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Introduction

The human body is endowed with a complex physiological 
system that maintains a relatively constant body weight, 
despite wide variations in daily energy intake and energy 
expenditure. Signals from peripheral tissues and organs that 
participate in this regulatory mechanism usually originated 
from the gastrointestinal tract [(GIT), including pancreas], 
and adipose tissue. The hypothalamus—particularly the 
arcuate nucleus (ARC), and the brain—particularly the 
nucleus of the solitary tract (NTS), are the main sites of 
convergence and integration of central and peripheral 

signals that regulate energy balance (1-3). Traditionally, 
the primary role of GIT peptides was considered to be 
limited to “satiety signals”, delivering short-term messages 
to the brain for the beginning and end of a meal and for the 
physiological events occurring between meals. However, 
GIT peptides also influence gastric-emptying, gut motility 
and nutrient utilization, all contributing to long-term body 
weight control (4,5). The GIT hormones can act directly in 
the ARC nucleus by crossing the blood-brain barrier (BBB) 
or interfering with brain endothelial cells, or they can act 
indirectly, by binding to vagal and spinal nerves, giving rise 
to afferent signals that reach the NTS before transmission 
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to the ARC nucleus (1-5). 
The global obesity epidemic and its associated burden of 

morbidities have brought greater urgency to understanding 
the processes of energy balance. Appetite and metabolic 
regulation by GIT hormones and intestinal microbiota offer 
an integrated model of the brain-gut connection involving 
both endocrine and neuronal systems. In this article, we review 
the current knowledge on the main gut hormones, their 
role in energy and glucose homeostasis, and their potential 
utility in the treatment of obesity and metabolic syndrome 
(MS). In addition, we highlight new findings on the potential 
implications of intestinal microbiota on energy homeostasis. 

GIT-brain axis

As part of a major endocrine system, the GIT secretes 
several hormones responsible for different physiological 
actions, such as GIT functioning, appetite and satiety 
regulation, nutrient digestion, absorption and distribution, 
and energy homeostasis. 

Central effects of gut hormones are mainly due to their 
actions in two distinct neuron populations within ARC 
nucleus of the hypothalamus: (I) anorexigenic neurons 
that express pro-opiomelanocortin and cocaine- and 
amphetamine-related transcript (POMC/CART); and 
(II) orexigenic neurons that express neuropeptide Y and 
Agouti-related peptide (NPY/AgRP). These primary 
targets communicate with second-order neurons in other 
hypothalamic nuclei [especially paraventricular nucleus 
(PVN), dorso-medial (DMN), ventro-medial (VMN) and 
lateral hypothalamus (LH)], where peripheral information is 
integrated with behavioral, hormonal and nutritional inputs 
coming from the periphery and higher cortical centers. 
Several hypothalamic neurotransmitters produced in these 
regions, including the corticotropin releasing hormone 
(CRH), thyrotropin releasing hormone (TRH), the melanin 
concentrating hormone (MCH), brain-derived neurotrophic 
factor (BDNF), oxytocin and orexins, are all strongly involved 
in energy homeostasis. These orexigenic and anorexigenic 
neuronal groups are connected at several locations in the 
central nervous system (CNS), in such a manner that the 
activation of one group inhibits the other and vice-versa 
(3-6). The BBB is critical for adequate function of the GIT-
brain axis, but the molecular mechanisms involved with the 
GIT-derived hormones transportation into the brain are 
still largely unknown (6). Gut hormones can also bind to 
receptors in gastric vagal afferent neurons, generating signals 
to the NTS and, from there, to the ARC nucleus. Besides the 

hypothalamic circuits, some GIT-derived hormones, such 
as ghrelin, have been found to affect mesolimbic pathways 
related to reward, feeding behavior and food preference as 
part of the hedonic system (7). 

The GIT-derived hormones cholecystokinin (CCK), 
pept ide  YY (PYY),  pancreat ic  polypept ide  (PP) , 
oxyntomodulin (OXM), gastric inhibitory polypeptide (GIP) 
and glucagon-like peptide 1 (GLP-1) act as anorexigenic 
factors, reducing food intake and increasing energy 
expenditure. They are released in the postprandial periods 
and suppressed during fasting or before meals. In contrast, 
ghrelin is the only GIT-derived hormone with orexigenic 
properties, promoting meal initiation and increasing food 
intake (3-6). Table 1 summarizes the main GIT-derived 
hormones affecting energy balance with their sites of 
production, receptors, and main biological effects.

Gastrointestinal and pancreatic peptides

Cholecystokinin (CCK)

Studies from the seventies in the last century were the first 
to correlate gastrointestinal peptides with the regulation 
of energy balance (8). CCK, a peptide predominantly 
produced in the duodenum and jejunum during the 
immediate postprandial period, was shown to be involved in 
the control of appetite by acting on the afferent vagal nerve 
fibers and/or directly on hypothalamic nuclei. CCK reduces 
food intake, meal size and meal duration when administered 
to both rodents and humans, by binding to CCK-1 (CCK-A) 
receptors expressed along the GIT. Moreover, CCK is also 
locally produced in the brain, where it exerts its effect by 
binding to CCK-2 (CCK-B) receptors on cerebral areas 
involved in reward, memory and satiety (4,5). In the GIT, 
CCK simulates gallbladder contraction and secretion of 
pancreatic enzymes involved in the digestive process (6). 
There are also indications that CCK might also stimulate 
brown adipose tissue (BAT) activity via central mechanisms 
(9,10). However, the potential role of CCK as a therapeutic 
target for obesity has been questioned by studies that report 
that animals do compensate the reduction in food intake by 
increasing the number of meals, without showing a change 
in body weight (11). In addition, studies in obese subjects 
with CCK1R agonists have failed to show any weight loss 
(5,12). Nevertheless, the initial findings with CCK paved 
the way to investigate a system that recognizes the presence 
of food in the GIT, signaling to the brain via neuronal and 
endocrine mechanisms to regulate appetite and satiety. 
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Since then, several gastrointestinal peptides have been 
discovered and their therapeutic potential in physiological 
or pharmacological concentrations has been tested in both 
animal and humans studies.

Ghrelin

Ghrelin is a 28-amino acid peptide predominantly produced 
by oxyntic cells of the stomach, and in smaller amounts, in 
the intestine, pancreas and other tissues (13). Discovered 

in 1999 by Kojima et al. (14) as the natural ligand of the 
growth hormone secretagogue receptor (GHS-R), ghrelin 
stimulates growth hormone (GH) secretion by the pituitary 
and exerts other neuroendocrine activities. In the energy 
balance, ghrelin plays an important role as the only known 
peripheral hormone with orexigenic properties. In healthy 
volunteers, intravenous and subcutaneous administration of 
ghrelin induces a 30% increase in food intake (15). Ghrelin 
and GHS-R knock-out animals have no significant changes 
in food intake and body weight when fed with standard chow 

Table 1 GIT-derived peptides involved in the control of energy balance

Peptide Site of production Receptor
Site of
action

Effect on  
food intake

Effect on brown 
adipose tissue

Effects on GIT and metabolism

AG Stomach GHS-R Vagal nerve
Hypothalamus
Brain stem
Peripheral tissues

↑ ↓ (central) Control of gastric motility; 
influence on endocrine 
pancreatic function; regulation of 
adipokines

Des-acyl 
ghrelin  
(DAG) 

Stomach; 
circulation

? Pancreatic islets; 
muscle; adipocytes; 
endothelium

No ↑ (unknown 
mechanism)

Endogenous functional 
antagonist of AG 

Obestatin Stomach GLP-1?; 
GPR39?; 
other?

Adipocytes; 
pancreatic islets; 
muscle; heart; brain

↓ or no effect ? ↑ adipogenesis; ↓ lipolysis; ↑ 
glucose and fatty acid uptake; ↑ 
adiponectin and ↓ leptin levels; ↓ 
pro-inflammatory cytokine

CCK Duodenum; 
jejunum

CCK-1 Vagal nerve
Hypothalamus
Brain stem

↓ No or ↑  
(central?)

↑ gallbladder contraction; ↑ 
pancreatic enzymes

PYY Along the GIT, 
especially colon 
and rectum

Y2R Vagal nerve
Hypothalamus
Brain stem

↓* ↑ ?  
(central?)

↓ gastric secretion and emptying; 
↓ gut motility

GLP-1 Along the GIT, 
especially ileum 
and colon

GLP-1 Vagal nerve
Hypothalamus?

↓ ↑ (central) Incretin; ↑ glucagon release; ↓ 
gastric emptying and GIT motility

OXM Along the GIT, 
especially ileum 
and colon

GLP-1; 
glucagon

Hypothalamus? ↓ ↑ (central) Incretin; ↓ ghrelin levels; ↓ 
pancreatic secretion; ↓ gastric 
secretion and motility

PP Pancreas Y4R Vagal nerve; brain 
stem; hypothalamus

↓ ↑ ?  
(peripheral?) 

↓ gastric emptying; ↓ gut motility; 
↓ pancreatic and gallbladder 
secretion

Enterostatin Pancreas CCK-1? Brain? ↓ or no effect ↑ (central) Control of fat digestion

Amylin Pancreas RAMP1 Brain ↓ ↑ (central) ↓ gastric emptying and acid 
secretion; ↑ glucagon secretion

↑, increase; ↓, decrease; ?, not defined; *, central administration into the lateral ventricles increases appetite; GIT, gastrointestinal 
tract; AG, acylated ghrelin; DAG, des-acyl ghrelin; CCK, cholecystokinin; PYY, peptide YY; GLP-1, glucagon-like peptide-1; OXM, 
oxyntomodulin; PP, pancreatic polypeptide.
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(16,17). On the other hand, chronic administration of ghrelin 
causes hyperphagia and obesity in rodents (18). In addition, 
lack of ghrelin and GHS-R make the animals resistant to 
diet-induced obesity and favors the use of fat as energy 
substrate, when these animals are subjected to a high-fat diet 
(17,19). In ob/ob mice, the absence of ghrelin attenuates the 
diabetic phenotype, but not the obesity, supporting a role for 
ghrelin in glucose metabolism (20). Central actions of ghrelin 
include inhibition of BAT activity (10). 

In circulation, ghrelin is present in two forms: (I) acylated 
ghrelin (AG) that contains an n-octanoic acid at serine-3 
position, which is essential for binding and activation of 
the GHS-R and for the modulation of its neuroendocrine 
and orexigenic effects; (II) des-acyl ghrelin (DAG) that is 
the most abundant form in circulation and that is unable to 
bind and activate GHS-R at physiological concentrations; 
ghrelin is acylated by the enzyme ghrelin o-acyltransferase 
(GOAT), which is co-expressed together with the ghrelin 
gene in the stomach. The GHS-R is widely distributed in 
the body, with high expression levels in the hypothalamus 
(especially in the ARC, PVN and LHA) and pituitary, 
and low expression levels in other brain areas as well as in 
peripheral tissues, particularly in the endocrine pancreas, 
GIT, immune cells and the heart (3-5,13). GHS-R present 
in brain areas is involved in reward, emotion and memory, 
indicating that ghrelin plays also a role in increasing desire 
for food intake and non-homeostatic feeding behaviors (7). 

Ghrelin induces an increase in food intake by acting 
at the ARC nucleus, working as a functional antagonist 
of leptin actions, which results in a stimulation of NPY 
neurons and an inhibition of POMC neurons activity. The 
orexigenic actions of ghrelin occur independently of its 
effects on GH secretion. Ghrelin reaches the hypothalamus 
via the blood stream and the brain stem through vagal 
innervation (3-5,13). While ghrelin suppression after meal 
seems not to be related to vagal signaling, it has been 
reported that the increase in ghrelin levels during fasting 
can be completely abolished by subdiaphragmatic vagotomy, 
suggesting that the integrity of the vagal nerve is crucial for 
the orexigenic effects of ghrelin (21). 

Serum ghrelin concentrations vary widely throughout 
the day, with higher values during sleep, and elevations 
in the pre-prandial periods followed by falls after meals. 
This pattern of secretion gave ghrelin its nickname as a 
“hunger hormone”, responsible for the meals initiation 
(22-24). However, it is more likely that the physiological 
role of ghrelin is to prepare the body for an influx of 
metabolic energy (5). The ghrelin secretion differs between 

lean and obese, which might have some relevance for the 
pathogenesis of obesity. Plasma ghrelin levels are decreased 
in obese individuals and the postprandial dips in ghrelin 
concentrations are proportional to energy intake in lean, 
but not in obese subjects (25,26). Moreover, obesity is 
associated with a much lower reduction of postprandial 
ghrelin levels and absence of nocturnal elevation as seen in 
subjects of normal weight (27). An exception to this rule is 
the Prader-Willi syndrome, in which obesity is associated 
with increased plasma ghrelin concentrations (28). 

Gastric secretion of ghrelin may be influenced by 
numerous factors, such as administration of glucose 
and insulin, activation of somatostatin receptors, the 
cholinergic system, GLP-1, PYY, OXM, thyroid hormones 
(TH) and testosterone (13). Changes in body weight are 
accompanied by changes in ghrelin levels, which increase 
after weight loss and decrease after weight gain. These 
changes seem to be controlled by mTOR phosphorylation 
in gastric tissue, which might function as a peripheral fuel 
sensor to modulate ghrelin expression (29). Interestingly, 
it has recently been suggested that the intracellular 
mTOR pathway might be a link between ghrelin and the 
endogenous cannabinoid system (CB1), an important 
physiological system involved in energy balance regulation. 
Pharmacological blockade of CB1 receptors expressed 
in gastric cells is sensed as a satiety signal comparable to 
food intake, resulting in mTOR pathway activation, which 
in turn decreases ghrelin secretion with a subsequent 
inhibition of the orexigenic message communicated to the 
brain through the vagal nerve (30). Taken together, these 
data show a great potential for targeting the stomach-
brain communication axis for future drug developments. 
In this way, ghrelin antagonists and receptor blockers have 
received special attention as anti-obesity agents as well as 
for therapeutic use in other nutritional disorders such as 
anorexia nervosa and cachexia (4). 

DAG and obestatin

As previously mentioned, DAG does not bind and 
activate the GHS-R and in virtue of that, it has long been 
considered a physiologically inactive degradation product of 
AG. However, recent studies have called attention to AG-
independent effects of DAG through a specific, unidentified 
receptor, or via another unknown ghrelin receptor. There 
is also evidence that DAG could act as a endogenous 
functional AG-antagonist (31). DAG transgenic mice show 
a decrease in body weight, food intake, fat pad mass, and 
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gastric emptying, along with a moderately decreased linear 
growth (32). In rodent models, DAG has been associated 
with restoration of endothelial progenitor cell function, 
increased muscle regeneration and vascular remodeling (31). In 
both humans and animal models, a relative DAG deficiency, 
characterized either by lower DAG levels or increased 
AG/DAG ratios, has been linked to obesity, diabetes and 
MS. Intravenous DAG administration improves insulin 
sensitivity and displays hypoglycemic properties in both 
healthy volunteers and overweight diabetic patients (31). 
Moreover, BAT is activated by DAG via an uncertain 
mechanism (10). 

The gene encoding ghrelin also encodes another peptide 
called obestatin (33). As for DAG, obestatin exhibits 
antidiabetogenic activities, its serum levels are decreased in 
the MS and an obestatin receptor has not been identified 
yet. The receptor for GLP-1 and the orphan G-protein-
coupled receptor GPR39 have been suggested as possible 
candidates, but additional studies are required to sustain 
their roles in the obestatin effects (33). In the adipose 
tissue, obestatin stimulates adipogenesis, inhibits lipolysis, 
and promotes glucose and fatty acid uptake. Mice treated 
with obestatin show elevated adiponectin, reduced leptin 
levels and reduced proinflammatory cytokine release from 
fat, muscle and liver. Obestatin exhibits survival effects in 
different cell types, such as pancreatic β-cells, muscle and 
cardiomyocytes. The central actions of obestatin are more 
controversial, with some studies reporting on suppression 
of food intake and reduced body weight, while others could 
not demonstrate these effects (33). 

Peptide YY (PYY)

PYY is structurally related to PP and NPY and all 
belong to the polypeptide-fold protein family, which is 
characterized by a hairpin turn within the 36-amino acid 
backbone, and a C-terminal amidation. PYY is produced 
by entero-endocrine L-cells throughout the GIT, with 
tissue concentrations that increase along the GIT, reaching 
higher levels in the colon and rectum. It is also expressed 
in neurons located in the gigantocellular reticular nucleus 
of the rostral medulla. In the GIT itself, PYY inhibits 
secretion, gut motility and gastric emptying (5,34,35). 

PYY is present in two forms: PYY1-36 and PYY3-36. The 
predominant form of PYY, as it is stored in intestinal cells 
(together with GLP-1), is PYY1-36, which is released into 
circulation and cleaved by the enzymatic action of dipeptidyl 
peptidase (DPP-IV) to give rise to the active form PYY3-36,  

which is truncated at the N-terminus. PYY secretion 
is proportional to the caloric content, macronutrient 
composition and consistency of the food, with serum 
concentrations increasing rapidly in the first 2 hours after 
meal and remaining high up to 6 hours. PYY secretion is 
mediated by neural reflexes and by direct contact to nutrients 
(12,34,35). In humans, high-carbohydrate, low-fat diet was 
associated with the highest levels of PYY3-36, whereas in 
rodents, protein intake provided the most potent stimulus 
for its release (4). Obese subjects have reduced basal PYY3-36  
levels and show a blunted response after meal. In contrast, 
fasting PYY3-36 levels are elevated in anorexia nervosa, after 
gastric bypass surgery for obesity, and in other conditions 
associated with reduced appetite (34,35). 

Peripheral administration of physiological doses of PYY3-36 
leads to a significant reduction in food intake in rodents. In 
contrast, central administration of PYY3-36 into the lateral 
ventricles strikingly increases appetite, showing that PYY3-36  
exerts both anorectic and orexigenic actions depending 
on the receptor type expressed in different regions of 
the brain (35). In normal weight volunteers, intravenous  
PYY3-36 reduces energy intake by 30% (36). In obesity, 
circulating levels of PYY3-36 are relatively low and its 
postprandial secretion is deficient in comparison with lean 
individuals. However, administration of PYY3-36 in obese 
individuals may also result in reduced appetite and caloric 
intake. It is possible that the reduction in food intake by 
PYY3-36 in humans might be, at least in part, secondary to its 
side effects as nausea and aversion to food (35-37). 

PYY3-36 crosses the BBB and its mechanism of action 
involves binding to the Y2-pre-synaptic inhibitory receptors 
expressed in both vagal afferent neurons and NPY/AgRP 
neurons in the ARC nucleus (6,34,35). Intact vagal afferent 
signaling from the gut to the brain stem is essential for the 
anorectic effects of systemically administered PYY3-36, as 
evidenced by the lack of such an effect in vagotomized rats 
(38,39). Direct actions of PYY3-36 on hypothalamic neurons 
inhibit NPY production and result in increased activity of 
POMC/CART neurons. However, PYY3-36 acts even in the 
absence of a melanocortin system, as observed in genetically 
modified animals that do not express POMC or MC4R, 
suggesting that melanocortin signaling is not essential 
for the anorectic effects of PYY3-36 (40). Additionally, 
administration of PYY3-36 reduces ghrelin levels, which 
might be an additional factor contributing to its anorectic 
effects (41). Several animal and human studies performed 
in the last years have demonstrated an association between 
PYY overexpression or PYY infusion and increased 
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thermogenesis, increased heart rate and altered substrate 
partitioning in favor of fat oxidation. The effects of PYY 
on BAT are not completely clear, but from the scarcely 
available data, it seems that PYY may activate BAT via 
central mechanisms (10,35). 

For therapeutic purposes in obesity, the half-life of native 
PYY has to be extended and several approaches have been 
employed to reach this goal. Long-acting analogues of PYY 
for subcutaneous administration have been developed and 
phase I trials are in progress to look at safety, tolerability 
and efficacy of some of these compounds. Moreover, some 
research groups are investigating alternative methods for 
PYY delivery, such as a nasal route, the buccal mucosa, 
and even by genetic manipulation to up-regulate PYY 
expression in the salivary glands through a viral vector-
mediated gene transfer. In rats, oral PYY administration was 
achieved by conjugating PYY to vitamin B12 and using the 
B12 uptake pathway to facilitate peptide delivery (4).  

PP, enterostatin and amylin

PP is produced by the F-cells of the endocrine pancreas, which 
are located at the islets periphery. Small amounts are also 
secreted from the distal GIT. PP is released into circulation 
after meals in proportion to their caloric content, reaching 
the lowest blood levels in the early hours of the morning and 
the highest at night, with postprandial elevations that last up 
to 6 hours after meal. Its effects on GIT include reduction 
of gastric emptying, inhibition of pancreatic and gallbladder 
secretion and reduction of gut motility (5,6,34). 

The mechanism of PP action involves binding and 
activation of Y4 receptors in the vagal nerve and in cerebral 
areas with incomplete BBB, such as the hypothalamus 
and the brainstem, as PP is unable to cross the BBB (6). 
Knockout models of the Y4 receptor have high plasma 
PP levels and increased feeding behavior, while mice 
overexpressing PP show reduced food intake and weight 
gain (42,43). Moreover, vagotomy attenuates PP’s inhibitory 
effect on food intake (4). Systemic administration of PP 
promotes reduced food intake in rodents and humans, but 
this is not observed after intra-cerebro-ventricular (ICV) 
injection. Obese animals are less sensitive to the effects of 
PP than those of normal weight (4). In humans, intravenous 
PP infusion decreases food intake by 21.8% at a free-choice 
buffet, without affecting gastric emptying (44). Patients 
with Prader-Willi syndrome exhibit a blunted PP response 
to meals, and PP infusion was shown to promote 12% 
reduction of food intake in these individuals, by mechanisms 

not yet elucidated (45,46). In anorexia nervosa and in 
patients with advanced malignant disease, basal PP levels 
are elevated (46). It has been postulated that PP could also 
increase energy expenditure (47). Like PYY, PP has a short 
half-life and long-acting analogues are needed to allow its 
future therapeutic application. Results of a phase I study 
with PP1420, a peptidase resistant-PP analogue with altered 
amino acid sequence of native PP, were recently published, 
showing an augmented half-life of 2.42-2.61 hours, and 
good tolerability (48). 

The exocrine pancreas is also responsible for the 
production of enterostatin, a peptide secreted in response 
to fat intake to facilitate its digestion. Enterostatin effects 
seem to be dependent on CCK-1 receptors (10). Although 
the administration of enterostatin in animals reduces fat 
intake, no significant effects have been observed in humans. 
In contrast, animal studies have shown that enterostatin 
can induce BAT activity via a central effect (10). Amylin, 
a peptide co-secreted with insulin from pancreatic β-cells 
in a ratio of 100:1, inhibits gastric emptying, gastric acid 
secretion and glucagon secretion, and reduces food intake 
and meal size in animals (5,10). Central actions of amylin 
have been shown to acutely stimulate BAT activity via 
receptor activity-modifying protein 1 (RAMP1) (10). The 
synthetic analogue of amylin, pramlintide, significantly 
reduces hemoglobin-A1c and body weight in patients with 
both type 1 and type 2 diabetes mellitus (49). 

Glucagon-like peptide-1 (GLP-1)

The pro-glucagon gene product is cleaved in different parts 
by the enzymes convertase 1 and convertase 2, and this 
process varies among the tissues. In the pancreas, the main 
product of this cleavage is glucagon, whereas in the intestine 
the main products are GLP-1, GLP-2 and OXM (4-
6,50,51). In physiological conditions, GLP-1 is released into 
circulation after meal, acting as an “incretin”, and promoting 
increased glucose-mediated pancreatic insulin secretion after 
an oral nutrient load and, consequently, influencing glucose 
homeostasis. Other GLP-1 actions include suppression of 
glucagon release, delaying gastric emptying, and inhibition 
of GIT motility. The half-life time of GLP-1 is very short, 
being rapidly degraded by the DPP-IV (51). 

Central and peripheral actions of GLP-1 are important 
in the regulation of energy balance. GLP-1 receptors are 
present in hypothalamic nuclei and brain stem areas and are 
known to be involved in the control of energy balance, but 
binding of GLP-1 to POMC neurons in the ARC nucleus 
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has not been demonstrated (6). Thus, GLP-1 anorectic 
effects appear to be substantially mediated by the afferent 
vagal nerve projecting to the NTS, which, in turn, signals 
to the ARC. Long-term ICV administration of GLP-1 
in rodents leads to anorexia, induces satiety and increases 
energy expenditure, leading to a reduced body weight  
(4-6,50,51). Systemic administration of GLP-1 was found to 
decrease hepatic and peripheral insulin resistance in high-
fat fed mice via central mechanisms. Some studies show 
that circulating levels of GLP-1 are lower in obese subjects 
and increase after weight loss. In lean and obese subjects, 
systemic administration of GLP-1 causes a dose-dependent 
reduction of caloric intake (4,51). 

GLP-1 was the first GIT hormone to be successfully used 
for therapeutic purposes in humans. Several preparations of 
GLP-1 receptor agonists and DPP-IV inhibitors are currently 
available for the treatment of type 2 diabetes (52). However, 
DPP-IV inhibitors are neutral and GLP-1 receptor agonists 
show limited efficacy in promoting weight loss in the doses 
used for diabetes control (53). Nausea is a frequent side-
effect of GLP-1 receptor agonists that prevents application 
of higher dosages that might be more efficacious in the fight 
against obesity. Another hesitation to approve these drugs 
for treating obesity is related to safety issues. Recently, it 
has been suggested that both DPP-4 inhibitors and 
GLP-1 receptor agonists would increase the potential 
risk of pancreatitis, pancreatic cancer, hyperplasia of the 
exocrine pancreas, and thyroid C-cell hyperplasia (54). To 
date, these findings remain under investigation, and no 
causality relationship has been proven thus far; physicians 
are only advised to individually evaluate the risk-benefit 
ratio of incretin-based therapies (54). 

Oxyntomodulin (OXM)

OXM is a 37-amino acid peptide product of the pro-
glucagon gene, which is released from intestinal L-cells 
into circulation in proportion to caloric intake (4-6). OXM 
inhibits gastric motility and pancreatic and gastric secretion, 
while it stimulates glycolysis and exerts an incretin-like 
effect. It also reduces food intake when administered ICV 
in rodents or systemically in both rodents and humans, and 
reduces body weight and fat mass when injected chronically. 
In humans, OXM administration also reduces the levels 
of circulating ghrelin, which may contribute to its effects 
on appetite. However, the weight loss observed in animal 
models treated with OXM is greater than what would be 
expected by the reduction in food intake alone, suggesting 

that OXM promotes increased energy expenditure (4). 
OXM binds to both the GLP-1 and the glucagon receptor. 

While the effects of OXM on energy expenditure are mediated 
by the glucagon receptor, the majority of its effects on appetite 
seem to occur via binding to the GLP-1 receptor. GLP-1 and 
OXM are equally effective in inducing anorexia, despite the 
fact that OXM binds GLP-1 receptor with a lower affinity. 
Thus, differences in the biological effects of OXM and GLP-1 
might be due to variations in tissue penetration, degradation or 
intracellular signaling pathways (4-6). 

Subcutaneous self-administration of OXM over a 4-week 
period resulted in a 2.4% reduction in body weight in 
overweight and obese volunteers (55). From another 
study in healthy overweight and obese subjects, the 
same investigators showed that OXM increased energy 
expenditure while reduced energy intake, resulting in 
negative energy balance (56,57). These very preliminary 
results from short-term clinical studies open up a new and 
exciting potential way to treat obesity. The dual effects of 
OXM, reducing food intake and at the same time increasing 
energy expenditure, show that one single drug can initiate 
a two-pronged attack against obesity (4). Indeed, a 
combination approach employing a peptide analogue dual 
agonist of these two systems, has been already successfully 
used in animal models (58,59). 

IM, obesity and metabolic disorders

The human intestine harbors more than 100 trillion bacteria 
and archaea that constitute a complex and diverse intestinal 
microbiota. This community is estimated to consist of 
approximately 1,100 prevalent species, with an estimated 
average number of 160 to 500 bacterial species per individual. 
Each human being has its own microbiota composition, 
which is established before the age of two and which remains 
stable throughout life under healthy conditions (60,61). 
More recent metagenomic techniques have estimated that 
the microbial gene content is a 150-fold larger than the 
human genome, and most of these genes are of unknown 
function (62). Mammalian microbiota predominantly consists 
out of four bacterial phyla: the Gram-negative Bacteroidetes 
and Proteobacteria and the Gram-positive Actinobacteria and 
Firmicutes. Apparently, the human host provides a nutrient 
rich-environment for this microbiota. The intestinal 
microbiota, in turn, exert metabolic, protective and structural 
functions, including colonic fermentation, digestion of 
otherwise indigestible plant polysaccharides, mucosal and 
systemic immunologic defense and regeneration of the 
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intestinal epithelium (60,61). 
Obesity has been associated with important changes in 

the composition and function of the intestinal microbiota, 
known as dysbiosis. Obese animals and humans may present 
reduced number of Bacteroidetes and a proportional increase 
of the Firmicutes. However, these findings are largely 
unconfirmed, and some researchers claim that phylum 
differences are likely less important than metagenomic-
based functional aspects (60). Possible confounding 
factors among the studies include diet, age, previous use of 
antibiotics, and the genetic background. For instance, high-
fat diets may affect intestinal epithelial integrity, resulting 
in increased permeability for small compounds and 
endotoxins, leading to systemic inflammation. However, 
multiple interactions between certain dietary factors, the 
microbiota, the innate immune system and the host per se 
may take place to promote barrier dysfunction (60). 

Intestinal microbiota might modulate body composition 
mainly by increased energy extraction from food and 
by regulating fat storage. Moreover, dysbiosis can also 
influence the GIT-brain axis, affecting intestinal L-cells 

differentiation, nutrient signaling pathways, GIT-derived 
hormone secretion, brain functions, and host behavior, all 
potentially contributing to increased energy intake, weight 
gain and metabolic disorders (60,61). Although these novel 
insights are interesting, there are still many controversial 
issues on the physiological and pathological implications 
of the gut microbiota and host relationships that need 
to be addressed to establish the precise role of intestinal 
microbiota in human health. 

Conclusions

Many hormones derived from GIT are involved in 
energy homeostasis and body weight regulation. The 
hypothalamus, particularly the ARC nucleus, is the main 
site responsible for integrating the GIT signals with those 
arising from other peripheral tissues and from the external 
milieu. The central analysis of all these input signals 
triggers several compensatory responses to maintain a 
balance between energy intake and expenditure (Figure 1). A 
malfunctioning of one or more components of this complex 

Figure 1 Mechanisms involved in the control of energy balance. The balance between food intake and energy expenditure is regulated by 
CNS, which integrates information provided by the internal and external milieu with several peripheral signals (nutrients and hormones) 
from the liver, adipose tissue, pancreas and GIT. These signals are sensed by two distinct neuronal populations in ARC of the hypothalamus: 
NPY/AgRP (orexigenic neurons) and POMC/CART (anorexigenic neurons). From the ARC nucleus, neuronal circuits run to other 
hypothalamic nuclei, such as LH and PVN, stimulating or inhibiting new anabolic or catabolic pathways. Peripheral signals can also reach 
the CNS by binding to specific receptors located on vagal afferents and brain stem neurons. The brain analysis of these information results 
in behavioral, autonomic and endocrine responses to mantain the energy balance. NPY, neuropeptide Y; AgRP, agouti-related peptide; 
POMC, pro-opio-melanocortin; CART, cocaine and amphetamine-regulated transcript; PP, pancreatic polypeptide; CCK, cholecystokinin; 
PYY, peptide YY; GLP-1, glucagon-like peptide-1; OXM, oxyntomodulin; CRH, corticotropin-releasing hormone; TRH, thyrotropin-
releasing hormone; MCH, melanin concentrating hormone; CNS, central nervous system; GIT, gastrointestinal tract; ARC, arcuate nucleus; 
LH, lateral hypothalamus; PVN, paraventricular nucleus.
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machinery might result in energy imbalance and significant 
changes in body weight and metabolic profile. The 
outstanding scientific advances obtained in the knowledge 
of these body’s communication systems, including the GIT-
brain axis, renew our hopes for the future development of 
safer and more effective therapeutic approaches against 
obesity, diabetes and metabolic disorders.
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