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Introduction

Animals and humans live in various and con-
stantly changing environment. In homoeothermic 
vertebrates, the maintenance of the homeostasis un-
der conditions of constantly changing external and 
internal stimuli affecting an organism is one of the 
most important problems. This state of relative equi-
librium, like constant temperature, body hydration, 

electrolyte ratio, balance of energy resources, is es-
sential for every living organism in order to ensure 
the proper conduct of physiological processes, par-
ticularly the rate of metabolic processes. In mam-
mals, integration and processing of stimuli reaching 
the organism takes place in the central nervous sys-
tem (CNS), especially in the hypothalamus. Hypo-
thalamic neurons are involved in the sensing of cir-
culating and local factors conveying information
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about the energy status of the organism. Integration 
of these signals leads to specific and coordinated 
physiological responses aimed at regulating energy 
balance through the modulation of appetite and en-
ergy expenditure.

Over the last 15 years many attempts have been 
made in order to understand peripheral signals regu-
lating appetite and energy homeostasis. Paradoxi-
cally, because of increasing obesity problem, the 
knowledge about the interaction between gastrointes-
tinal hormones and central nervous system concern-
ing food intake modulation has greatly broadened. 
The results of extensive researches showed that the 
gastrointestinal tract is an active endocrine organ se-
creting numerous peptides known as gastrointestinal 
hormones now. Many of these peptides, including 
ghrelin, the only known orexigenic peripheral hor-
mone, and numerous anorexigenic gut hormones, in-
cluding obestatin, cholecystokinin (CCK), pancreatic 
polypeptide (PP), peptide YY (PYY), glucagon-like 
peptide (GLP)-1 and oxyntomodulin (OXM), have 
been shown to modulate food intake.

The most important neuropeptides 
engaged in food intake regulation

Appetite regulating network
Arcuate nucleus (ARC) is the neuronal for-

mation which plays an essential role in the integra-
tion of signals regulating appetite. The nucleus is 
the palce of integration of many peripheral signals 
controlling food intake as well as area allowing to 
direct communication between CNS and periph-
eral hormones and also nutrient fluctuations in the 
bloodstream. Two subpopulations of neurons which 
synthetize the most important peptides controlling 
food intake and energy expenditure are localized 
in ARC. The first one acts as a feeding stimulator 
co-expressing neuropeptide Y (NPY) and agouti- 
related peptide (AgRP).

NPY is one of the most abundant neuropeptides 
synthetized in different brain areas but the neurons 
involved in the appetite regulation are synthetized 
mainly in the ARC (Lopaschuk et al., 2010). The ef-
fects of NPY on energy balance regulation are me-
diated by postsynaptic Y1 and Y5 receptors, which 
belong to the class of G protein-coupled receptor sub-
types (Nguyen et al., 2012). The NPY expression and 
release is related to changes in the organism energy 
status. NPY activity is reduced under feeding con-
ditions, whereas the malnutrition stimulates its acti-
vity (Schneeberger et al., 2014). Moreover, intrace-
rebroventricular (ICV) administration of NPY or its 

direct administration into specific hypothalamic nu-
clei increases food intake, whereas the administration 
of receptor selective antagonists (Y1 and Y5 antago-
nists) or antisense oligonucleotides (Y5 receptor) re-
duces or inhibits food intake (Lopaschuk et al., 2010).

AgRP is co-expressed in NPY-expressing neu-
rons (Cowley et al., 2003), but in contrast to NPY, 
AgRP is expressed only in the ARC. AgRP is an 
endogenous antagonist and inverse agonist of the 
melanocortin MC3 and MC4 receptors (MC3R, 
MC4R). Similar to NPY, the expression of AgRP  
is elevated during fasting and/or malnutrition con-
ditions. On the other hand, the central administra-
tion of AgRP stimulates food intake and reduces 
energy expenditure resulting in increased obesity  
(Schneeberger et al., 2014).

The second subpopulation of neurons with ano-
rexigenic properties co-expresses the cocaine- and 
amphetamine-regulated transcript (CART) and  
-melanocyte-stimulating hormone ( -MSH, a pro-

duct of proopiomelanocortin (POMC) processing) 
(Coll et al., 2007).

CART was originally sequenced as a peptide 
with unknown function and was later confirmed to be 
the protein product of mRNA transcript up-regulat-
ed after short-term exposure to cocaine and amphet-
amine (Douglass et al., 1995). CART and POMC are 
co-expressed in neurons of ARC. The receptor for 
CART has not been identified yet, however  
studies strongly suggest that CART binds to a spe-
cific G protein-coupled receptor (Lin et al., 2011). 
Like other hypothalamic neuropeptides regulating 
energy homeostasis, its expression is responsive to 
the organism nutritional status. CART’s expression 
is increased under feeding conditions, particularly 
as a consequence of the high-energy/high-fat food 
consumption (Wortley et al., 2004), and decreased 
under fasting conditions (Robson et al., 2002). 
Moreover, ICV infusion of CART results in the ap-
petite reduction, while antibodies against CART 
reverse this effect (Schneeberger et al., 2014). 
It has been demonstrated, that polymorphisms  
of the  gene, as well as alterations in CART 
protein level, are associated with human obesity 
(Lopaschuk et al., 2010).

POMC is the polypeptide precursor of the me-
lanocortin family which includes -MSH (Germano 
et al., 2007), which is the most important anorexi-
genic peptide binding to MC3R and MC4R recep-
tors expressed in PVN (Mercer et al., 2013). The 
levels of both POMC transcript and -MSH are 
increased under feeding conditions, while malnutri-
tion reduces these levels. The central administration 
of MC4R agonist decreases food intake and thus the 
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body weight, while infusion of the MC4R antagonist 
increases food consumption (Benoit et al., 2000). 
NPY/AgRP and CART/ -MSH neurons localized in 
the ARC, project to other hypothalamic nuclei like 
paraventricular nucleus (PVN), ventromedial nucle-
us (VMN) or dorsomedial nucleus (DMN), which 
create the ‘second-order’ signalling structure con-
verting information about energy homeostasis.

Summarizing, the subpopulation of NPY/AgRP 
and CART/ -MSH neurons, together with target 
‘second-order’ neurons expressing the MC4R and 
MC3R, localized mainly in the PVN, create the ‘ap-
petite regulating network’, essential for detection 
and integration of a number of peripheral signals 
allowing a precise control of appetite and energy 
expenditure. These neurons closely contact each 
other and project into other hypothalamic nuclei  

expressing MCRs and NPY receptors. Moreover, 
these two subpopulations of neurons express recep-
tors for various peripheral hormonal signals. Orexi-
genic and anorexigenic neurons act in the opposite 
manner: NPY/AgRP as an endogenous MCR antag-
onist augments food intake and decreases energy ex-
penditure, whereas -MSH as an endogenous MCR 
agonist attenuates appetite and enhances energy ex-
penditure (Figure 1).

Orexins
Orexin A and B (or hypocretin 1 and 2) are 

produced from prepro-orexin in neurons localized 
mainly in the lateral hypothalamus area (LHA;  
Sakurai et al., 1998). Orexin neurons project into 
all hypothalamic nuclei engaged in food intake 
processes regulation: ARC, PVN, VMN and also 

Figure 1. Hypothalamo-gastrointestinal axis scheme of food intake regulation mechanism.  ARC –  arcuate nucleus; PVN –  paraventricular nucleus; 
POMC – proopiomelanocortin; -MSH – -melanocyte-stimulating hormone; NPY – neuropeptide Y; AgRP – agouti-related peptide; NPY5R5/1R 
– neuropeptide Y receptor types 5 or 1; MC4R – melanocortin receptor 4; GLP1 – glucagon-like peptide 1; PYY – peptide tyrosine tyrosine;  
PP – pancreatic polypeptide; solid arrows represent stimulatory effect, dotted arrows represent inhibitory effect
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nucleus of the solitary tract (NTS). Orexins act   
two orexin receptors: orexin-1 receptor, located main-
ly in the VMN and characterized with high affinity 
for orexin A and orexin-2 receptor expressed in PVN 
and characterized with a similar affinity for both A 
and B types of orexin (Wynne et al., 2005). Orexin 
expression is significantly increased under fasting 
conditions. The central administration of orexins not 
only increases food intake, but also promotes behav-
ioural responses to food reward and increases arousal  
(Cason et al., 2010). NPY, AgRP and -MSH termi-
nals project into the LHA and contact with melanin-
concentrating hormone (MCH) or orexin expressing 
cells, in turn, central orexin neurons express NPY and 
leptin receptors and are thus able to integrate adiposity 
signals (Schneeberger et al., 2014).

26RFa/43RFa 
26RFa/43RFa is the latest identified peptide 

belonging to a new family of regulatory peptides – 
RFamide peptides (43RFa is N-terminal extended 
form of 26RFa) (Chartrel et al., 2003). What is in-
teresting, 26RFa is present in all vertebrates and its  
C-terminal domain (KGGFXFRF-NH2), respon-
sible for its biological activity, has been fully con-
served during evolution (Chartrel et al., 2011). This 
feature is characteristic for the neuropeptides per-
forming the key functions in the organism, which 
confirms the important role of this ‘new neuropep-
tide’ (26RFa) as another orexigenic peptide involved 
in the food intake regulation at the hypothalamus 
level.

26RFa-expressing neurons display a discrete 
localization in the hypothalamic nuclei in all ver-
tebrate species studied so far. They are localized in 
the areas involved in the regulation of food intake 
like ARC, PVN, VMN and LHA (Chartrel et al., 
2006; Kampe et al., 2006). The effect of 26RFa in 
humans is mediated by GPR103 receptor, which  
is a 7-transmembrane G protein-coupled receptor 
(Chartrel et al., 2011). Two distinct forms of GPR103 
receptor have been characterized in mice (desig-
nated GPR103A and GPR103B) and in rat (desig-
nated QRFP-r1 and QRFP-r2) (Kampe et al., 2006;  
Takayasu et al., 2006). The occurrence of two dis-
tinct GPR103 receptors seems to be specific to ro-
dents, as the second gene encoding another form of 
GPR103 has not been identified in the genome of 
other vertebrate species (Chartrel et al., 2011). High 
expression of GPR103 mRNA was notably observed 
in hypothalamic and brainstem nuclei involved in 
the control of feeding behaviour, including VMN 
and DMN, PVN, ARC, LHA and NTS (Takayasu 
et al., 2006; Bruzzone et al., 2007).

The studies conducted on mice revealed that 
acute ICV administration of 26RFa evoked a dose-
dependent increase in food consumption (Chartrel 
et al., 2003; Takayasu et al., 2006). Moreover, ex-
pression of the 26RFa precursor was up-regulated 
in the hypothalamus of fasted mice (Takayasu et al., 
2006). The 43RFa also stimulates food intake and 
its effect is even more pronounced than the effect of 
26RFa (Moriya et al., 2006; Takayasu et al., 2006). 
In mice, chronic injection of 43RFa evoked a hy-
perphagic behaviour resulting in an increase of the 
body weight and fat mass but also in a decrease of 
the energy expenditure (Moriya et al., 2006). Fast-
ing potentiates the orexigenic activity of 26RFa. 
The effect of this neuropeptide was stronger when 
the animals were deprived of food the day before the 
injection (Chartrel et al., 2003; Lectez et al., 2009). 
26RFa exerts orexigenic activity by enhancing ex-
pression of NPY which in turn inhibits the activity 
of POMC neurons  the activation of the Y1 and 
Y5 receptors (Lectez et al., 2009). Recent evidences 
indicate that 26RFa plays a key role in the mam-
mals’ hypothalamic regulation of food intake as an 
orexigenic factor and the 26RFa/GPR103 system is 
involved in feeding behaviour defects such as ano-
rexia nervosa and obesity.

Gastrointestinal hormones
As it was mentioned, an increasing problem of 

obesity caused almost exponential development of 
researches devoted to the mechanism of appetite 
regulation. The results of many studies have shown 
that the enteroendocrine cells distributed in the 
gastrointestinal tract constitute the largest endocrine 
organ in the body and are the source of various 
regulatory peptide hormones. The extension of the 
stomach walls and interactions between nutrients 
and the luminal wall of the intestine is the stimulus 
for the release of gut hormones like PYY, GLP-1 and 
OXM (Adrian et al., 1985; Le Quellec et al., 1992). 
Initially it was thought that the main role of the gut 
hormones is assigned to the peripheral control of 
gastrointestinal function regulation. Presently, there 
are numerous studies which prove the existence of 
gastrointestinal tract hormones and neuropeptides 
system co-regulating the body’s energy balance. 
It is known that many of these peptides reduce 
food intake decreasing orexigenic signalling and 
increasing anorexigenic signalling in the nuclei of 
the hypothalamus (Batterham et al., 2006; Table 1).

This part of the review is dedicated to selected 
peripheral peptides which create the hypothalamo-
gastrointestinal axis and modulate appetite and  
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metabolic rate of the body. In our review we focused 
on the best examined as well as recently discovered 
hormones of the gastrointestinal tract, which from 
our point of view, play the crucial role in the appetite 
regulation processes. An expanding knowledge con-
cerning the mechanisms of these hormones action 
creates the possibility to use them or their synthetic 
equivalents in the treatment of problems associated 
with morbid obesity.

Ghrelin
Ghrelin is a 28-amino acid peptide derived from 

pre-proghrelin. It is secreted primarily in the stom-
ach from the X/A cells of the gastric oxyntic gland 
but also in the other part of the gastrointestinal tract 
like the small intestine (Date et al., 2000). For the 
first time ghrelin was identified in 1999 as the endog-
enous ligand of the growth hormone secretagogue 
receptor 1a (GHS-R1a), which was subsequently re-
named on the ghrelin receptor (Kojima et al., 1999). 
The presence of an 8-n acyl group at the serine in 
position 3 is a unique feature of ghrelin, resulting 
from posttranslational modification. Although cir-
culating ghrelin is found in both acylated and de-
sacylated forms (Hosoda et al., 2003), only acylated 

ghrelin has ability to bind to the G protein-coupled 
receptor, GHS-R1a, and to penetrate the blood-brain 
barrier (BBB) (Pan et al., 2006). GHS-R1a has sig-
nificant baseline constitutive activity and is highly 
expressed throughout the whole hypothalamus area 
(Zigman et al., 2006). Ghrelin is another modula-
tor of energy balance, with crucial role in appetite 
regulation, fuel substrate preference, body weight 
and glucose homeostasis. It is worth emphasizing, 
that ghrelin, in contrary to many other peripheral 
hormones, exhibits a powerful orexigenic actions  
(Schneeberger et al., 2014). Thereby, the level of 
ghrelin in plasma is reduced after the meal. In ro-
dents, both central and peripheral administration of 
ghrelin have been shown to promote feed intake, adi-
posity and body weight gain (Nakazato et al., 2001). 
Circulating ghrelin level increases with fasting and 
falls with nutrient ingestion in rodents and humans 
(Nakazato et al., 2001; Zigman et al., 2006). Moreo-
ver, initiating meals voluntarily in human subjects 
the pre-prandial peaks and post-prandial suppres-
sion of ghrelin levels were demonstrated, which 
suggests that ghrelin plays a role in meal initiation 
(Cummings et al., 2001). Also in humans, periph-
eral ghrelin administration increases appetite and 
food intake; on the other hand, circulating ghrelin 
level increases in the states of inadequate nutrition  
(Gibson et al., 2010).

The NPY/AgRP neurons localized in the ARC 
appears to be the primary targets for hypothalamic 
ghrelin and this population of neurons is essential 
for the mediation of the orexigenic effects of ghrelin 
(Cowley et al., 2003; Castañeda et al., 2010). The 
presence of the GHS-R1a receptor (specific for 
acylated form of ghrelin) in the ARC nucleus has 
been stated in studies conducted on rats. Moreover, 
the central and peripheral administration of ghrelin 
enhances transcription factor c-Fos expression in 
the ARC neurons (Hewson and Dickson, 2000) and 
also in other nuclei involved in the appetite control, 
including the PVN, DMN and LHA, as well as in 
the area postrema (AP) and NTS in the brainstem 
(Lawrence et al., 2002). In the ARC, in turn, ghrelin 
stimulates NPY and AgRP transcription, as well as 
promotes release of these both orexigenic-peptides in 
the PVN (Schneeberger et al., 2014). Consequently, 
the central actions of ghrelin lead to increased food 
intake and body weight gain (Muccioli et al., 2011; 
Figure 1). 

Plasma ghrelin level is reduced after gastric 
bypass surgery, possibly due to diversion of nutri-
ents and partialy by suppression of ghrelin synthe-
sis (Cummings et al., 2002). This fall in circulating 
ghrelin level has been suggested to play a role in 

Table 1. The most important peptides involved in the hypothalamo-
gastrointestinal axis

Hormone Site  
of synthesis Receptor

Effect 
on food 
intake

Neuropeptide Y (NPY) Hypothalamus Y1
Y5

Increase

Agouti-related protein (AgRP) Hypothalamus MC3R
MC4R

Increase

Cocaine- and amphetamine-
regulated transcript (CART)

Hypothalamus MC3R
MC4R

Decrease

Proopiomelanocortin (POMC) Hypothalamus MC3R
MC4R

Decrease

26RFa Hypothalamus GPR104 Increase
Ghrelin Stomach A-cells GHSR1a Increase
Obestatin Stomach B-cells GPR34* 

GLP-1R*
Decrease

Peptide tyrosine tyrosine (PYY) Intestinal L-cells Y2R Decrease
Pancreatic polypeptide (PP) Pancreas/colon Y4R Decrease
Glucagon-like peptide-1 (GLP-1) Intestinal L-cells GLP-1R Decrease
Oxyntomodulin (OXM) Intestinal L-cells GLP-1R* Decrease
Nesfatin-1 Hypothalamus/

stomach
* Decrease

Neuromedin (NMU) Hypothalamus/
stomach

NMUR1 
NMUR2

Decrease

Y1, Y5 – neuropeptide Y receptor 1 and 5; MC3R, MC4R – melano-
cortin receptor 3 and 4; GHSR – growth hormone secretagogue re-
ceptor 1a; Y2R, Y4R-Y2 and Y4 receptor; GLP-1R – glucagon-like 
peptide-1 receptor; NMUR1, NMUR2 – neuromedin U receptor 1 and 
2; * – unidentified
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mediating the appetite reduction and weight loss ob-
served following this procedure. Unfortunately, so 
far bariatric surgery is the most effective treatment 
for morbid obesity.

Obestatin
Obestatin, 23-amino acid hormone discovered 

in 2005, originates from the same precursor peptide 
as ghrelin, named preproghrelin (Zhang et al., 2005). 
Both of these peptides arise as a result of post-
translational processing of the common precursor 
preproghrelin, but they exhibit different physiological 
activity. Ghrelin is an orexigenic peptide, which 
stimulates appetite, while obestatin exhibits an 
anorexigenic effect through food intake inhibition. 
Originally, obestatin has been isolated from cells 
located in the mucosa of the rat stomach fundus, 
but the subsequent studies confirmed its localization 
also in other tissues like duodenum, jejunum, colon, 
pancreas, liver, mammary glands, testes (Leydig 
cells), lungs, saliva and blood plasma (Zhang et al., 
2005; Dun et al., 2006). This is another peripheral 
hormone involved in the functioning of the complex 
neurohormonal network regulating food intake and, 
similarly to ghrelin, it is able to penetrate the BBB 
(Pan et al., 2006).

The knowledge on the obestatin functioning in the 
CNS is fragmentary and often contradictory, so its 
physiological role and precise mechanism of action 
are still not fully understood. This is the result of its 
rapid degradation (half-life of obestatin in the blood 
plasma is about 22 min), as well as the lack of an 
identified receptor (Pan et al., 2006; Granata et al., 
2008). Acute administration of obestatin in the high 
doses inhibited food consumption both in mice, and 
in lean and fatty Zucker rats (Lagaud et al., 2007). 
On the other hand, in numerous comprehensive 
studies performed on rodents, no significant effect 
of peripherally or centrally administered obestatin 
was observed on food intake, energy expenditure or 
body weight with either acute or chronic treatment 
(for review see Lopaschuk et al., 2010).

Peptide tyrosine tyrosine (PYY)
PYY is a 36-amino acid peptide which belongs 

to the ‘PP-fold’ family. It is secreted mainly by the 
entero-endocrine L-cells of the intestinal epithelium 
of the small and large intestine, and the colon in  
response to nutrient ingestion (Adrian et al., 1985). 
There are known two endogenous forms of this pep-
tide: PYY 1-36 and PYY 3-36, but the latter is the 
most abundant in the blood circulation and has ability 
to penetrate the BBB (Nonaka et al., 2003). These two 
forms exert effects through the family of receptors for 

neuropeptide Y. PYY 1-36 binds to all of the Y recep-
tors, while PYY 3-36 binds with the high affinity to 
the Y2 receptor subtype (Y2R) (Larhammar, 1996). 
Circulating PYY level decreases under fasting condi-
tions and rises post-prandially in proportion to caloric 
intake (Batterham et al., 2003a), especially after the 
protein rich meals (Batterham et al., 2006). Anorexi-
genic action of PYY 3-36 is mediated  the inhibi- 
tion of Y2 receptor expressed on the neurons localized 
in the ARC (Scott et al., 2005). In rodents, both the cen-
tral and peripheral PYY 3-36 administrations increase 
-MSH and reduce NPY release in this area, which 

consequently reduces appetite and body weight in  
a dose-dependent manner (Batterham et al., 2003a). 
Although, there are also studies showing the inhibi-
tory effect of PYY 3-36 on POMC neurons activity, 
suggesting that POMC is not critical for PYY 3-36 
action on food intake regulation. Moreover, the bi-
lateral total truncal vagotomy or transections of 
the brainstem-hypothalamic pathways in rodents  
(Abbott et al., 2005) abolishes the effects of periph-
eral administration of PYY 3-36 on food intake and 
the activation of ARC feeding command neurons  
(Abbott et al., 2005; Koda et al., 2005), which sug-
gests the role of the vagal brainstem pathway in the 
actions of circulating PYY 3-36. 

Pancreatic polypeptide (PP)
PP is 36-amino acid peptide that is another mem-

ber of the ‘PP-fold’ family. It is synthesized primar-
ily by F cells (PP cells) in the pancreatic islets of 
Langerhans; however, the presence of the PP is stat-
ed almost in the entire gastrointestinal tract (Adrian 
et al., 1976). Although PP binds to all the members 
of the Y receptor family, its anorexigenic effect is 
mediated mainly through the Y4 receptor subtype 
(Michel et al., 1998). The Y4 receptor mRNA has 
been localized in the appetite-regulating areas of the 
brainstem, notably in the AP and in the ARC of the 
hypothalamus (Parker and Herzog, 1999). Further-
more, results of studies conducted on mice revealed 
that the peripheral administration of PP inhibits the 
activity of neurons in the areas responsible for the 
central control of appetite like the ARC, VMH and 
PVN (Hankir et al., 2011). In the gastrointestinal 
area PP is responsible for the regulation of the gall-
bladder motility and pancre-atic secretion (Adrian 
et al., 1976). PP, as another anorexigenic hormone, 
is secreted after a meal proportionally to the amount 
of consumed calories. Circulating level of PP ris-
es after meals and remains elevated for up to 6 h 
post-prandially (Batterham et al., 2003b). Peripher-
ally-administered PP reduces food intake and the 
body weight in both rodents and humans. In fasted 
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mice, acute intraperitoneal injection of PP reduces 
food intake (Asakawa et al., 2003), and this effect 
remains apparent for 24 h after injection. Chronic 
administration of PP results in the reduction of the 
body weight gain and an increased spontaneous  
locomotor activity in mice (Asakawa et al., 2003; 
Liu et al., 2008). The anorexigenic action of PP has 
been observed also in humans. It was demonstrated 
that intravenous infusion of PP reduces appetite in 
lean humans and that this food intake inhibition per-
sists for 24 h after infusion (Batterham et al., 2003b).

Glucagon-like peptide-1 (GLP-1)
GLP-1 is a 29(30)-amino acid peptide is the pro-

duct of preproglucagon molecule cleavage, which is 
synthetized by the entero-endocrine L-cells in the 
distal ileum and colon. It is also expressed in hypo-
thalamus areas involved in the appetite regulation. 
In the circulation, there are two isoforms of GLP-1: 
GLP-1 (7-37) and GLP-1 (7-36). GLP-1 is released 
into circulation in proportion to the calories intake. 
Its level can increase up to 20-fold in response to 
food intake, while under fasting conditions it is re-
duced (Drucker and Nauck, 2006). The effect of 
GLP-1 is mediated by GLP-1 receptor. The GLP-1R 
is expressed in the ARC, on the POMC-expressing 
neurons, which confirms the participation of GLP-1 
in the control of energy balance (Tang-Christiansen 
et al., 2001).

On the periphery, GLP-1 stimulates the glucose-
induced insulin synthesis and secretion, maintains 
mass of pancreatic B cells and slows down stomach 
emptying (Drucker and Nauck, 2006). Moreover,  
a number of studies have shown that GLP-1 crosses 
the BBB and therefore peripheral administration of 
GLP-1 may act at the hypothalamus level to enhance 
satiety, and to reduce food intake and weight gain in 
rats (Tang-Christiansen et al., 2001). Also in healthy 
and obese humans, the intravenous administration 
of GLP-1 reduces food intake in a dose dependent 
manner (Verdich et al., 2001). The results of studies 
on rodents have revealed that the effect of GLP-1 on 
the suppression of appetite is abolished by vagotomy 
which suggests that GLP-1 can act  vagal and 
brainstem pathways (Abbott et al., 2005; Barrera 
et al., 2011).

GLP-1 is one of the strongest anorexigenic factors 
(even its microinjection inhibits food intake in fasted 
animals), therefore, it has been intended to use it in 
the treatment of obesity. However, its very short half-
life (about 2 – 5 min) and very rapid inactivation in 
the peripheral blood by the dipeptidyl peptidase-4 
(DPP-IV) enzyme, exclude GLP-1 from the therapy 
(Filipek, 2010).

The researches in the field of the obesity and 
diabetes treatment resulted in the development of 
knowledge on the availability of GLP-1 synthetic 
analogues. There are compounds with a similar 
structure but with a significantly prolonged half-life 
in comparison to GLP-1. Exenatide, which is used in 
the treatment of type II diabetes, is the most known 
from this group (Filipek, 2010). The liraglutide is 
the first long-acting analogue of GLP-1 obtained 
by modifying the structure of the GLP-1, which 
resulted in increased resistance to degradation by 
enzyme DPP-IV and gave approximately a 13-hour 
half-life. Currently tested analogues (drugs) such 
as exenatide LAR, are prepared as slow-released 
microcapsules which prolongs the blood half-life 
up to 10 days. Another tested analogue with 93% 
homology with the human GLP-1 is taspoglutide, 
in which zinc is used to slow down the absorption 
and extended its half-life to 7 days (Filipek, 2010; 
Dejgard, 2015; Xu, 2015).

Oxyntomodulin (OXM)
OXM is a 37-amino acid peptide that is another 

product of the preproglucagon precursor molecule. 
OXM, similarly to GLP-1, is released from L cells of 
the intestine in the response to ingested food and in 
proportion to calories intake (Le Quellec et al., 1992). 
The results of some experiments showed that anorex-
igenic effect of OXM is mediated by, at least, two re-
ceptors: GLP-1 receptor and the second not identified 
one (Dakin et al., 2004). On the periphery, OXM is 
responsible for the inhibition of the gastric emptying 
and reduction of gastric acid secretion (Schjoldager 
et al., 1989). The results of some studies on rodents 
have revealed that administration of OXM reduces 
food intake and in consequence decreases weight 
gain and also causes an increase in energy expendi-
ture (Dakin et al., 2004). The anorexigenic effect of 
OXM has been observed also in humans. Intravenous 
administration of OXM reduces food intake and in-
creases energy expenditure both in healthy and obese 
human (Wynne et al., 2006). OXM, like GLP-1, is in-
activated by enzyme DPP-IV; hence OXM analogues 
resistant to DPP-IV degradation are being now de-
veloped as potential obesity treatments (Druce et al., 
2009).

Cholecystokinin (CCK)
CCK was the first gut hormone that was shown  

to have anorexigenic effect in rats (Gibbs et al., 
1973) and humans (Kissileff et al., 1981). It is 
secreted post-prandially by the entero-endocrine  
I-cells in the mucosal epithelium of the small intestine 
(Gibbs et al., 1973). In the gastrointestinal tract, CCK  
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delays gastric emptying, stimulates pancreatic en-
zyme release and stimulates gallbladder contraction. 
Depending on the post-translational modification, 
there are several forms of CCK, with a different 
number of amino acids (e.g., CCK-58, CCK-33, 
CCK-8) (Reeve et al., 1994). In the CNS and in the 
peripheral tissues two types of CCK receptor have 
been identified. CCK1 receptor has been identified 
in the NTS, AP and DMN, i.e. in areas involved 
in the food intake regulation (Moran and Kinzig, 
2004). In peripheral tissues, CCK1 receptor is pre-
sent on vagal afferent nerve fibres innervating the 
gut, in the pancreas and gallbladder. CCK-2 receptor 
is expressed in the cerebral cortex, hypothalamus, 
vagal nerve, spinal cord and gastric mucosa (Mo-
ran and Kinzig, 2004). The anorexigenic effects of 
CCK are mainly mediated  CCK1 receptor on va-
gal afferent fibres that project into the NTS (Moran 
et al., 1997). CCK is released in response to satu-
rated fatty acids, long chain fatty acids and products 
from protein digestion after the meal (Liddle et al., 
1985; Rehfeld et al., 2003). It was demonstrated that 
peripheral administration of CCK decreases food in-
take by diminishing the size and duration of indi-
vidual meal, which suggests that CCK is responsible 
rather for short-time regulation of appetite. As well 
as restraining appetite, CCK-8 elicits the complete 
behavioural sequence of the satiety in rats, including 
grooming, decreased locomotor activity and appar-
ent sleep (Lo et al., 2014). Unfortunately, long-term 
administration of CCK in humans causes the nausea 
and tachyphylaxis phenomenon, which limits this 
hormone usage in the treatment for obesity (Covasa 
et al., 2001).

Nesfatin-1 
Discovered in 2006 nesfatin-1 is a 82-amino acid 

hormone which exerts a strong anorectic action. It is 
derived from the precursor protein nucleobindin 2 
(NUCB2) which expression has been demonstrated 
at both, gene and protein level in regions involved in 
food intake regulation such as ARC, PVN and LHA 
(Oh-I et al., 2006). In these areas NUCB2/nesfatin-1 
is often co-expressed with other peptides involved in 
the appetite regulation, like CART, -MSC or NPY 
(Okere et al., 2010). Then, the presence of mRNA 
for NUCB2 has been also established in the many 
peripheral tissues like stomach or pancreas (Goebel-
Stengel et al., 2011). In the gastric oxyntic mucosa 
a 10-fold higher level of the NUCB2/nesfatin-1 has 
been found then in the brain tissues (Goebel-Stengel 
et al., 2011). Despite the anorexic properties of the 
nesfatin-1, which have been experimentally demon-
strated, the mechanism of its action remains poorly 

understood, partly because the nesfatin-1 receptor has 
not been identified yet.

The results of studies conducted on rodents have 
revealed that ICV administration of the nesfatin-1 
is able to decrease food intake and its chronic ad-
ministration results in the reduction of weight gain 
and accumulated adipose tissue (Oh-I et al., 2006). 
Moreover it has been documented, that the anorexi-
genic effect of nesfatin-1 is due to the induction of 
satiation (reduction of meal size) as well as satiety 
(decreased meal frequency associated with pro-
longed inter-meal intervals) (Goebel et al., 2011). 
In the gastrointestinal tract nesfatin-1, in both rats 
and mice, is responsible for the retardation of gastric 
emptying and suppression of gastro-duodenal motil-
ity in mice (Goebel-Stengel et al., 2011).

Currently, it has been demonstrated that, the 
mechanisms of nesfatin-1’s anorexigenic action is 
independent of leptin signalling in the hypothala-
mus (Maejima et al., 2009). Because human obesity 
shows a conditioned resistance to leptin, a recogni-
tion of bioactive molecules that exert anorexia inde-
pendently from leptin signalling is very important 
(Shimizu et al., 2009). Taking into account this in-
formation, detailed understanding of the nesfatin-1 
cellular mechanism of anorexigenic action, would 
be invaluable to future development of nesfatin-1 
analogues as anti-obesity drugs.

Neuromedin U (NMU)
NMU is a highly conserved peptide that has been 

implicated in energy homeostasis and a wide variety of 
other physiological processes (Mitchell et al., 2009). 
It is expressed in the gastrointestinal tract (Ballesta 
et al., 1988) and also in the brain, especially in the 
hypothalamus (Fuji et al., 2000). The physiological 
effect of NMU is mediated by two G protein-coupled 
receptors NMUR1 and NMUR2 (Raddatz et al., 
2000). NMUR1 is expressed predominantly in peri-
pheral tissues, such as intestine, pancreas, uterus, 
lungs and kidney, but expression of NMUR2 is 
limited to areas of the brain with high level observed 
in the hypothalamus, particularly in the ARC and 
PVN (Raddatz et al., 2000; Graham et al., 2003). The 
biological role of NMU in peripheral tissues concerns 
the regulation of intestinal motility and smooth 
muscle contractility in blood vessels and the uterus 
(Minamino et al., 1985). Then the results of studies 
conducted on mice have shown that transgenic mice 
lacking NMU are obese and have reduced energy 
expenditure (Hanada et al., 2004). On the other hand 
mice that overexpress NMU showed reduced food 
intake and weight loss, even when they were fed 
high-fat food (Kowalski et al., 2005). Likewise in 
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humans, mutations in NMU gene have been linked 
to body weight gain and obesity (Deng et al., 2002).

Acute central administration of NMU reduces 
food consumption in both fasted and fed  
rodents as well as increases the locomotor activity 
and core body temperature (Howard et al., 2000; 
Nakazato et al., 2000). In has been showed that 
NMU injections induce the immediate increase in 
the c-Fos expression in the ARC and PVN (Ozaki 
et al., 2002). Moreover the NMU acting through  
a NMUR2 receptor causes stimulation of POMC 
mRNA expression (Peier et al., 2011). Also acute 
and chronic peripheral administration of NMU in 
mice are resulted in a significant reduction in food 
intake and body weight although this action have 
been mediated by NMUR1 receptors expressed in 
peripheral tissues (Peier et al., 2011). Additionally, 
NMU increases body temperature, metabolic rate 
and elevations in GLP-1 (Peier et al., 2011). These 
data suggest that development of NMUR1-selective 
agonists may provide a useful new approach to 
the treatment of diabetes and obesity. This seems 
particularly important, considering the fact, that the 
anorexigenic effect of NMU is independent of the 
leptin signalling pathway.

To date there is no information about the abil-
ity of NMU to penetrate the BBB and its exact ac-
tion mechanism is not fully known. Some results 
suggest, that its anorectic effect depends, at least in 
part, on signalling  vagal innervation of the abdo-
men, and is not the result of direct action in the CNS  
(Peier et al., 2011). Additionally, peripheral admin-
istration of NMU caused a decrease in the expres-
sion of NPY, AgRP and, which is surprising, also 
POMC peptides (Peier et al., 2011).

Conclusions
Currently, more than 30 peptides involved in 

the regulation of food intake have been identified. 
These peptides signalize  neural and endocrine 
mechanisms to the CNS to create the brain-gut axis 
which regulates the processes related to maintaining 
a metabolic homeostasis of the organism. Some of 
these compounds, like NPY, AgRP and -MSH, play 
a crucial role in the processes, others, such as PYY, 
GLP-1, have rather modulatory role. Many neural 
pathways within the gut-brain system have excitable 
properties, while others exert an antagonistic effect. 
These processes can be modulated simultaneously 
at the level of the peripheral tissues, through the le-
vel of the pituitary gland, until the neural pathways 
within the nuclei of the hypothalamus. Summariz-
ing, hypothalamo-gastrointestinal tract axis creates 

the system, whose function is to ensure the internal 
equilibrium necessary for optimal action of the most 
important fundamental processes of life.

Moreover, probably some of described above 
hormones may play an important role in food intake 
disorders in the future. Currently, the only effec-
tive in morbid obesity treatment is gastrointestinal 
bypass surgery, often causing serious health com-
plications. In the future elucidation of the mecha-
nisms of energy homeostasis disorders will create 
the possibility of innovative treatments basing on 
the peripheral hormones like OXM, PYY or ghrelin, 
and central neuropeptides like NPY or 26RFa, so the 
therapy could be adapted to the individual patient 
and performed without surgical intervention.
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