et al used pooled results from three different surgeries: RYGB, vertical banded gastroplasty (stomach stapling) and gastric band. Compared with RYGB, the other two surgeries are associated with less weight loss and less diabetes resolution. While this could have contributed to the more conservative rate of resolution compared with short-term outcome studies, a 30% resolution rate still reflects important health and medical cost improvements of surgery relative to other treatment methods.
	RYGB and VSG lead to similar reductions in body weight, predominantly from the loss of fat mass, in both rats and mice.10,29,30,31 While few rodent studies have focused on long-term glucose control, numerous studies mirror the glucose improvement observed in humans (as discussed in the following sections). Notably, metabolic surgery is successful in rodent models under a variety of conditions. Significant and sustained body weight reduction is observed in both rats and mice with diet-induced11,32,33 and genetic obesity,34,35 and in both male and female animals.36 The tendency for weight regain after metabolic surgery has also been observed in rodent models,37 indicating a conserved physiological adaptation to the surgeries. Furthermore, the ability of the metabolic surgery to consistently lead to a loss in body weight despite alterations in these variables underscores the fact that these models share features with the clinical effects observed in humans.
	The use of animal models of metabolic surgery allows for an additional comparison with pair-fed control groups to assess weight-loss-independent effects of surgery. Pair-fed controls are fed the same amount of energy as consumed by the animals receiving the metabolic surgical procedure, and allows for control of both food intake and weight gain, which is difficult to control for in clinical studies. As discussed in more detail in the following sections, animals pair-fed to so that their energy intake matches that of VSG animals show less of an improvement in glucose homeostasis, despite losing a similar amount of weight.11 In the case of RYGB, pair-fed groups lose less weight than the RYGB animals,38 and thus weight-matched controls are often used. In agreement with the animal data, resolution of type 2 diabetes in humans has been reported before significant weight loss occurs and sometimes before the patient is discharged from the hospital.39 Importantly, these data demonstrate that a portion of the glucose improvement from metabolic surgeries is not exclusively due to weight loss but from another weight-independent mechanism.
	The mechanism(s) that leads to the success of metabolic surgery is unknown. One possibility is that distinct anatomical differences between the surgeries lead to distinctly different mechanisms of weight loss and diabetes resolution. For example, altered nutrient flow, either by hindgut delivery of nutrients or by duodenal exclusion, has been proposed as a key mechanism driving the success of RYGB.40 However, recent data have revealed that the gastric emptying rate is extraordinarily rapid after both RYGB and VSG, resulting in similar distal nutrient exposure.41 Given the similar changes in body weight, glucose tolerance and gastric emptying between VSG and RYGB, an alternative hypothesis focuses on the similarities between the two procedures (e.g. similar changes in gut hormones, bile acids) as a way of elucidating critical pathways involved in weight reduction and glucose regulation. It is important to note that it is as yet unclear what mechanisms are involved, and indeed a mix of both overlapping and non-overlapping mechanisms could be at play.
	Metabolic surgery success is not due to restriction or malabsorption
	Historically, bariatric surgery was hypothesised to lower body weight primarily via physical manipulation of the surgery to restrict the stomach size and/or re-routing of the intestine to cause a malabsorption of energy. However, this hypothesis has been challenged by multiple datasets from both humans and rodent models.
	First, rodents who undergo restrictive procedures are nonetheless capable of increasing their food intake. For example, animals receiving an energy-restricted diet after VSG show a reduction in body weight beyond the weight loss from the surgery.30 When then allowed free access to food, VSG animals will increase their energy intake to regain weight. Interestingly, the now freely feeding VSG animals only consume enough energy to return to the pre-restriction body weight trajectory and continue to remain lighter than non-operated controls. Importantly, animals that have undergone metabolic surgery can become hyperphagic when physiologically challenged. Another example is seen post surgery in lactating rats. During lactation, the energy required to feed pups via breast milk requires a dramatic increase in food intake. Lactating female rats that have undergone VSG show a pronounced increase in food intake identical to that observed in lactating rats with entirely normal stomachs.36 These observations highlight two important findings: (1) animals that have undergone metabolic surgery remain on a body weight trajectory below that of a non-operated animal, and (2) post-surgical animals retain the ability to consume more energy, indicating that it is not physical restriction of the stomach that is limiting food intake.30
	There is much debate about whether RYGB leads to malabsorption and, if so, to what extent this accounts for weight loss. Evidence in both humans and rodents indicates that RYGB causes some malabsorption of fat; however, in both species, malabsorption is typically minimal and appears to be unrelated to the degree of weight loss.5,42 Moreover, malabsorption is not the primary mechanism of action determining the success of VSG, yet both rodent models and human VSG patients successfully maintain a reduction in body weight and an improvement in glucose tolerance. Thus, malabsorption does not appear to be a critical underlying mechanism involved in the reduction of body weight.
	RYGB and VSG: multiple endpoints demonstrate improved metabolic regulation
	Energy homeostasis
	Glucose homeostasis
	Gut hormones
	Leptin
	Lipid handling
	Feeding behaviour

	Metabolic surgeries such as RYGB and VSG affect a number of metabolic endpoints, from food intake to blood glucose regulation. As discussed above, many of these changes, such as diabetes resolution, are independent of body weight loss and collectively demonstrate various aspects of improved metabolic health.
	In general, a reduction in body weight can occur through a reduction in food intake, an increase in energy expenditure, or a combination of the two. As an adaptation to dieting and weight loss, there tends to be a reduction in the amount of energy used, thereby preserving body weight and body fat.43,44 In both VSG and RYGB a reduction in food intake appears to be a key contributor to the reduction of body weight and body fat.10,11,30 Indeed, after surgery, both humans45 and rodent models30 exhibit an early reduction in energy intake. Controlling for energy intake by using pair-fed controls, VSG studies report that pair-fed animals lose a similar amount of weight to those receiving the metabolic surgery.10,11,30 These data indicate that in the case of VSG, food intake appears to be the primary contributor to the reduction in body weight. Supporting this, VSG has been reported to result in no change in energy expenditure.30
	While RYGB also results in a reduction in food intake, some studies have reported that pair-fed animals lose less weight than those that received RYGB,38 indicating that food intake alone may not account for all the weight loss achieved during RYGB. However, data on the impact of RYGB on energy expenditure are variable. This has been more controversial in humans, with some reports finding a decrease in overall energy expenditure.46 In contrast, energy expenditure has been shown to increase in rodent RYGB studies.38 This discrepancy may be due to differences between humans and animal models, and also the methods and formulas in which energy expenditure is expressed (for a review, see8). Moreover, these results are confounded by how long after the surgery energy expenditure was assessed. Immediately after surgery, both humans and rodents experience a severe reduction in energy intake and prominent negative energy balance, which can independently impact energy expenditure. We conclude that while energy expenditure may play some initial role in weight loss after RYGB, it is not likely to be the sole contributor to weight loss and has even less impact on long-term sustained weight reduction.
	Type 2 diabetic patients are characterised by elevated fasting glucose, impaired glucose tolerance, insulin resistance and impaired beta cell function. After VSG and RYGB, fasting glucose levels are markedly improved.12,17 While fasting glucose is known to improve with weight reduction, it has become clear that these changes in fasting glucose after surgery are weight independent, as they often occur before significant weight loss is observed47 and do not occur to the same degree in pair-fed controls.10
	Both RYGB and VSG are characterised as metabolic surgeries because of their ability to improve glucose tolerance.11,20 This effect occurs quickly, before significant weight loss is observed.18,39,48 Data from animal models is particularly important for determining weight-independent effects, since the energy intake of human metabolic surgery patients is severely restricted during the peri-operative period. Energy restriction alone greatly affects fasting glucose levels, as well as insulin sensitivity and beta cell function, in a manner similar to that observed following RYGB.49 In fact, some studies hypothesise that the energy restriction during the peri-operative period may account for the metabolic effects of VSG and RYGB.49,50 However, in rodent models, energy restriction alone cannot explain multiple aspects of glucoregulation observed during VSG or RYGB, including changes in gut hormones, hepatic insulin sensitivity and early phase insulin secretion (see later sections and7).
	In animal models, RYGB and VSG lead to substantial improvements in glucose tolerance that are greater than the improvement in body weight-matched, pair-fed animals, demonstrating the ability of the metabolic surgery to improve glucose tolerance beyond weight loss alone. This improvement in glucose tolerance may be partly explained by the impact of the surgery on insulin secretion/action. Both RYGB and VSG produce substantial improvements in glucose homeostasis via an early increase in hepatic insulin sensitivity.11,51 This increase in hepatic insulin sensitivity is greater than that observed in pair-fed controls, demonstrating the ability of these metabolic surgeries to improve insulin sensitivity through a weight-independent mechanism.11,18 After the initial increase in hepatic sensitivity, metabolic surgeries lead to a later increase in insulin sensitivity in skeletal muscle, which is likely to be due to the weight loss.52 In both humans and animal models, insulin secretion is increased by VSG and RYGB compared with non-operated, weight-matched individuals, suggesting improved beta cell function.53,54 In response to a mixed meal, rodent models of metabolic surgery respond similarly to humans, exhibiting an increase in insulin release greater than that observed in non-operated, sham and pair-fed controls.11 Although controversial,55 intestinal gluconeogenesis has been proposed to increase following a surgery that produces no restriction in stomach size but involves exclusion of upper gastrointestinal (GI) tract nutritional exposure.56 It has been postulated that the increase in glucose production by the intestine enhances portal vein glucose sensing and contributes to improved glucose homeostasis and can help account for the weight-independent metabolic improvements not observed for other bariatric surgical procedures. While each of the above can contribute to glucose homeostasis after metabolic surgery, it remains to be determined which aspects have the largest impact in the clinical setting.
	An evolving hypothesis for the mechanism of metabolic surgery is rooted in the impact these surgeries have on gut hormone secretion. Indeed, the levels of a number of gut hormones are beneficially changed after VSG and RYGB. Glucagon-like peptide-1 (GLP-1) increases insulin secretion, suppresses glucagon release,57 inhibits hepatic glucose production58,59,60 and decreases food intake.61,62 Interestingly, postprandial GLP-1 increases tenfold after RYGB and VSG,10 and these increases in GLP-1 are not seen in pair-fed controls. GLP-1 has therefore been implicated as a possible mechanism leading to body weight loss and an improvement in glucose homeostasis after bariatric surgery. Administration of a GLP-1 receptor antagonist blunts the insulin response to a mixed nutrient liquid meal.11 However, animals lacking the GLP-1 receptor successfully lose weight and exhibit improved glucose tolerance after metabolic surgery.32,63 While long-acting GLP-1 agonists are the only type 2 diabetes medications that cause weight loss, the degree of weight loss is considerably less, with estimates of around a third of that achieved by metabolic surgery.64 Similarly, chronic treatment with pharmacological doses of long-acting GLP-1 agonists alone fail to produce the same magnitude of effects as the degree of weight loss caused by RYGB and VSG and, indeed, these drugs are often used in combination with other pharmacological interventions to treat type 2 diabetes.64,65,66 Moreover, GLP-1 antagonists fail to impair the otherwise improved glucose tolerance after VSG in humans.67 Together, these data demonstrate that GLP-1 alone cannot account for the overall metabolic effect of metabolic surgeries, but we cannot rule out the possibility that high GLP-1 levels in concert with other hormonal changes that occur after surgery might contribute to the potent effects of these procedures on glucose regulation.
	Another gut hormone, peptide YY (PYY) decreases food intake, increases insulin sensitivity,68 and is increased after both RYGB and VSG.11,69,70 PYY may play a pivotal role in RYGB-induced weight loss because mice lacking PYY lose less weight initially after RYGB compared with wild-type mice receiving the same procedure.71 Similarly, an inverse relationship has been established in humans between weight regain after RYGB and plasma PYY levels.37
	Unlike GLP-1 and PYY, the hormone ghrelin elicits food intake.72,73,74 Ghrelin is produced in the stomach, duodenum75 and pancreas76 and levels are reduced after VSG.18,77,78 Ghrelin response after RYGB is controversial, with some reports indicating a reduction in levels,79 while others show no change.80 Yet, it appears that the reduction in ghrelin is not essential for the effects of metabolic surgery, at least in an animal model of VSG. Ghrelin-deficient mice respond normally to VSG, including a reduction in body weight and an improvement in glucose tolerance.29 It is clear that multiple GI hormones change following RYGB and VSG, and it is plausible that each has an important role to play; however, no single gut hormone has emerged as the critical conductor for the metabolic success of VSG or RYGB.
	Leptin is a satiety hormone released in proportion to adipose tissue. A reduction in body weight results in a reduction in circulating leptin which, in turn, triggers increased hunger, decreased satiety and a decrease in energy expenditure.81 Thus, it is not surprising that leptin levels decrease after metabolic surgery,30,48,70,82,83 but, interestingly, the decrease is greater than that observed in weight-matched pair-fed controls. Supporting the view that the enhanced reduction of leptin is weight-loss independent, humans undergoing metabolic surgery also display a reduction in plasma leptin before significant weight loss occurs.83 Importantly, despite the reduction in leptin levels following metabolic surgery, patients do not display many of the characteristic responses associated with low levels of leptin. For example, patients receiving metabolic surgery actually have decreased hunger and increased satiety.84 Thus, it has been hypothesised that metabolic surgeries increase leptin sensitivity. However, animal models lacking leptin receptors, which are thus are unable to modulate leptin sensitivity, exhibit normal reductions in body weight in response to VSG34 and RYGB.35 Further research is needed to determine why the reduction of leptin in metabolic surgery patients fails to elicit typical responses to promote a positive energy balance.
	Metabolic surgery leads to improved lipid profiles, including cholesterol and plasma triacylglycerols. Some studies indicate that surgery can improve plasma lipid profiles in 70% of patients85 in a timeframe similar to that for the resolution of type 2 diabetes. On average, both RYGB and VSG improve HDL-cholesterol, and reduce total cholesterol and LDL-cholesterol.85,86,87 Moreover, both RYGB and VSG reduce plasma triacylglycerols.85 Rats also show a reduction, specifically in postprandial plasma triacylglycerols, after VSG owing to intestinal rather than hepatic lipid handling, and this occurs in a weight-loss independent manner.88 While postprandial hepatic lipid handling may not play a critical role in postprandial plasma triacylglycerols, hepatic triacylglycerol levels themselves are reduced to a greater extent than in pair-fed animals after VSG, again highlighting the weight loss-independent effects of the surgery.89
	Moreover, lipids themselves can exert a powerful stimulus to the gut–brain–liver axis, and it is possible that as a result of the anatomical changes from metabolic surgery, lipids exert beneficial effects on glucose regulation via actions in the intestine. Direct administration of lipids into the upper intestine suppresses hepatic glucose production90 and this effect can be blocked by inhibiting gut sensory fibres in the brain, or by subdiaphragmatic or hepatic vagotomy. This indicates that lipids activate an intestine–brain–liver neural axis that impacts hepatic glucose production90 and may be a key contributor to the improved metabolism of patients who undergo metabolic surgery.
	Metabolic surgery alters behavioural feeding patterns and food choice. Metabolic surgery patients consistently report a decrease in food intake and meal size.45 Similarly, animal models of RYGB and VSG result in the consumption of smaller, more frequent, meals.30,91,92,93 There is even evidence that bariatric surgery can improve disrupted feeding patterns in patients with night eating syndrome—a syndrome characterised by >25% of energy intake in the late evening and night.94 Other aspects of feeding are also altered. In rodent models, metabolic surgery can alter macronutrient preference, decreasing the consumption of fat and increasing the consumption of carbohydrates.92,93,95,96,97
	Novel molecular targets of bariatric surgery
	Bile acid signalling
	Gut microbiota

	The research highlighted in the previous sections dispels many of the common mechanisms implicated in the success of bariatric surgery, i.e. neither endocrine nor mechanical explanations are sufficient to explain the success of surgery. Thus, current research focuses on potential molecular mechanisms that drive the success of surgery. There are two recent areas of research that have been driving many hypotheses surrounding bariatric surgery. The first is the observation that bile acids are increased after RYGB in humans98 and similar results have been observed after VSG in rodent models.88 Bile acids have traditionally been thought to act as lipid detergents but have recently been found to be involved in important signalling mechanisms critical for body weight and glucose regulation.99,100,101 In addition, the trillions of species of bacteria that reside in our intestines have been implicated in a more integrated role regulating homeostasis. In this section we describe data demonstrating the link, not only within, but also across, these two systems to the success of bariatric surgery.
	Primary bile acids are produced in the liver through the oxidation of cholesterol. Primary bile acids can then be conjugated with a glycine or taurine amino acid to form bile salts that act as a detergent to hydrolyse lipids for absorption. Alternatively, primary bile acids can be secreted into the gut lumen, where dehydroxylation leads to secondary bile acids. Like primary bile acids, secondary bile acids can also be conjugated in the liver to form bile salts. An increase in bile acid circulation directly increases the digestion and absorption of lipids, thus promoting essential effects for lipid trafficking. Moreover, bile acids have been found to act as hormones by acting on both membrane and nuclear receptors within the intestine and liver, with the end result of improved triacylglycerol and glucose metabolism.99,100,101 The role of bile acids as a hormone in metabolic signalling makes them particularly interesting to explore for the effects of metabolic surgery.
	Interestingly, serum bile acids are more than doubled in patients receiving RYGB compared with gastric banding, a bariatric surgery that results in less weight loss and fewer weight-dependent improvements in comorbidities.102 This elevation of bile acids during the RYGB metabolic surgery led researchers to test how manipulation of bile acids alone could affect metabolism. In fact, using bile diversion surgery to increase circulating bile acids and bile salts results in improvements similar to those produced by metabolic surgery, including weight loss, improved glucose tolerance and increased postprandial GLP-1 secretion.103 Similarly, ileum interposition, primarily a rodent surgery model in which a piece of the ileum is excised and sutured within the jejunum, increases bile acids, improves glucose tolerance, and leads to increases in secretion of GLP-1.104
	Bile acids bind to a nuclear transcription factor called farnesoid X receptor (FXR). Recent studies demonstrate that FXR signalling is a key player in the link between bile acids and metabolism. Indeed, the FXR appears to be crucial for both weight loss and glucose homeostasis from bariatric surgery, as animal models lacking the FXR fail to maintain lower body weights after VSG and instead increase their energy intake to compensate for early post-surgical weight loss.105 Furthermore, FXR knockout mice have a physically restricted stomach size after VSG similar to wild-type VSG animals; however, FXR knockout mice still fail to maintain a lowered body weight, again pointing to the mechanism of weight loss of bariatric surgery going beyond mere physical restriction of the stomach.105
	Bile acids also bind to TGR5 (also known as G protein-coupled bile acid receptor 1, GPBAR1), a G protein-coupled receptor found in the gut. Activation of TGR5 by bile acid signalling modulates GLP-1 secretion,106 thus making it an interesting target for future studies examining how metabolic surgery, bile acids and glucose homeostasis are linked. However, further studies are necessary to determine the role of TGR5.
	The gut microbiota refers to the intricate community of bacteria in the gut composed of several different phyla and numerous strains. The composition of these communities has been shown to be sensitive to dietary changes as well as to changes in body weight, and a wide range of data link micobiota composition to obesity and metabolic diseases.107 Initial studies on obese individuals found significant changes in phyla in terms of the relative prevalence of Firmicutes and Bacteroidetes, with an increase in Firmicutes and a reduction of Bacteroidetes compared with lean counterparts.108 Similarly, the ob/ob mouse displays elevated Firmicutes and reduced Bacteroidetes compared with lean controls.109 However, the relative direction of these changes was not supported in later studies,110 which may be partly due to an inconsistency in methodology (see review.107) For this reason, many animal studies include transplant procedures, which can help elucidate the cause and effect between microbiota and disease states. For example, colonisation of germ-free mice with the microbiota of an obese individual leads to increased body fat compared with colonisation with the microbiota of a lean individual.111
	Metabolic surgery results in a significant change to the gut microbiome.112 For example, RYGB changes the gut microbiota of an obese individual to a population more similar to that observed in a lean individual.113,114 Moreover, germ-free mice receiving the microbiota of an RYGB mouse exhibit significant weight loss and reduced body fat, demonstrating the importance of the microbiota in generating an obese or lean state.115 Beyond body weight, the microbiota population may also contribute to the resolution of type 2 diabetes. For example, type 2 diabetic patients who receive microbiota from a healthy individual exhibit an improvement in insulin sensitivity.116 Therefore, a ‘lean’ microbiota population may contribute to the sustained success of metabolic surgery.
	Interestingly, there is a correlation between the gut microbiota and bile acids, independent of direct gut manipulation. Non-operated mice with faecal microbiota transplants from mice with RYGB exhibit elevated bile acids and a microbial population similar to ‘lean’ mice.115 Unfortunately, from this data it is difficult to ascertain whether the microbiota or the bile acids are the first to change. However, data from VSG in the FXR knockout mouse helps to elucidate this relationship.105 While both FXR knockout and wild-type mice undergo a similar alteration of the gut with VSG, only wild-type mice show a ‘lean’ microbiota phenotype.105 These data suggest that bile acid-driven FXR signalling may be key to both changes in gut microbiota, as well as the associated weight loss and improvement in glucose metabolism.
	Summary and future directions
	Obesity affects a large proportion of the population and is associated with substantial health risks, putting a premium on new treatment options. While diet and exercise rarely produce sustained reductions in body weight, metabolic surgery produces larger and more durable improvements in body weight. Importantly, metabolic surgery also leads to an improvement in glucose regulation. Research in pair-fed animal models, in particular, indicates that the improvement in glucose regulation from metabolic surgery is not simply a product of reduced energy intake or weight loss. Despite the original hypothesis behind the design of some human bariatric surgery models, the mechanism of weight loss goes beyond restriction and malabsorption. Metabolic surgery results in marked changes in a variety of gut hormones that can contribute to improvements in glucose regulation and satiety and a reduction in food intake. However, recent data have moved past traditional gut hormones and implicated a role for bile acid signalling and alterations in the gut microbial community as contributors to the potent effects of these surgeries.
	Metabolic surgeries were developed and deployed with very little study of preclinical animal models. While it is clear that these animal models will be crucial in helping us understand how these surgeries work, the use of rodent models is not without limitations. For example, the surgeries performed in these animal models can vary between research groups and can be different from what is typically performed in humans because of differences in gut anatomy and the small size of the rodent GI tract. It remains unclear whether these differences in technique impact the metabolic outcome. Nevertheless, rodent models of metabolic surgery have two important implications that will improve our treatment ability in the clinical setting. First, animal models allow for testing of specific hypotheses about the molecular underpinnings of surgical benefits. Identification of the underlying mechanisms is crucial for the development of new therapies that can mimic the benefits of metabolic surgeries while reducing the invasiveness and allowing these solutions to be scaled up for a large target population. Second, animal models allow us to gain an insight into which populations of individuals might most benefit from the currently available procedures. Obesity and diabetes are complex disorders with multiple underlying aetiologies. Metabolic surgeries are likely to be more effective at improving outcomes for some of these underlying aetiologies and not for others. Testing the effects of metabolic surgeries in various animal models allows for a more focused approach, to identify those patients who are most likely to receive a benefit from the procedures, thereby reducing the number of patients who get little or no benefit.
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