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ABSTRACT 
 
Obesity prevalence continues to increase globally, leading 
to ill-health and reduced life expectancy in those affected 
and an urgent need for effective preventative and 
therapeutic strategies. Until recently obesity was viewed 
simplistically as an imbalance between energy expenditure 
and consumption that could be easily corrected by lifestyle 
changes. However, obesity is now recognized to be a 
chronic progressive disease, with bodyweight controlled by 
a complex interplay between the central nervous system, 
peripheral signals of energy balance from adipose tissue 
and the gastrointestinal tract, environmental food cues, and 
a powerful biological drive to defend the highest weight 
achieved. Currently, bariatric surgery represents the most 
effective treatment for people with severe obesity, leading 
to marked sustained weight loss as a consequence of 
altered eating behavior with improved health and life 
expectancy. Bariatric surgical procedures were initially 
envisaged to limit calorie intake by physically restricting 
food passage and inducing malabsorption. However, it is 
now clear that the success of bariatric surgery lies rather in 
the impact of these procedures on the biological regulation 
of energy homeostasis.  In this review we summarize the 
complex bi-directional communication system known as the 
gut-brain axis with special focus on gut hormones, bile acids 
and gut microbiota. We discuss the impact of obesity, 
lifestyle interventions and bariatric surgery upon the gut-
brain axis. Finally, we discuss the progress being made to 

pharmacologically mimic the beneficial hormonal milieu of 
bariatric surgery. 
 
INTRODUCTION 
 
Obesity, defined as the accumulation of excess adipose 
tissue that impairs health, is now recognized as a chronic 
progressive disease. Its prevalence continues to increase 
unabated (1). Globally in 2016, approximately 39% of the 
adult population were overweight (1.9 billion) and 13% had 
obesity (> 650 million) (1). Increased fat deposition is the 
result of an imbalance between energy expenditure and 
consumption, which in turn is due to an alteration of the 
homeostatic and/or hedonic systems that regulate energy 
homeostasis (2). This simplistic definition does not consider 
how complex obesity is, being the consequence of 
interactions between genetic, environmental, dietary, 
psychological and socio-economic factors (3, 4). Eating 
behavior is governed by specific brain areas that integrate 
peripheral signals regarding nutrient intake and energy 
stores (5). 
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The obese state is a very difficult condition to treat because 
of the coexistence of low-grade inflammation, dysbiosis, 
hormonal and neurogenic imbalances (3, 4, 6) (Figure 1). 
These factors also make major contributions to obesity-
related diseases, such as type 2 diabetes (T2D), 
cardiovascular disease, and some types of cancer, 
impacting adversely upon health, socio-economic factors 
and life expectancy (1, 7, 8). Weight loss can improve these 
co-morbidities and increase life expectancy. However, 
current treatments that emphasize dietary (especially low-
calorie diets) or lifestyle approaches for obesity lack long-

term efficacy. A meta-analysis of weight loss clinical trials 
mediated by lifestyle interventions showed an average 
weight loss of 5% to 9% in the first 6 months, which back-
tracked to 3% to 6% in those studies where 48-month data 
were available (9). Another review assessing the long-term 
outcomes of calorie-restricted diets showed that up to two-
thirds of dieters regain more weight than they lost during 
their weight loss programs (10). The data for the impact of 
anti-obesity medication (AOM) on total weight loss 
percentage after 1 year are highly variable, ranging from 3% 
with lorcaserin to 9.4% with phentermine/topiramate (11).  

 
Figure 1.  Schematic diagram comparing the simplistic definition of obesity, thought to be the result of an 
imbalance between energy expenditure and consumption (1), with the very complex physiopathology of the obese 
state (2). This is the result of genetic, inflammatory, microbiota, endocrine, neurogenic and other factors. This 
pathophysiological complexity underlies the difficulty in finding effective treatments to combat obesity. 
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Bariatric/metabolic procedures are currently the most 
effective treatments for people with severe obesity both in 
terms of weight loss amount and sustainability and the 
resolution of complications (12). The mechanisms behind 
the success of bariatric/metabolic surgeries remain to be 
fully elucidated but post-surgical changes in gut-derived 
hormonal peptides, bile acids (BA), gut microbiota, and 
vagal tone are suggested to be involved (13, 14). 
Importantly, research studies undertaken in animal models 
and patients with obesity undergoing bariatric surgery have 
significantly advanced our understanding of the important 
interplay between the central nervous system (CNS) and 

the gastrointestinal (GI) tract in regulating energy and 
glucose homeostasis. Several brain regions integrate 
continuous information provided by chemical messengers 
and neural networks arising from the periphery that reflect 
nutrient availability, the body's energy status, and play a key 
role in regulating energy homeostasis. The GI tract is 
responsible for generating the majority of inputs 
communicated to the CNS regarding both the quality and 
quantity of a meal. This complex bi-directional 
communication system between the GI tract and the CNS 
has come to be known as the gut-brain axis (4, 15) (Figure 
2). 

 
Figure 2. Schematic diagram illustrating the gut-brain axis. The entire gastrointestinal tract (GIT) is responsible for 
generating multiple signals that inform the central nervous system (CNS) regarding quality and quantity of a meal. 
Key components include neural signals, gut hormones, bile acids, and gut microbiota.  
 
In this review we will explore the gut-brain axis in detail, 
focusing on the role of gut hormones, Bas, and gut 

microbiota. We will concentrate our attention on the 
perturbations of the gut-brain axis in the obese state, and 
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the compensatory response to weight loss induced by 
lifestyle interventions. Finally, we will discuss the impact of 
bariatric surgery upon gut hormones, Bas, and gut 
microbiota and the evidence supporting a role for these 
factors in mediating the beneficial weight and metabolic 
effects of bariatric surgeries.  
 
THE PHYSIOLOGY OF BODY WEIGHT REGULATION 
AND THE GUT—BRAIN AXIS 
 
During the majority of human evolution food has been 
scarce. It is therefore not a surprise that endogenous 

systems have evolved to prioritize food-seeking behaviours 
when necessary to ensure adequate nutrition for 
reproduction and survival.  Neuronal circuits within the brain 
control energy homeostasis, integrating peripheral signals 
of energy availability originating from the GI tract, adipose 
tissue mass, muscle mass, and bone density, together with 
information from higher cognitive centers and external 
environmental food cues (16). Upon food consumption, 
sensory information reflecting nutrient availability is 
transferred from the GI vagal and/or somatosensory (spinal) 
afferent fibers to the nucleus tractus solitarius (NTS) that, in 
turn, are integrated and transferred to several other brain 
centers, including the hypothalamus (17).  
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Figure 3.  Schematic diagram illustrating the central effects of hormones that control eating. Leptin and insulin are 
secreted in proportions to body fat mass and decrease appetite by inhibiting neurons that produce the NPY and 
AgRP, while stimulating melanocortin-producing neurons in the ARC region of the hypothalamus, near the third 
ventricle of the brain. NPY and AgRP stimulate eating, and melanocortins inhibit eating, via higher-order neurons. 
Activation of NPY/AgRP-expressing neurons inhibits melanocortin-producing neurons. The gastric hormone acyl-
ghrelin stimulates appetite by activating the NPY/AgRP-expressing neurons. Gut hormones released from the GI 
tract in response to eating, including PYY, inhibit these neurons and thereby suppress appetite and decrease 
energy intake.  Abbreviations: AgRP, agouti-related peptide; ARC, arcuate nucleus; CART, cocaine and 
amphetamine-regulated transcript; NPY, neuropeptide Y, PVN, paraventricular nucleus; PYY, peptide tyrosine-
tyrosine 3-36; POMC, pro-opiomelanocortin: Lepr, Leptin receptor; GHSR, Ghrelin receptor, MC3R, Melanocortin 3 
receptor, MC4R, Melanocortin 4 receptor, Y1r, NPY receptor; Y2r, NPY/PYY3-36 receptor. 
 
The hypothalamus is the key integrative brain site that 
governs reciprocal orexigenic and anorexigenic behavioral 
responses, as well as adaptive metabolic changes in 
response to alterations in food availability and activity levels 
(18) (Figure 3). The arcuate (ARC), paraventricular (PVN), 
ventromedial and dorsomedial nuclei, as well as the lateral 
hypothalamus, are the most important hypothalamic areas 
involved in energy homeostasis (19). The ARC responds to 
peripheral and central signals reflecting nutrient availability 
and energy expenditure by releasing neurotransmitters from 

two separate and reciprocally connected neuronal 
populations: pro-opiomelanocortin (POMC)/cocaine-and-
amphetamine-regulated transcript (CART) and 
neuropeptide Y (NPY)/agouti-related protein (AgRP) 
neurons. NPY/AgRP neurons are situated in the medial 
ARC and release AgRP and NPY, which stimulate hunger, 
appetite, and decrease energy expenditure (17, 19-21). 
Neighboring POMC and CART-containing neurons located 
in the lateral ARC release α-melanocortin-stimulating 
hormone (α-MSH) and CART respectively (17). These 
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neurotransmitters are antagonistic of AgRP and NPY and 
act via the melanocortin-4 receptor (MC4R) to decreased 
hunger and increased energy expenditure (22) (Figure 3). 
In addition to vagal signaling, gut hormones can also 

directly influence these hypothalamic circuits. For example, 
injected peptide YY (PYY) can inhibit food intake by binding 
to Y2 receptors localized to the ARC (23) (Figure 3). 

 

 
Figure 4.  Schematic diagram illustrating the mechanisms involved in regulating feeding behavior. Nutrient entry 
into the GI tract causes gastric and intestinal distension, secretion of pancreatic enzymes and BA, altered enteric 
and vagal nerve signaling and exposure of EECs to nutrients with altered circulating gut hormone levels (e.g. 
decrease in orexigenic hormone acyl-ghrelin and increase in anorectic hormones PYY3-36 and GLP-1). Gut-derived 
signals (nutrients, hormones, and neural) and adipokines (e.g. leptin and others) act directly and indirectly upon 
the brainstem and hypothalamic areas (see Figure 3 for a detailed description of hypothalamic nuclei controlling 
energy homeostasis). All of these factors are involved in the regulation of homeostatic hunger. Social factors, 
emotion, reward, pleasure, increased food availability and sensory cues can influence brain reward and higher 
cognitive brain regions leading to altered feeding behavior (hedonic influences on hunger and appetite control). 
Taste and olfactory signals can also influence energy intake acting on both homeostatic and brain reward systems. 
Insulin leptin, GLP-1, PYY and ghrelin are present in saliva with cognate receptors on taste buds and olfactory 
neurons.  Abbreviations: AgRP, agouti-related peptide; ARC, arcuate nucleus; CART, cocaine and amphetamine-
regulated transcript; EEC’s, enteroendocrine cells; FGF-19, fibroblast growth factor-19; GLP-1, glucagon-like 
peptide 1; LHA, lateral hypothalamic area; NPY, neuropeptide Y, peripheral nervous system, PNS; PVN, 
paraventricular nucleus; PYY, peptide tyrosine-tyrosine 3-36; POMC, pro-opiomelanocortin, sympathetic nervous 
system, SNS.  
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Several other brain regions have key roles in energy 
homeostasis. ̀ The area postrema (AP) is proximally located 
to NTS and, along with the ARC, are unique in that they 
have incomplete blood-brain-barriers, thus allowing them to 
be directly accessed and influenced by blood-borne gut 
hormones and other circulating factors (4). In animal 
models, AP lesions have been shown to result in diminished 
central effect of  several gut hormones (24). Signals from 
the GI tract also interact with the brain reward systems that 
constitute dopaminergic neurons located in the ventral 
tegmental area, nucleus accumbens, and other sites.  
These neuronal pathways are thought to mediate effects of 
exposure to hedonic food cues present in obesogenic 
environments of Western societies, possibly contributing to 
the creation of the desire to eat in the absence of an energy 
requirement in what has been termed “hedonic obesity” (18) 
(Figure 4).  
 

More broadly, the gut-brain axis includes bidirectional 
communication between the CNS and the enteric nervous 
system (ENS), autonomic nervous system (ANS) (with 
sympathetic and parasympathetic branches), 
neuroendocrine system, gut immune system, BAs, and gut 
microbiota (25, 26). Both acute and chronic alterations in 
these systems can arise in response in changes in energy 
expenditure and consumption (6). Peripheral energy-
regulating signals are traditionally classified as long-term 
signals of energy balance, such as leptin and insulin levels 
reflective of body adipose stores (“adiposity signals”), and 
short-term signals, which convey information regarding 
nutrient and meal-derived energy availability (5) (“satiety 
signals”), whereas the role of the immune system of the GI 
tract is still under investigation  (Figure 4).  
 
 

 
Figure 5. Schematic diagram illustrating the regulation of an L-cell, one of the several EECs present in the GI tract. 
Nutrients and their interaction with gut microbiota and BAs in the intestinal lumen activate luminal receptors 
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located on the apical cell membrane, which then activate intracellular metabolism leading to calcium influx to 
induce the synthesis and release of gut hormones into the sub-epithelial space. Luminal receptors includes 
receptors for short-chain fatty acids (SCFAs) (e.g., GPR41, GPR43), long chain fatty acids (e.g., GPR40, GPR120), 
proteolytic products (e.g., CaSR) and BAs (e.g., TGR5). Various gut-derived hormones glucagon-like peptide 1 
(GLP-1), peptide YY (PYY), and oxyntomodulin (OXM) are synthesized, secreted and released from L-cells 
systemically to induce an effect on various tissues throughout the body such as the brain. These hormones can 
act systemically or cooperate with the enterocytes via local paracrine action. Their systemic effects could be 
endocrine but also neural through the activation of afferent neurons located in the GI wall. The secretion of gut 
hormones can be stimulated, in turn, by circulating hormones and glucose or by stimulation from enteric nerves.  
 
Most of these communications related to energy 
homeostasis involve hormonal and neural signals, which 
are quite substantial given that the GI tract releases more 
than 100 different hormonally active peptides (27) and 
contains approximately 500 million neurons (28). In 
response to nutrient ingestion, stretching of stomach 
mechanoreceptors generates the first ENS feedback 
signals to the CNS mediating meal cessation (4, 29). 
Subsequently, digested luminal nutrients come in contact 
with the microvilli of apical cell membranes of 
enteroendocrine cells (EECs) located in the epithelium of 
the GI tract to stimulate gut hormone release. Therefore, the 
majority of signaling and communication within the gut-brain 
axis is initiated in response to pre-absorptive nutrients (15) 
(Figure 5 illustrates in detail the biology of an L-cell as a 
model of an EEC). Following gut hormone receptor 
activation, nutrient-derived signals exert local control over 
intestinal function and are conveyed directly and indirectly 
to the brain via vagal and spinal afferents (30-32) (Figure 
5). 
 
Digestion and absorption take place predominantly in the 
stomach and small intestine where dense innervation 
originating from splanchnic and vagal nerves transmit 
neurological signals generated during the process of 
nutrient sensing (29). Additional roles of the ENS include 
regulation of gastric emptying by vagal activation (17, 33) 
and mediation of GI endocrine signaling via vagal nerve 
afferents that project into the lamina propria of the gut 
ending at the basolateral cell membrane of EECs. It is 
through these nutrient-specific sensory signals that the GI 
tract informs the CNS about a meal’s energy and 
macronutrient content (34). 
 
LINKING THE GUT AND BRAIN: GUT HORMONES, 
BILE ACIDS AND THE GUT MICROBIOTA 
 

Gut Hormones 
 
As previously described, the gut-brain neuronal-signaling 
axis is initiated by nutrient-induced gut hormone secretion 
(32). EECs distributed throughout the entire GI tract length 
respond to luminal nutrients and release a panoply of gut 
hormones that act as endocrine, autocrine and paracrine 
regulators of energy and glucose homeostasis (35) (Figure 
5). Although nutrient ingestion triggers the secretion of 
numerous gut hormones, in this review we will focus on 
glucagon-like peptide 1 (GLP-1), oxyntomodulin (OXM), 
and PYY (all of which are released from L-cells and have 
central appetite-suppressing effects (35, 36)), pancreatic 
polypeptide (PP), cholecystokinin (CCK), ghrelin, and 
anandamide.   

 
The enteroendocrine L-cells responsible for secreting PYY, 
GLP-1 and OXM reside throughout the GI tract with the 
highest concentrations in the ileum and colon. In response 
to nutrient intake, circulating PYY, GLP-1 and OXM  levels 
show a biphasic increase with an initial early peak within 15 
minutes and then a later peak around 90 minutes post-
ingestion (4, 37, 38). The early increase is thought to be 
mediated by neural (vagal) and/or hormonal mechanisms 
whilst the later peak, which is in proportion to the energy 
intake, is thought to result from the direct contact of nutrients 
with L-cells located in the distal small intestine and large 
intestine (39).  
 
GLUCAGON-LIKE PEPTIDE 1 
 
Glucagon-like peptide 1 results from post-translational 
processing of the preproglucagon gene (37, 40). Glucagon-
like peptide 1 exerts its metabolic effects by activating the 
GLP-1 receptor, which is widely expressed in the GI tract, 
pancreas, and CNS (41, 42). Actions mediated by the GLP-
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1 receptor include enhancing glucose-dependent insulin 
release (incretin effect) (43), inhibition of glucagon secretion 
(44), and stimulation of  satiety centers in the ARC, NTS and 
AP leading to decreased hunger and increased satiation 
(45). In addition, GLP-1 limits energy intake by reducing the 
rate of gastric emptying, which in turn increases gastric 
distension (46). As a result of these functions, GLP-1 
receptor agonists are currently used for the treatment of 
both T2D and obesity (47).  
 
Glucagon-like peptide 1 is rapidly inactivated by the enzyme 
dipeptidyl peptidase-IV (DPP-IV) with only about 10% of 
GLP-1 reaching the systemic circulation (48-50). Thus, 
GLP-1 is thought to mainly act in a paracrine fashion. The 
vagus nerve is particularly important for the action of GLP-
1 as demonstrated by vagotomy studies altering the effects 
of this hormone (51). Glucagon-like peptide 1 also 
stimulates the brainstem to enhance motor output and/or 
thermogenesis (52).  
 
OXYNTOMODULIN 
 
Like GLP-1, OXM is synthesized by post-translational 
processing of the preproglucagon gene (53, 54). Other 
similarities of OXM to GLP-1 include binding to GLP-1 
receptors within the GI tract, the pancreas, and the ARC; 
subsequent reductions in gastric acid secretion, blood 
glucose concentrations and food intake (53, 55, 56); and 
degradation by DPP-IV (57). In addition, OXM 
administration enhances satiety and increases energy 
expenditure in both animal models and humans (53, 54).  
 
PEPTIDE YY 
 
Circulating levels of PYY are low in the fasted state (58, 59) 
and increase during nutrient ingestion in proportion to the 
caloric content (60), exhibit differential responses according 
to the specific macronutrient composition of the meal (36, 
59), and remain elevated for several hours after a meal with 
sustained endocrine effects (61).  
 
Peptide YY circulates in two native forms: PYY1−36 (minor 
form) and PYY3−36 (major form) (36, 59).  Peptide YY3−36 
results from the N-terminal cleavage of PYY1−36 by the 
enzyme DPP-IV (59). Interestingly, PYY1−36 and PYY3−36 

have divergent actions on appetite, glucose homeostasis 
and differential binding affinities of each form for the five 
neuropeptide Y receptor (YR) subtypes (59). Y2 receptors 
are located on the vagus nerve, in the NTS and in the ARC 
(23, 36, 60). Peptide YY1−36 has equivalent affinities for 
Y1R and Y2R, whereas PYY3−36 is a high-affinity ligand for 
Y2R (59).  By binding to the Y2 receptor, PYY3-36 
decreases energy intake by inhibiting the orexigenic effects 
of NPY neurons and activating the anorexigenic POMC 
neurons in the ARC (4, 20, 62) (Figure 3), physiological 
effects supported by studies showing that PYY knockout 
mice become hyperphagic and obese (36, 60). Increased 
PYY levels have been associated with prolonged appetite 
loss and food aversion during exogenous administration 
and following bariatric surgery (6, 63-65).  
 
PANCREATIC POLYPEPTIDE 
 
Pancreatic polypeptide is secreted by specialized F-cells 
located in the islets of Langerhans (66) during the pre-
absorptive (cephalic) phase of nutrient metabolism and for 
up to 6 hours post-prandially in proportion to energy intake 
(67, 68). Pancreatic polypeptide acts centrally upon the Y4 
receptor within the AP, NTS, and the ARC, reducing energy 
intake. Peripherally, it induces gallbladder relaxation, 
inhibits pancreatic secretion and delays gastric emptying 
thus inducing satiety (69, 70). Pancreatic polypeptide is a 
potent appetite suppressant (71) and studies have 
demonstrated a difference in PP concentrations in anorexic 
and obesogenic states, where it is increased and 
diminished respectively (61). Moreover, studies in people 
with Prader-Willi syndrome and obesity suggest that 
circulating post-prandial PP levels are reduced in 
comparison to healthy individuals. Furthermore, 
intravenous PP injection to these patients led to a significant 
decline in energy intake (72). 
 
CHOLECYSTOKININ 
 
Cholecystokinin is secreted from EECs located mainly in the 
duodenum and jejunum (73). Cholecystokinin release is 
stimulated by fat and protein ingestion and its circulating 
concentrations increase within 15 minutes after meal 
ingestion (6, 74). Cholecystokinin has a short half-life and it 
acts upon CCK-1 and CCK-2 receptors located throughout 
tissues of the GI tract and the CNS, including the vagal 
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nerve, NTS and hypothalamus (6). Cholecystokinin 
increases gallbladder and GI motility and secretion but also 
has an active role in controlling food intake, energy 
expenditure and glucose utilization (17). Cholecystokinin 
reduces energy intake in a dose-dependent manner and it 
is a specific mediator of fat and protein satiation (6, 75). It 
has been suggested that it acts synergistically with leptin 
and amylin, a pancreatic hormone co-secreted with insulin 
(17). However, repeated doses can induce tolerance to 
CCK (6), potentially explaining why attempts to use CCK-
derivatives as a medication to induce weight loss have 
failed (76). 
 
GHRELIN 
 
Ghrelin is a 28-amino-acid orexigenic hormone and is 
secreted by P/D1 cells located primarily in the gastric 
fundus in the absence of nutrient intake, leading to 
increased appetite and food intake (77). Ghrelin is also 
produced by the pituitary gland (77) and within the ARC and 
PVN area of the hypothalamus. Ghrelin is secreted as the 
inactive des-acyl-ghrelin. The active orexigenic form, acyl-
ghrelin, is synthesized by the action of ghrelin O-
acyltransferase enzyme (GOAT) (77) and can bind to 
growth hormone secretagogue receptor (GHS-R) to 
increase food intake in rodents (77) and humans (77, 78). 
The extremely complex ghrelin/GOAT/GHS-R system has a 
crucial role in the regulation of energy and metabolism as 
well as in the adaptation of energy homeostasis to 
environmental changes (77). 
 
Acyl-ghrelin administration to humans has been used as an 
orexigenic agent in patients with anorexia that accompanies 
cachexia (79). A rising circulating ghrelin level precedes 
nutrient ingestion and decreases rapidly after a meal (78) 
which has led to the speculation that this is the first 
discovered “hunger hormone” (80). Plasma levels of ghrelin 
increase after diet induced weight loss, thought to be part of 
the body’s homeostatic adaptation response that restores 
lost weight, and are very high in patients with anorexia 
nervosa (81). Nutrient intake but not water ingestion is the 
main regulator of ghrelin leading to a decrease of its plasma 
levels (82). Peripheral ghrelin exerts its orexigenic actions 
through the stimulation of NPY/AgRP co-expressing 
neurons (83). 
 

ANANDAMIDE 
 
Anandamide and other bioactive lipids belonging to the 
endocannabinoid system contribute to the gut-brain axis. 
These molecules are secreted in the GI tract and activate 
endocannabinoid receptors 1 and 2 (CB1/CB2) (3, 4) which 
are expressed in the CNS, peripheral nervous system, liver, 
pancreas, adipose tissue, and immune cells (84). 
Exogenous cannabinoids convey orexigenic effects and so 
it is not a surprise that the endocannabinoid regulates gut 
motility and appetite (3, 84). Endocannabinoid receptor 1 
antagonists were used to induce weight-loss in subjects 
with obesity before being withdrawn for their severe 
psychological side-effects (3, 85), including increased 
suicidality (86).  
 
Bile Acids 
 
Bile acids (BAs) are endogenous steroid molecules 
synthesized from cholesterol in the liver, stored in the 
gallbladder and secreted into the duodenum upon nutrient 
ingestion. These amphipathic molecules facilitate micelle 
formation, promoting the digestion of dietary fat and fat-
soluble vitamins. More recently, BAs have also been shown 
to play a role in regulating glucose and lipid metabolism and 
energy expenditure via the activation of BA receptors in the 
liver, gut, and peripheral tissues (87, 88). Interactions 
between BAs, their receptors, and the gut microbiota 
determine synthesis, metabolism, and distribution of bile 
acids in the body (88). 
 
There is complex cross talk between BAs, gut hormones 
and the microbiome (Figure 6). Bile acids stimulate GLP-1 
secretion via activating G protein-coupled receptors (TGR5) 
on L-cells and fasting total circulating BAs levels are 
positively correlated with post-prandial GLP-1 levels (89). 
TGR5 receptors are also located on skeletal muscle and in 
brown adipose tissue where they increase energy 
expenditure by promoting the conversion of inactive 
thyroxine (T4) into active thyroid hormones (T3) (90). Bile 
acids have been shown to act on farnesoid X receptors 
(FXR). During BA binding of FXR on pancreatic β cells, 
insulin release is increased (91). Bile acid activation of 
intestinal FXR-containing cells stimulates the secretion of 
fibroblast growth factor-19 (FGF-19), a protein that 
contributes to improved peripheral glucose disposal and 
lipid homeostasis, increased metabolic rate, and reduced 
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weight (92, 93). In animal studies, BA supplementation has 
been shown to reduce weight gain (90). In humans, 
postprandial BA levels are also inversely related with body 

fat mass (94). Thus, the physiologic effects of BA likely 
extend beyond the gut and pancreas to include actions that 
improve body weight and glucolipid metabolism.  

 

 
Figure 6.  Schematic diagram illustrating the complex cross talk between BAs, gut hormones, FGF-19, and the 
microbiome. BAs are important regulators of energy balance and glucose metabolism, primarily via the FXR and 
the TGR5. The trans-intestinal BAs flux activates intestinal FXR, inducing synthesis and secretion into the 
circulation of the ileal-derived enterokine FGF-19. FGF-19 can improve glucose tolerance by regulating insulin-
independent glucose efflux and hepatic glucose production. FGF-19 can also increase energy expenditure with its 
central and peripheral effect in the adipose tissue. BAs acting via TGR5 stimulate L-cell secretion of GLP-1 (and 
PYY) then enhancing insulin secretion acting on β-cells. TGR5 activation in muscle and brown adipose tissue 
promotes the conversion of inactive thyroxine into active thyroid hormone inducing thermogenesis. BAs can 
reduce food intake centrally through FGF-19 and anorectic gut hormones. BAs also regulate gut microbiota 
composition. BAs are actively reabsorbed from the terminal ileum and returned via the portal circulation to the 
liver. A small percentage of BAs are deconjugated by gut bacteria, forming secondary BAs, which are reabsorbed 
or excreted in feces. Red dotted lines: FGF-19 effects. Blue dotted lines: IGF-1 effects. Green lines: BAs circulation.  
 
The Gut Microbiota 
 
The healthy human gut hosts trillions of microorganisms 
with a ratio of bacterial-to-human cells of 1.3:1, comprising 

a complex ecosystem referred to as the gut microbiota (95, 
96).  These microbes exist within a symbiotic relationship 
with their human host, who provides a nutrient-rich 
environment. The microbiota, in turn, provides metabolic 
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processing of these nutrients that the host's genome does 
not possess (97, 98). With more than a thousand different 
bacterial species, the diversity and function of the 
microbiota is dynamic depending on the host’s diet, 
antibiotic exposure and other environmental factors (98, 
99).  
 
The extent of the symbiotic relationship between the host 
and the microbiota is highlighted by studies showing that 
mice lacking a microbiota (germ-free) have reduced 
adiposity, energy intake, and energy extraction from a 
standard rodent diet compared to conventionally-raised 
mice (100). More recent studies including germ-free rats 
transplanted with the microbiota of either obesity-prone or 
obesity-resistant rats confirmed the importance of the 
microbiome for the production of enzymes involved in 
energy harvesting from indigested carbohydrates (75). Both 
the Westernized-diet and obesity fecal transplant models 
are associated with an increased ratio of bacteria belonging 
to the Firmicutes phylum compared to the Bacteroidetes 
phylum, which is reversed upon surgical and dietary 
interventions (29, 101, 102). 
 
Gut microbiota have been demonstrated to affect adiposity 
and weight-gain through several pathways.  A typical 
Western diet contains indigestible carbohydrates, such as 
resistant starches and plant cell wall polysaccharides that 
are hydrolyzed by gut microbiota generating small-chain 
fatty acids (SCFA) (3). Short chain fatty acids in the form of 
butyrate, acetate, and propionate provide approximately 
10% of the host's daily energy requirements (103). In the 
obesogenic state, feces contain an increased quantity of 
SCFA, especially propionate (103). Short-chain fatty acids 
are not always correlated with increased weight-gain as 
some may possess beneficial properties (4, 29). In animal 
models, prebiotics (indigestible compounds that can 
modulate the composition and activity of the gut microbiota) 
and oral or intestinal SCFA infusions lead to a reduction in 
food consumption and a decrease in body weight. This 
occurs when prebiotics and supplements promote the 
growth of favorable microbial species or when SCFA 
activates signaling pathways that ultimately increase gut 
hormone synthesis (104-106). For example, SCFA’s have 
also been shown to activate free fatty-acid receptors 2 and 
3 (FFAR2/FFAR3) in the GI tract, immune cells, liver and 
adipose tissue (107). Intestinal FFAR2/FFAR3 receptors 
are expressed by EECs, in particular, L-cells and, when 

activated, can facilitate release of gut hormones, such as 
GLP-1 and PYY (107). Moreover, FFAR3 expressed within 
the ENS and ANS can stimulate the sympathetic tone in the 
adipose tissue regulating fat storage as well as glucose 
utilization in muscle and liver tissues (3, 108). The gut 
microbiota may also moderate the endocannabinoid tone 
affecting colonic CB1 expression and anandamide 
concentrations (3, 109). Finally, gut microbiota can enhance 
energy expenditure by intracellular thyroid hormone 
activation via FXR signaling (3, 90, 99), which may help to 
explain the observation that germ-free mice are resistance 
to adiposity despite an increased food intake (110).    
 
Obesity is characterized by the presence of chronic low-
grade inflammation. In another pathogenic pathway 
involving the microbiota, high-energy dense diets can lead 
to obesity and obesity-related diseases through changes in 
bacterial species composition that favors an increase in 
systemic lipopolysaccharide (LPS) concentrations (111, 
112). Lipopolysaccharide is the pro-inflammatory 
component located in the cell wall of gram-negative bacteria 
that can enter the circulation when the permeability of 
intestinal epithelium is altered in a process called metabolic 
endotoxemia (111, 112).  Leakage of LPS into the systemic 
circulation is a proposed trigger of a cascade of pro-
inflammatory events in adipose tissue and throughout the 
whole body  mediated by LPS stimulation of the toll-like 
receptor 4 (TLR4), which enhances the synthesis of 
inflammatory cytokines linked with reduced host insulin 
sensitivity (113, 114). Lipopolysaccharide can also inhibit 
the interstitial cells of Cajal, which are responsible for 
smooth muscle contraction in the gut and regulation of the 
ENS. This inhibition has been associated with disorders of 
both GI motility and gut hormones (4, 115).  
 
The gut microbiota may also directly influence CNS-
mediated stress and anxiety behaviours and the regulation 
of energy homeostasis (4).  For example, germ-free mice 
have been found to have a resistance to adiposity despite 
an increased food intake (127). Germ-free mice have been 
found to have higher gene expression of food intake-
regulating peptides like GLP1 and OXM within the 
brainstem and hypothalamus, when compared to normally-
reared mice (116).   On the other hand, a reduced leptin-
mediated suppression of orexigenic peptides NPY and 
AgRP in the conventionally-raised mice has been noted, 
suggesting how the gut-microbiota could directly affect 
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energy homeostasis leading to an increase in adiposity 
(116, 117).  Further studies are needed, however, to 

understand if specific manipulations of the gut microbiota 
phenotype could be used as obesity treatments (Figure 7).  

 
Figure 7:  Schematic diagram illustrating the possible causative links between an altered gut microbiota and 
obesity. The hydroxylation of indigestible carbohydrates and the altered intestinal permeability could lead to 
increased energy harvest and weight gain. The production of certain types of SCFA can reduce the sympathetic 
tone favoring fat accumulation in the adipose tissue and dysregulation of glucose utilization in muscles and the 
liver. Gut microbiota can induce a leakage of LPS into the systemic circulation (endotoxemia) and chronic low-
grade inflammation. This is in turn responsible of insulin resistance and weight gain. The increased 
endocannabinoid tone could induce food intake. SCFAs, inflammation and BAs perturbations may all lead to a 
reduced activation of anorectic pathways. All these mechanisms could be responsible for weight gain, 
inflammation and obesity-related comorbidities. Abbreviations: FGF-19, fibroblast growth factor-19; GLP-1, 
glucagon-like peptide 1; PYY3-36, peptide tyrosine-tyrosine 3-36; SCFA; short chain fatty acid; LPS, 
Lipopolysaccharide; FFAR2 and FFAR3, free fatty-acid receptors 2 and 3; T2D, type 2 diabetes.  
 
 
 
THE COMPLEXITIES OF ENERGY HOMEOSTASIS 
 
The Physiology of Weight Regulation 

 
As mentioned above (Figure 3), the adipokine leptin acts as 
a signal of long-term energy availability (fat mass), 
promoting satiety via its inhibitory action on orexigenic 
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neurons located in the ARC of the hypothalamus (118). A 
recent report of a patient with leptin deficiency highlights key 
interactions between leptin and gut hormones. Leptin 
supplementation resulted in significant rises in meal-
stimulated insulin, GLP-1, and PYY levels (61). In the same 
study, ghrelin levels were decreased, highlighting the 
regulatory effect of leptin on ghrelin secretion and the 
interplay between leptin, GLP-1 and PYY.  
 
An important physiologic insight that has implications for 
pharmacological weight management is that gut hormones 
act synergistically. For example, GLP-1 and PYY in 
combination are more potent in reducing energy intake 
compared to either of the two hormones alone (119, 120). 
Oxyntomodulin, CCK and other gut hormones also act 
synergistically with GLP-1 to enhance its effects on appetite 
behaviours (120-123). An additional layer of complexity is 
added when considering that MC4Rs have been localized 
on L- and P/D1-cells and could, in turn, regulate GLP-1, 
PYY and ghrelin secretion (124). Furthermore, gut 
hormones influence energy homeostasis through 
interactions with the microbiome and BAs.  
 
Hedonic factors can generate meaningful physiological 
responses that interact with homeostatic signals of energy 
availability in the regulation of body weight. This could lead 
to excess energy intake with possible weight gain. In 

humans, brain functional imaging studies, have shown that 
several gut hormones modulate neural activity in brain 
reward regions altering the reward value of food (2, 58, 125) 
by food cues, memory and social factors, and strongly 
influencing eating behavior (18). Exposure to food-related 
stimuli can induce changes in circulating gut hormone 
levels. Those in turn act upon brain reward pathways, either 
decreasing in the case of PYY or, increasing in the case of 
ghrelin, the reward value of food (23, 126).  Those 
hormones are also present in saliva and their cognate 
receptors are present on taste buds and the olfactory bulb 
(127, 128).  The taste and smell of food are key influencers 
of food selection with impacts on energy intake (127).  
 
Adding to the complexity of the gut-brain regulation of body 
weight, studies have demonstrated that energy expenditure 
can increase without changes in activity but through the 
action of gut-derived neurohumoral signals that increase 
thermogenesis and basal metabolic rate (4). The existence 
of the gut-brain-brown adipose tissue axis has been 
hypothesized after studies showing how intestinal lipid-
sensing activates vagal afferent fibers to enhance brown 
adipose tissue thermogenesis through a CCK-dependent 
pathway (129). Table 1 summarizes key gut hormone 
actions including their perturbations in the obese state and 
the changes induced by bariatric surgery procedures.  

 
Table 1. GI Tract Hormones Involved in the Control of Energy Balance and Changes in their 
Circulating Levels Induced by Obesity and Bariatric Surgery 
Hormone EEC (Type) 

Location 
Receptor Food 

Intake 
Other Effects Obese 

State 
Bariatric 
Surgery 

PYY Ileum 
(L cell) Y2-R ↓ 

↓ Gastric acid secretion and 
emptying 
↓ Pancreatic and intestinal 
secretion 
↓ Gastrointestinal motility 
↑ Insulin secretion and 
vagus stimulation 

↓ ↑ 

GLP-1 Ileum 
(L cell) GLP-1R ↓ 

↑ Insulin secretion 
↑ β-cell proliferation and 
gene expression 
↓ β-cell Apoptosis 
↓ Gastric acid secretion and 
emptying 

↓ ↑ 

Ghrelin Stomach 
(P/D1cell) GHS-R ↑ ↑ Growth-hormone secretion ↓ ↓ 
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↑ Gastric acid secretion and 
emptying 
↑ Vasodilatation 
↓ Insulin secretion 

CCK 

Duodenum, 
jejunum and 
pancreas 
(I/L cell) 

CCK 1, 2 ↓ 
↓ Gastric emptying 
↑ Pancreatic secretion 
↑ Gallbladder contraction 

? ↑ 

PP Pancreas 
(F-cell) Y4, Y5 ↓ 

↓ Gastric emptying 
↓ Leptin levels 
↑ Insulin secretion 
↓ β-cell Apoptosis 

↓ ↔ 

GIP 

Duodenum 
and 
jejunum 
(K-cell) 

GIP-R ? 

↑ Insulin secretion and β-cell 
proliferation 
↓ β-cell Apoptosis 
↑ Lipoprotein lipase activity 
and fat deposition 
↑ Fatty acid synthesis 

↑ ↓? 

OXM Ileum 
(L cell) GLP-1R ↓ 

↓ Gastric emptying and acid 
secretion 
↓ Blood glucose 
↑ Insulin secretion 
↑ Energy expenditure 

↓ ↑? 

Glucagon Pancreas 
(α-cell) GCGR ↓ ↑ Energy expenditure 

↑ Blood glucose ? ↑ 

Amylin Pancreas 
(β-cell) AMY1-3 ↓ 

↓ Gastric emptying and acid 
secretion 
↓ Postprandial glucagon 
secretion 
↓ Glucose elevation 

↑ ↓ 

Insulin Pancreas 
(β-cell) 

Insulin 
receptor ↓ 

↑ Absorption 
↑ Glycogen synthesis 
↓ Blood glucose 
↑ Lipid synthesis 
↓ Lipolysis and proteolysis 

↑ ↓ 

Leptin 

Adipose 
Tissue and 
gastric 
EECs 

Leptin (Ob-
R) ↓ 

↓Glucose production and 
steatosis in the liver 
↑ Glucose uptake and fatty 
acid oxidation in muscles 
↓ Insulin and glucagon 
secretion 
↑ Sympathetic nervous 
system tone 
↑Thyroid hormones 
Modulates immunity and 
fertility 

↑ ↓ 

FGF-19 Ileum FGFR 1, 2, 
3, 4 ↓ Regulates glucose and lipid 

metabolism, ↓ ↑ 
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Abbreviations: FGF-19, fibroblast growth factor-19; GLP-1, glucagon-like peptide 1; PYY3-36, peptide tyrosine-tyrosine 3-
36; PP, pancreatic polypeptide, GIP, gastric inhibitory polypeptide; OXM, Oxyntomodulin; BA, Bile Acids: NT, Neurotensin. 
? = effect not certain or not valid for every bariatric procedure. 
 
The Obese State: Pathophysiologic Changes 
 
Obesity is the result of a period of uncompensated chronic 
positive energy balance (130) when energy intake exceeds 
energy requirements. Dysregulation of the metabolic 
mechanisms controlling energy homeostasis includes an 
impaired gut hormone secretion response to nutrient 
ingestion (131). People with obesity have reduced 
circulating baseline and meal-stimulated levels of PYY and 
GLP-1 levels compared to lean subjects (131-133).  Lower 
circulating ghrelin levels and a reduced suppression of 
circulation ghrelin levels after nutrient intake have been 
demonstrated in people with obesity, suggesting that 
dynamic changes more than absolute values are important 
in appetite regulation (7, 40). Animal models with diet-
induced obesity show reduced circulating concentrations 
together with impaired circadian secretion profiles of PYY 
and GLP-1 (134), in addition to an increase in ghrelin-
producing cells (135). However, reduced diurnal variability 
in circulating ghrelin is thought to contribute to the lack of a 
regular meal pattern and the frequent snacking behavior 
often observed in individuals with obesity (77, 136).  
 
The directionality of the association between obesity and 
altered gut hormone profile remains to be fully elucidated. 
For example, high energy intake per se may affect gut 
hormone responsiveness to ingested nutrients. Moreover, 
intestinal EEC population differentiation and responsivity is 
reduced in people with obesity, which may underlie their 
blunted gut hormone secretion (137). Obesity has also been 
shown to blunt the rise in circulating post-prandial BAs 
levels (33). Paradoxically, most studies have found 
increased total BAs levels in subjects with obesity 
suggesting that BAs composition could shift unfavorably 
with detrimental metabolic effects (138). Interestingly, while 
obesity is thought to be due to resistance to the effects of 

insulin and leptin within key weight regulatory centers in the 
hypothalamus, sensitivity to the effects of PYY, GLP-1 and 
OXM during exogenous administration is preserved, 
suggesting these hormones and their receptor systems 
offer a viable therapeutic target for the treatment of obesity 
(139). 
 
As detailed in the previous section, a dysbiotic relationship 
between host and gut microbiota has been suggested to 
contribute to the development of obesity (140), with 
profound differences found between the composition of the 
gut microbiota of obese and lean individuals (141). Obesity 
is associated with the relative increase or reduction of 
certain bacterial species and the importance of the relative 
proportions of those species remains an area of active 
investigation. Transplantation of gut bacteria from obese 
mice to normal-weight germ-free mice results in weight gain 
in the recipients (142). Conversely, fecal transplantation 
from lean human donors to recipient patients with metabolic 
syndrome led to improvements in insulin sensitivity (143). A 
dysbiotic relationship may affect host energy and nutrient 
metabolism by altering intestinal mucosal permeability, and 
promoting increased fat storage in adipose tissue (110). 
The mechanism for this could be by enhancing the 
absorption of SCFA derived by otherwise indigestible 
luminal polysaccharides and by triggering inflammatory 
responses through a process referred to as “metabolic 
endotoxemia” (144, 145) (Figure 7). Altered neural 
responses to food cues in people with obesity compared to 
people with normal weight have been confirmed by brain-
imaging studies showing an increased stimulation of central 
reward pathways in response to eating or food cues (2). In 
addition, there is evidence that eating behavior in people 
with obesity becomes dissociated from perceptions of 
satiety and hunger (146, 147). Furthermore, in the obese 
state, enhanced endocannabinoid tone, CB1 expression, 

(FXR 
activation 
from BA) 

↑Hepatic protein and 
glycogen synthesis 
↑ energy expenditure 

NT Jejunum 
(L-cell) 

NTR1, 
NTR2, 
NTR3 

↓ 

↓ Reduces GI motility and 
gastric secretion, 
↑ Pancreatic and biliary 
secretion 

? ↑? 
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and plasma and adipose tissue endocannabinoid 
concentrations coexist (3). All these complex 
pathophysiological changes create an internal environment 
conducive to expression of unwanted weight gain, 
maintenance of the obese state, and resistance to diet-
induced weight loss, providing an explanation as to why 
treating people with obesity can be challenging (Figure 7).  
 
BARIATRIC/METABOLIC SURGERY 
 
Bariatric/metabolic surgery is recognized as the most 
effective weight loss treatment for people with severe 
obesity (148).  Procedures with the best outcomes involve 
surgical modifications of the anatomy of the GI tract that 
alter nutrient flow, thus affecting GI tract biology (83). Many 
clinical trials have demonstrated the superiority of bariatric 

surgery in terms of sustainability of weight loss and 
resolution of obesity-related comorbidities, especially 
diabetes, when compared with intensive medical 
interventions (12, 149, 150). Mechanisms other than 
restriction and/or malabsorption are responsible for this 
superiority and this has resulted in a marked increase in the 
number of procedures undertaken worldwide (151). 
Currently, the most commonly performed 
bariatric/metabolic procedures globally are sleeve 
gastrectomy (SG) and Roux-en-Y gastric bypass (RYGB), 
whereas purely restrictive procedures, like gastric banding, 
are now performed less frequently (151) (Figure 8). 
However, post-operative weight loss can be highly variable 
(152), an important consideration given that total amount of 
weight loss plays a major role in determining post-operative 
remission of comorbidities (153). 

 

 
Figure 8.  Schematic diagram illustrating the normal upper GI anatomy (a) and the two most commonly performed 
bariatric surgical procedures. The metabolic procedures: (b) RYGB and (c) SG (Refer to the main text for a detailed 
description of surgical techniques). Abbreviations: RYGB, Roux-en-Y gastric bypass, SG, Sleeve gastrectomy. 
 
Roux-en-Y gastric bypass involves division of the stomach 
into two parts, generating a small gastric pouch (20-30 mL), 
which is then anastomosed with the mid-jejunum, creating 
the alimentary limb or Roux limb. Nutrients bypass most of 

the stomach, duodenum, and the proximal jejunum. In the 
common limb, after the anastomosis of the biliopancreatic 
limb with the jejunum, nutrients, BAs and pancreatic 
secretions mix and the absorption of nutrients occurs (154). 
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In a SG, a transection along the greater curvature is 
performed, removing the fundus and body and creating a 
tube-like stomach (155). The transit of gastric contents into 
the duodenum is rapid. The SG was initially performed as a 
first-stage procedure followed by a second more invasive 
malabsorptive step (biliopancreatic diversion), but the 
significant weight loss results observed with this procedure 
led to its adoption as a standalone approach. Because it is 
a simpler operation compared with RYGB and has fewer 
complications with similar short-term weight-loss, SG have 
become the most common bariatric procedure worldwide 
(151). 
 
Biological Changes Favoring Sustained Weight Loss 
and Metabolic Improvement Following 
Bariatric/Metabolic Surgery 
 

A negative energy balance is a key component of many 
lifestyle interventions. Unfortunately, weight regain is very 
common after initial weight loss. Multiple powerful adaptive 
biological changes occur in response to weight loss from 
lifestyle alone that lead to increased hunger, enhanced 
neural responses to food cues and heightened drive to 
consume energy-dense foods. These include decreased 
total energy expenditure secondary to reduced lean muscle 
mass, sympathetic activity (156), circulating leptin, GLP-1 
and PYY levels, along with increased ghrelin levels (147). 
Other changes following lifestyle-induced weight loss that 
have been described and may contribute to weight 
recidivism include impaired circulating BAs levels, an 
altered gut microbiome, and decreased vagal signal 
transmission (10, 157). 
 

 
Figure 9.  Schematic diagram illustrating the different biological changes induced by weight loss achieved through 
dieting (upper part) compared to bariatric/metabolic surgery (lower part). Powerful compensatory biological 
changes contribute to the high rate of weight recidivism observed following lifestyle intervention weight 
management. Many homeostatic mechanisms act to restore a higher body weight and these includes hormonal 
alterations and a decreased energy expenditure leading to increased hunger and energy consumption. By contrast, 
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bariatric surgery leads to a favorable biology that includes increased satiety hormones, reduced ghrelin, enhanced 
BA secretion and a “lean” microbiota.  Together these mechanisms lead to reduced hunger and a shift towards 
healthier food options with a resetting of body weight “set point” to a lower level facilitating meaningful and 
sustained weight loss. References for this figure: (149, 158, 159). Abbreviations: GLP-1, glucagon-like peptide 1; 
PYY3-36; peptide tyrosine-tyrosine 3-36.  *Suggestion that leptin sensitivity may improve 
 
Weight loss following RYGB and SG are the result of 
multifactorial mechanisms and not from malabsorption or 
restricted stomach size alone (160, 161) (Figures 9 and 10). 
Reduced energy intake, as a result of altered eating 
behavior, is recognized as the main driver for weight loss 
following these procedures, and increased exposure of 
EECs to ingested nutrients is thought to play a key 
mediating role in the expression of these appetitive 
behaviours (83) (Table 1 and Figure 10). In contrast to 
lifestyle approaches to weight loss, favorable changes in 
these behaviours following bariatric/metabolic procedures 
include reduced hunger and neural responsiveness to food 
cues. Multiple studies have shown that bariatric surgery 
causes marked elevations in nutrient-stimulated levels of 
several anorectic hormones including PYY and GLP-1, 
along with decreased ghrelin levels, which have been 
reported post-RYGB but are more pronounced post-SG 
(162, 163). Following RYGB, increased nutrient-stimulated 
circulating levels of PYY and GLP-1 are most likely as a 

result of increased nutrient stimulation of L-cells as a 
consequence of anatomical rearrangement. Sleeve 
gastrectomy leads to rapid gastric emptying and enhanced 
exposure of L-cells to nutrients with increased nutrient-
stimulated PYY and GLP-1 levels, but to a lesser extent 
than following RYGB. Sleeve gastrectomy leads to 
sustained and greater reduction in circulating acyl-ghrelin 
levels than RYGB because of the removal of the fundus of 
the stomach where most ghrelin-producing cells are located 
(164). These changes are present immediately after surgery 
and sustained up to 10 years post-operatively (165, 166). 
Oxyntomodulin levels are increased after RYGB (167) and 
a rise in CCK levels has been demonstrated following both 
RYGB and SG (163). Emerging evidence also suggest that 
the number of EECs changes after bariatric surgery. The 
total numbers of EECs in the stomach and duodenum of 
people with obesity are reduced when compared to lean 
individuals (31) and this has been found to normalize 3 
months post-SG (158). 

 

 
Figure 10.  Schematic diagram illustrating RYGB and SG and the mechanisms leading to weight loss and resolution 
of comorbidities. For every mechanism the effect of the procedure is represented with a “” when stimulating or 
“¯” when suppressing. A “+” means that the proposed mechanism is present only after surgery when compared 
to the pre-operative period. When the effect is stronger for one of the two procedures there is a double arrow 
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compared with a single one. When the effect is missing for one procedure it means that the mechanism is 
procedure specific. Abbreviations: RYGB, Roux-en-Y gastric bypass; SG, Sleeve gastrectomy; GLP-1, glucagon-
like peptide 1; PYY3-36; peptide tyrosine-tyrosine 3-36; GIP, gastric inhibitory polypeptide; FGF-19, fibroblast 
growth factor-19, CCK; cholecystokinin.  
 
Variability in EEC secretion response may underlie 
differences in weight loss responses to bariatric/metabolic 
procedures. Profound anorexia and excessive weight loss 
post-SG have been associated with markedly elevated 
circulating fasted and post-meal PYY levels (65). Patients 
with poor weight loss after surgery have been found to have 
increased appetite coupled with lower meal-stimulated 
GLP-1 and PYY and higher ghrelin levels when compared 
with good responders (168). Additional support for the 
importance of EEC in weight loss responsiveness in the 
post-op period comes from data showing that administration 
of octreotide (a general inhibitor of EEC secretion), or 
selectively blocking GLP-1 and PYY, promotes appetite and 
weight gain (14, 65, 169). 
 
Following SG and RYGB, food becomes less rewarding and 
there is a shift in preference from energy dense food rich in 
fat and sugar to healthier options enabling patients to adopt 
more favorable eating behaviours (158). These changes in 
eating behavior are the result of multiple mechanisms, 
some of which are common to both SG and RYGB and 
others that are procedure specific (Figure 10). 
 
Studies of the physiological changes following 
bariatric/metabolic have also elucidated novel effectors of 
changes in weight and metabolism, many of which are gut-
related and discussed above. For example, following RYGB 
and SG, changes in circulating BAs levels and composition 
are reported that may contribute to weight loss and 
improved glucose metabolism. Despite their anatomical 
differences, RYGB and SG exert similar effects on BA 
composition and circulating concentrations, although the 
changes observed following SG are more modest (87, 170). 
The exact mechanism responsible for elevated BAs 
following RYGB and SG is unclear, but animal studies 
suggests that an accelerated nutrient flow to the distal small 
intestine is a key mechanism (171). Indeed, in animal 
models, rerouting bile to the distal small bowel by 
transposing the common bile duct increases plasma BA 
levels similarly those seen after RYGB and results in weight 
loss, improved glucose metabolism, and reduced hepatic 
steatosis. The rise in circulating BAs appears even greater 

several months post-operation and may be due to intestinal 
cellular adaptations (172), increased hepatic synthesis, 
altered enterohepatic recirculation of bile, or a combination 
of these possibilities. Post-surgically increased BAs 
diversity might also impact on GLP-1 secretion and energy 
expenditure.  Binding of BAs to TGR5 receptors in skeletal 
muscle and brown adipose tissue may contribute to 
enhanced action of thyroid hormones, thereby increasing 
energy expenditure (173). Therefore, BAs could contribute 
to weight loss and metabolic improvements after bariatric 
surgery through direct and indirect regulatory mechanisms.  
 
Weight-loss surgery can also affect the interplay between 
BAs and gut microbiota, which can have favorable 
metabolic effects in the post-operative period (174) (175). 
For example, in RYGB subjects, bacterial overgrowth in the 
biliopancreatic limb may generate secondary BAs species 
with altered affinity for FXR or TGR5 receptors (176). In 
rodent models, the importance of the FXR receptor in 
mediating weight loss and metabolic improvements after 
SG was demonstrated when FXR knockout mice regained 
lost weight following this procedure (173), although whether 
FXR signaling and/or FGF-19 contributes to the beneficial 
effects of bariatric surgery in humans is uncertain at 
present. Finally, a study that measured serum BAs levels 
before and after bariatric surgery showed that they were 
significantly increased only at one-year post-surgery, 
whereas, the substantial increase in PYY and GLP-1 levels 
could be observed as soon as 1-week post-surgery. This 
finding suggest that increased plasma BAs may be less 
important in early metabolic improvements observed after 
bariatric surgery (170) but more so for long-term effects. 
 
Alterations in intestinal microbiome following RYGB and SG 
have been described. Animal studies of fecal transplants 
from RYGB-treated to germ-free mice showed significantly 
greater weight loss in the germ-free mice, suggesting that 
the altered microbiome per se contributes to weight loss 
(177). RYGB can produce greater and more favorable 
changes in gut microbiota functional capacity and species 
than SG despite similar weight loss (178) (179, 180). 
Although the specific procedure-related mechanisms 
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responsible for post-surgery gut microbiota changes remain 
to be delineated (181), potential explanations include 
differences in the physical manipulation of the GI tract and 
final anatomy, dietary changes, and weight loss differences 
between procedures. In rodents, these changes can be 
detected as early as 7 days after RYGB (175), with similar 
patterns observed in humans (102). Because of significant 
differences between the rodents and the humans, it is not 
possible to firmly conclude that gut bacteria are essential for 
the effects of metabolic procedures. However, it is evident 
in the rodent models that changes in gut microbiota induced 
by RYGB are sufficient to produce weight loss (174).  
 
Other appetite-related post-surgery effects that may 
influence weight loss include changes in taste and smell 
that could, in turn, influence food preference (83). 
Interestingly, early data suggest that RYGB and SG may 
differently impact subjective changes in appetite, taste, 
olfaction and food aversion post-operatively (182). Finally, 
neurophysiological studies suggest that vagal nerve 
signaling also increases post-RYGB (157) and these 
changes may affect food intake in a procedure-specific 
fashion (183, 184).  
 
DEVELOPING “KNIFELESS SURGERY” 
 
A multitude of compounds mimicking gut hormone actions 
are currently under development, opening a new era of 
pharmacotherapy for obesity. At present, GLP-1 analogues 
are broadly used in the management of people with T2DM 
and obesity (185). The longer acting GLP-1 analogue 
semaglutide has shown promising results for weight loss in 
early phase studies with both a weekly subcutaneous 
injection (186) and an oral compound form (187, 188). 
Intravenous administration of supra-physiological levels of 
native gut hormones like PYY, GLP-1 and others lead to 
reduced appetite and decreased energy intake (23, 189-
191).  Strategies aimed at reducing acyl-ghrelin and/or 
increasing des-acyl-ghrelin are also being developed and 
show promise. The inhibition of GOAT has been shown to 
reduce energy intake and bodyweight (192). 

 
In order to mimic bariatric/metabolic procedures, the effects 
of combinations of hormones are under investigation with 
the aim of circumventing compensatory adaptive changes 
associated with energy restriction. For example, the co-
infusion of GLP-1, PYY and OXM induced a 32% reduction 
in energy intake when compared to placebo (193). Animal 
models suggest a potential role of CCK as an adjunct to 
GLP-1 based therapies (194) or monomeric GLP-
1/GIP/glucagon triagonism to reduce food intake and 
obesity (195).  
 
CONCLUSION 
 
Obesity is a complex disease where genetic, environmental, 
dietary, psychological and socio-economic factors interact 
complicating treatments for this life-threatening condition. 
Peripheral signals such as gut hormones, BAs and gut 
microbiota inform the CNS regarding the quality and the 
quantity of any ingested meal and are part of the complex 
bi-directional communication system known as the gut-brain 
axis. During the recent years many studies have identified 
perturbations of this system as a cause of weight gain. 
Current lifestyle approaches to weight loss lack efficacy 
because multiple powerful adaptive biological responses 
promote weight regain. Bariatric surgery, which reduces 
energy intake as a consequence of favorable gut-brain axis 
signaling, is currently the most successful treatment for 
people with severe obesity, leading to marked sustained 
weight loss and improved health.  Understanding the hidden 
mechanisms responsible for this success is an exciting area 
of current research and holds promise to identify novel 
effective obesity pharmacotherapies. 
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