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Obesity remains a common metabolic disorder and a threat to health as it is associated with numerous complications.

Lifestyle modifications and caloric restriction can achieve limited weight loss. Bariatric surgery is an effective way of

achieving substantial weight loss as well as glycemic control secondary to weight-related type 2 diabetes mellitus.
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1. Introduction

The gut endocrine system and the gut-central nervous system axis function to digest and absorb food and, consequently,

to regulate appetite. The gut-pancreatic endocrine system is one of the largest endocrine systems in the body. Most of the

gut hormones secreted (incretins, cholecystokinin, and pancreatic polypeptide), except ghrelin, act to increase satiety and

decrease food intake [1]. The adipose tissue is widely distributed in the body; has distinct functions both in energy

homeostasis and as an endocrine organ. Leptin, an adipokine secreted by the adipose tissue, has a satiety effect on the

central nervous system [2]. Many gut hormones act on the hypothalamus and brain stem areas of appetite control. Within

the arcuate nucleus of the hypothalamus are the proopiomelanocortin (POMC)-secreting neurons, which suppress

appetite, and a second population of neurons, which increase food intake and co-express neuropeptide Y (NPY) and

agouti-related protein (AgRP) [3].

Obesity has become a major contributor to the global burden of chronic disease. Obesity is associated with several

disease states, which include, among others, type 2 diabetes (T2DM), hypertension, dyslipidemia, cardiovascular disease,

non-alcoholic fatty liver disease, and obstructive sleep apnea [4]. This has led to the development of several obesity

treatment methods, including bariatric surgery.

Appropriate response to changes in the homeostatic control of energy intake is obligatory for a stable energetic state and

weight maintenance. Understanding the mechanisms controlling appetite and weight transformation may facilitate the

understanding of appetite changes as well as weight loss and hormonal changes following bariatric surgery. Bariatric

surgery is associated with side effects such as dumping syndrome, postprandial hypoglycaemia, partial T2DM remission

or T2DM relapse, and weight regain. Knowledge of the mechanisms of appetite homeostasis may facilitate a greater

understanding of changes following bariatric surgery, the development of therapeutic approaches for avoiding the side

effects of bariatric surgery, and the advancement of less invasive weight loss strategies [5].

2. Neurons and the Control of Appetite

Several neuronal populations, which are distributed throughout the brain, affect the capacity for food intake. Specific areas

of the hypothalamus are believed to control feeding behaviour. Two distinct neuronal populations are thought to be

significant in regulating energy balance. These are found in the arcuate nucleus of the hypothalamus (ARH), the

anorexigenic (appetite suppressing) proopiomelanocortin (POMC) neurons, and the orexigenic (appetite-increasing)

neuropeptide Y (NPY)/agouti-related peptide (AgRP) co-expressing neurons. The neurons are positioned to receive

signals from both peripheral organs due to the rich blood supply to the arcuate nucleus as well as input from various parts

of the central nervous system [6]. POMC-expressing neurons are also located in the nucleus tractus solitaries (NTS) and

have different behavioral energy homeostasis functions in the ARH and NTS [7]. POMC neurons have been investigated

extensively because of their central role in energy balance. POMC neurones in the ARH extend fibres to other ARH

neurones and other multiple brain regions, including the paraventricular nucleus of the hypothalamus, lateral

hypothalamus, commissural nucleus of the solitary tract, bed nucleus of the stria terminalis, nucleus accumbens, septal

nucleus, ventral tegmental area, central amygdala, periaqueductal grey, and dorsal raphe nucleus [8]. The ARH contains

distinct populations of POMC neurons that are either GABAergic or glutamatergic neurotransmitters and are activated by

serotonin 5-HT2 s, insulin, and leptin receptors (among others) [8]. The evidence for leptin acting on a different population

of POMC neurons than insulin is conflicting [9]. Other studies suggest a heterogeneous population for POMC and that
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POMC neurons form several molecularly distinct clusters [10]. POMC and AgRP neurons change neuronal activity in

response to glucose fluctuations [11]. Specific responses may be segregated into distinct populations of POMC neurons

(Figure 1a–c). POMC neurons suppress appetite, and following processing of POMC by proprotein convertase (coded by

PCSK1), release α-melanocyte stimulating hormone (α-MSH). The hormone α-MSH is an agonist of the melanocortin-4-

receptors (MC4R), found in the paraventricular nucleus. The MC4R receptor has anorectic activity [6,12]. AgRP inhibits

the MC4R agonist activity of melanocortin peptides (Figure 1a–c). In addition, a functional role in energy homeostasis for

central and peripheral MC3R has been suggested [8]. In this system, hormones of the fed state (insulin and leptin)

released by the pancreas and adipocytes (respectively) bind to their receptors on the POMC neurons and support the

processing of proopiomelanocortin to α-MSH, promoting a signal to decrease food intake. Leptin also binds to AgRP /NPY

neurons to inhibit their orexigenic activity. It is likely that leptin binding to neuronal cells other than the POMC neurons

contributes to energy homeostasis [13] and that AgRP neurons engage other circuits that coordinate feeding. Axon

projections of AgRP neurons extend to neurons in the bed nucleus of the stria terminalis, lateral hypothalamus, and

parabrachial nuclei that control insulin sensitivity in brown adipose tissue. The axon projections of the AgRP neurons may

trigger the motivational and autonomic circuits that contribute to feeding behavior. It is likely that multiple pathways

function in the brain, one for homeostatic control of energy balance and feeding and another for non-homeostatic, reward-

driven, hedonic feeding [13]. One suggestion is that the hedonic circuitry, once activated, can override the homeostatic

energy balance circuitry and the chronic inhibition of AgRP [14]. The effects of lifestyle on epigenetic modifications of

genes in the hypothalamus and its role in the regulation of energy homeostasis require further investigation [15].



Figure 1. (a) Gut-brain communication underlying appetite control; (b) neuron function in appetite control, AgRP/NPY

(neuropeptide Y/agouti-related peptide neurons), POMC (proopiomelanocortin),  activation,  inhibition; (c) neuron

interaction in appetite control, activation , inhibition . Populations of POMC neurons express different receptors.

e.g., leptin and insulin. In the fed state, POMC neurons act to decrease food intake and increase energy expenditure. In

the fasted state, AgRP/NPY neurons inhibit the activity of MC4R neurons and POMC neurons.

Complex neurological and endocrine signals are relayed between the gut and the brain to regulate hunger and satiety.

The gut neuroendocrine system and the gut-brain axis function to optimise digestion and absorption and regulate appetite.

Numerous reciprocal connections exist between the brain stem (particularly the nucleus of the tractus solitaries) and the

hypothalamus [16]. The brain stem receives vagus nerve afferents from the gastrointestinal tract and endocrine signals

from the blood due to its closeness to the blood-brain barrier. It is positioned to act as a site of integration between

endocrine and neuronal signals (Figure 1a). Afferent neurons of the vagus nerve targets for gut hormones [17].

3. The Endocrine System of the Gut and the Control of Appetite

Gut hormones are secreted by the enteroendocrine cells scattered throughout the epithelial cells of the gut. Gut hormones

can act as both hormones and neurotransmitters. The incretin effect is described as the increase in insulin secretion by

pancreatic β cells by exposure to intestinal absorption of glucose compared to isoglycemic levels by intravenous infusion.

Gut derived hormones are the proglucagon-derived peptides, glucagon-like peptide 1 (GLP-1), GLP2, and gastric

inhibitory peptide, also known as glucose-dependent insulinotropic polypeptide (GIP), as well as cholecystokinin (CCK)

and peptide YY (PYY), released by the gastrointestinal tract into the general circulation, which mediate effects of feeding

[18]. Both GIP and GLP-1, the real incretins, exert their effects by binding to their specific receptors, the GIP receptor

(GIPR) and the GLP1 receptor (GLP1R), in pancreatic β cells and boosting the secretion of glucose-dependent insulin

release [19,20]. Evidence points out that some enteroendocrine cells, which constitute approximately 1% of intestinal

epithelial cells, are plurihormonal. In mice, GIP is secreted from K cells found predominantly in the duodenum, and GLP-1

is secreted from L cells located in the lower small intestine and colon. The presence of food (carbohydrates, protein, and

fats) stimulates incretin hormone secretion. Similar to other gut peptides, GLP-1 is a neurotransmitter. Evidence for the

involvement of GLP-1 in signalling in the CNS is the wide distribution of the GLP-1 receptor [21]. The GLP1R receptor is

widely distributed in the body, for example, in the cardiovascular system, gastrointestinal tract, adipose tissue, brain, and

bone [22]. Similarly, some studies report the GLP2R receptor to be widely expressed [23]. This highlights the diversity of



incretin functions. A wide range of pharmacological drugs and pre-clinical studies have been used to clarify GLP1R/GIPR

physiological function [24].

3.1. Physiology of Incretin Secretion

Release of incretins (GLP-1 and GLP2 are cosecreted) requires the presence of nutrients, carbohydrates, proteins, and

fat in the intestinal lumen and their absorption through the enterocytes [44]. To understand the process of altered incretin

secretion following bariatric surgery, an understanding of the detailed molecular mechanism underlying its secretion is

valuable and is included.

3.2. Secretion and Metabolism of Incretins

In the pancreas, the proglucagon molecule is processed by proconvertase 2 (PC2) to glucagon (Figure 2) and by

proconvertase 1/3 (PC1/3) in the gut into GLP-1 (amino acids 1–37) and GLP2 (amino acids 1–33) [45]. Glucagon is

secreted by the pancreatic α cell, stimulates glycogenolysis and gluconeogenesis in the liver, and opposes the

hypoglycemic action of insulin. Bioactive GLP-1 (7–37) is generated from GLP-1 (1–37). Cleavage by PC1/3 leaves two

basic residues at the C-terminus of GLP-1, which are removed by carboxypeptidase prior to carboxyamidation. Several

immunoreactive forms of GLP-1 (including GLP-1 7–36 amide and GLP-1 7–37, which are thought to be equipotent), are

released in vivo [46]. GLP-1 is inactivated by dipeptidyl peptidase IV (DPP-IV), which cleaves the N-terminal end. GLP-1

(7–36 amide) is thought to be the majority of circulating active GLP-1 in human plasma [47]. Degradation and inactivation

of human GLP-2 (amino acids 1–33) with the enzyme DPP-IV resulted in the liberation of GLP-2 (amino acids 3–33) [48].

Figure 2. Gut and pancreas processing of the proglucagon molecule.

GIP is derived by proteolytic processing of a 153-residue precursor, preproGIP [49]. GIP is a 42 amino acid, and as it

contains an alanine in position 2, it is physiologically degraded and inactivated by DPP-IV to its bioinactive form (amino

acid 3–42) within minutes of secretion [50]. Both inactive GIP and GLP-1 are cleared by the kidney [51]. In healthy

humans, the half-lives of GLP-1 is 2–3 min, GIP 5 min [52], and GLP-2 7 min [53]. Which of the two, GLP-1 or GIP, is the

most prominent is still a matter of debate. Depending on the method protocol, it has been suggested that either GIP or

GLP-1 contributes equally or that either GIP or GLP-1 contribute the majority of the incretin effect in humans [54]. One

suggestion is that the contribution to the incretin effect is GIP: approximately 44%, GLP-1: approximately 22%, Glucose:

approximately 33%, and neural transmission: negligible [55].

3.3. Control of Incretin Secretion by Nutrients

It has been shown that the presence of macronutrients (carbohydrates, proteins, and fats) in the gut regulates incretin

hormone secretion.

3.3.1. Carbohydrates

Glucose is a recognised stimulant of incretins and acts through the sodium glucose cotransporter 1 (SGLT1) with the

influx of sodium ions, which depolarises the plasma membrane, opening the voltage-sensitive calcium channels, which is

followed by exocytosis of GLP-1-containing secretory vesicles [56]. Facilitative glucose transport through the GLUT2

transporter appears to be of less importance in incretin secretion [57].

3.3.2. Proteins
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The pathways underlying the mechanism of protein stimulation of gut hormones are still not clearly understood. At the

molecular level, meat hydrolysate has been shown to recruit the G-protein coupled calcium sensing receptor (CaSR) to

cause GLP-1 release from the rodent intestine [58], though it is likely that other sensory pathways are involved, e.g., an

increase in the anorectic hormone PYY [58,59].

3.3.3. Fats

Fats also potentially stimulate CCK, PYY, and GLP-1 release. The release of CCK, PYY, and GLP-1 in plasma is

attenuated by inhibitors of lipase. CCK, GLP-1, and PYY release were found to be dependent on fatty acid chain length,

with only fatty acids greater than C10 being effective in stimulating hormone secretion [60,61]. Several G-protein-coupled

receptors (GPCR) have been associated with the sensing of fatty acids and the release of gut hormones. GPR40 is a

receptor for medium- and long-chain fatty acids. The distribution of GPR40 suggests it may act to regulate pancreatic islet

and neurological cell function [62]. Close to the GPR40 locus are the GPR41 and GPR43 genes encoding receptors

activated by short-chain fatty acids [63]. GPCR receptors linked to GIP secretion are GPR120 and GPR40, expressed in

K cells in the upper small intestine [64,65]. GPR40, GPR41, GPR43, GPR119, and GP120 were identified as sensing

receptors for fatty acids with a role in GLP-1 secretion [66,67,68,69,70].

3.4. Other Variables That Regulate Gut Hormones

Gut microbiome: Gut microbiota can contribute to incretin secretion either by fermentation of dietary fibre and

production of short-chain fatty acids [71] or by increasing the basal level of GLP-1 and slowing intestinal movement

[72].

Bile acids: Using a pharmacological approach, the bile acid-responsive receptor, G protein-coupled bile acid receptor 1

(GPBAR1/TGR5), has been shown to promote GLP-1 and PYY secretion from intestinal L-cells [73,74]. While bile acids

are recognised to signal through specific nuclear acid receptors [75], GPBAR1 is a cell surface receptor. GPBAR1 is a

GPCR that is activated by bile acids, resulting in stimulation of Gαs proteins and downstream cAMP signalling

pathways. Recent findings support the hypothesis that additional pathways such as elevation of intracellular Ca

concentrations [76] and closure of ATP-sensitive potassium (KATP) channels may play a role in GLP-1 release [77].

Available data suggest that bile acids were more effective if they were applied to the basolateral GPBAR1 (vascular

side) on L-cells and that luminal-applied bile acids are effective after absorption across the intestinal epithelial layer

[78].

Proinflammatory cytokines TNFα, IL6, and Regulated on Activation, Normal T-cell Expressed and Secreted (RANTES)

are increased in obesity in both rodents and humans. Acute treatment with TNFα increases GLP-1 release, and chronic

elevation of TNFα decreases GLP-1 release. It has been suggested that TNFα alters cell signalling through the TNF

receptor-NFκβ pathway [79]. IL6 regulates glucose homeostasis by stimulating L cells and pancreatic α cells to secrete

GLP-1 and, as a result, increase insulin secretion. One suggestion is that acute effects of IL6 are caused by increased

GLP-1 exocytosis in L cells and chronic effects by increased glucose responsiveness [80,81]. The chemokine RANTES

reduced glucose and stimulated GLP-1 secretion in humans. One proposal is that RANTES acts through the CCR1

receptor to reduce cAMP levels and PKA activity [82]. The response of the L-cell is likely an integrated response to

different cytokines using different signalling pathways.

Other suspected stimulants of GLP-1 secretion are progesterone (studies on cell lines suggest stimulation through the

extracellular signal-related kinase 1/2 (ERK1/2) [83], insulin (studies on cell lines suggest a role for phosphatidylinositol

3 kinase-Akt and MAPK kinase (MEK)-ERK1/2 pathways [84], and glucocorticoid (reduced GLP-1 secretion in rodents)

[85].

The contribution of each of these additional effects to incretin secretion is unclear, and further studies are required to

understand the mechanism underlying these effects.
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